MABS
2016, VOL. 8, NO. 6, 1118-1125
http://dx.doi.org/10.1080/19420862.2016.1186321

Taylor & Francis
Taylor & Francis Group

REPORT

A hingeless Fc fusion system for site-specific cleavage by IdeS

Shabazz Novarra*, Luba Grinberg*, Keith W. Rickert, Arnita Barnes, Susan Wilson, and Manuel Baca

Department of Antibody Discovery and Protein Engineering, Medlmmune LLC, Gaithersburg, MD, USA

ABSTRACT

Fusion of proteins to the Fc region of IgG is widely used to express cellular receptors and other
extracellular proteins, but cleavage of the fusion partner is sometimes required for downstream
applications. Immunoglobulin G-degrading enzyme of Streptococcus pyogenes (IdeS) is a protease with
exquisite specificity for human IgG, and it can also cleave Fc-fusion proteins at a single site in the N-
terminal region of the CH2 domain. However, the site of IdeS cleavage results in the disulfide-linked hinge
region partitioning with the released protein, complicating downstream usage of the cleaved product. To
tailor the Fc fragment for release of partner proteins by IdeS treatment, we investigated the effect of
deleting regions of IgG-derived sequence that are upstream of the cleavage site. Elimination of the IgG-
derived hinge sequence along with several residues of the CH2 domain had negligible effects on
expression and purity of the fusion protein, while retaining efficient processing by IdeS. An optimal Fc
fragment comprising residues 235-447 of the human IgG1 heavy chain sufficed for efficient production of
fusion proteins and minimized the amount of residual Ig-derived sequence on the cleavage product
following IdeS treatment. Pairing of this truncated Fc fragment with IdeS cleavage enables highly specific
cleavage of Fc-fusion proteins, thus eliminating the need to engineer extraneous cleavage sequences. This
system should be helpful for producing Fc-fusion proteins requiring downstream cleavage, particularly
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those that are sensitive to internal miscleavage if treated with alternative proteases.

Abbreviations: EPOR, erythropoietin receptor; Fc, fragment crystallizable; IdeS, Inmunoglobulin G-degrading
enzyme of Streptococcus pyogenes; mAb, monoclonal antibody; PBS, phosphate-buffered saline; SEC, size exclusion
chromatography; scFv, single chain variable fragment; TRAILR2, TNF-related apoptosis inducing ligand receptor 2

Introduction

Fusion of the extracellular regions of cell surface proteins to the
Fc region of IgG is a common method for the recombinant pro-
duction of these molecules. Such proteins have found widespread
use as research and diagnostic reagents."” The Fc region imparts
a number of advantages, including enhancement of expression
level, simple purification by affinity chromatography, and sensi-
tive detection in immunoassays with Fc-specific reagents. The
bivalent nature can also increase the activity of the partner pro-
tein if avidity contributes to higher affinity binding. Fusion to Fc
is also advantageous for in vivo studies because the Fc region
prolongs the serum half-life via interaction with the neonatal Fc
receptor, and can elicit effector functions mediated by engage-
ment of other Fc receptors. For these reasons, the application of
Fc fusion technology has also been applied to the generation of
biotherapeutic drugs, such as etanercept and abatercept.
Although the Fc region confers many useful properties, its pres-
ence can complicate the in vitro characterization of a partner pro-
tein. For instance, the bivalent nature of Fc-fusion proteins can
distort assays that attempt to measure affinity or activity. It can
also interfere with structural studies, where the presence of an Fc
region is likely to prevent efforts to crystallize a protein of interest.
For these reasons, a variety of systems have been described for

cleavage of Fc-fusion proteins to release the protein of interest.
These have ranged from the use of partial papain proteolysis,” a
protease used to generate Fab fragments from IgG molecules, to
the insertion of specific cleavage sites between the partner protein
and Fc region that can be recognized by proteases with restricted
specificity.”” While these approaches are perfectly viable, they usu-
ally require insertion of the recognition sequence between the Fc
and partner protein, often with additional spacer sequence to
enable efficient access of the protease to the cleavage site. Much of
this added sequence remains appended to the partner protein after
cleavage, and off-target cleavages may sometimes occur if there
are internal sequences that resemble the recognition motif.
Immunoglobulin G-degrading enzyme of Streptococcus pyo-
genes (IdeS) is a highly specific cysteine protease that cleaves
human IgG molecules at a single site just below the hinge
sequence. IdeS is unusual in its extremely restricted substrate
specificity for IgG. No other naturally occurring protein or syn-
thetic peptide substrate has been identified for 1deS.'” All 4
human IgG subtypes can be cleaved (IgGl, IgG2, 1gG3, IgG4),
but not antibodies of other isotypes. In the case of human IgGl,
cleavage occurs between a pair of glycine residues in the N-ter-
minal region of the CH2 domain."' Peptide fragments encom-
passing the natural cleavage site in human antibodies are not
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cleaved by IdeS, but it will digest a papain fragment of human
IgG that contains an intact Fc region and 12-15 residues of
sequence upstream from the cleavage site.'” These data indicate
that a folded Fc region is necessary for substrate recognition by
IdeS, but the exact requirements for IgG-derived sequence
upstream of the cleavage site remain undefined.

The highly specific cleavage of IgG molecules by IdeS led us
to consider whether this protease could be used as a tool to
cleave recombinant Fc-fusion proteins. Several examples of Fc-
fusion proteins, where the Fc was derived from human IgGl,
have indeed been reported to be cleaved by IdeS."*** In each of
these examples, the Fc partner contained the entire hinge region,
as is typical for Fc-fusion proteins. The presence of the IgG
hinge region complicates the practical usage of proteins released
by IdeS cleavage, as the cleaved product retains this sequence
and forms F(ab/)2-like disulfide-linked homodimers. Ideally, if
IdeS were to be used as a tool for releasing monomeric proteins
of interest from an Fc fusion, the design of the Fc fragment
should be optimized in an effort to eliminate unnecessary IgG
sequence upstream of the IdeS cleavage site.

Here, we explored the sequence requirements necessary for
cleavage of Fc-fusion proteins by IdeS. Elimination of the hinge
sequence and the first few residues of the CH2 domain did not
affect the production of fusion proteins, or the effectiveness of IdeS
cleavage. Based on these results, we designed a truncated Fc frag-
ment that can be used to produce Fc-fusion proteins that are effi-
ciently cleaved by IdeS to release partner proteins as monomeric
species with almost no residual fusion sequence at the C-terminus.

Results
Cleavage of Fc-fusion proteins by IdeS

Our initial interest in evaluating IdeS for cleavage of Fc-fusion pro-
teins stemmed from a desire to generate a monomeric fragment of
TNF-related apoptosis inducing ligand receptor 2 (TRAILR2) that
would be suitable for structural studies. We initially evaluated
thrombin for this purpose, by inserting a thrombin recognition
site between the TRAILR2 partner protein and Fc region as
described by others.*'> However, in addition to cleavage at this
designed site, we unexpectedly found that thrombin also cleaved
TRAILR2 at an internal arginine residue within the motif
-PQQRAAA- (data not shown). IdeS has been shown to cleave
some Fc-fusion proteins,'>** so we decided to investigate this in
the context of our protein of interest. To confirm the general abil-
ity of IdeS to specifically cleave proteins fused to human IgG1-Fc,
we treated TRAILR2-Fc and a broader panel of Fc-fusion proteins
with IdeS. In all cases, IdeS treatment resulted in efficient cleavage
of the fusion construct and release of the partner protein (Fig. 1A).
Mass spectrometry was used to determine the cleavage site within
the TRAILR2-Fc-fusion protein, and this analysis confirmed that
cleavage of this fusion protein occurred at the anticipated
(-Gly~Gly-) site within the Fc region (Fig. 1B, C).

Design and cleavage of fusion proteins
containing truncated Fc fragments

As shown in Fig. 1, cleavage of TRAILR2-Fc by IdeS resulted in
release of the TRAILR2 partner protein, but the molecule
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retained a 23-residue fragment at the C-terminus derived from
the hinge and CH2 regions of human IgG1 heavy chain. In
addition to being a long C-terminal appendage, this segment
also contained cysteine residues that are expected to form inter-
chain disulfide bonds. To determine if this part of the IgGl-
derived sequence could be minimized without effecting expres-
sion of the fusion protein or its cleavage by IdeS, a series of
modified TRAILR2-Fc fusion constructs were designed that
lacked the hinge sequence and N-terminal residues of the CH2
domain. One construct, TRAILR2-Fc;,, lacked the genetically-
encoded hinge region of IgGl, while additional constructs
TRAILR2-Fc,, -Fc; and Fc, lacked the hinge region and por-
tions of the CH2 domain that reside upstream of the IdeS cleav-
age site (Fig. 2A).

The parental and modified TRAILR2-Fc-fusion proteins
were expressed in a 293F transient expression system and puri-
fied from culture media by protein A affinity chromatography.
In this transient system, the expression level was similar for all
constructs, between 100-150 mg/L based on the yield of puri-
fied material. Samples were assessed by non-reducing SDS-
PAGE and size-exclusion chromatography (SEC) to determine
if each was a covalent or noncovalent dimer. Non-reducing
SDS-PAGE analysis (Fig. 2B) showed that the parental fusion
construct ran as a disulfide-linked dimer, as expected for this
protein given the presence of interchain disulfide bonds within
the hinge region. By contrast, the modified fusions ran as
monomers on non-reducing SDS-PAGE, consistent with the
absence of the IgG1 hinge region in these constructs. Analytical
SEC was used to assess the oligomerization status under native
conditions. Each of the modified fusion constructs exhibited
similar retention times as parental TRAILR2-Fc when analyzed
by SEC, suggesting they all formed Fc-mediated homodimers
(Fig. 2C). This showed that noncovalent forces were sufficient
to maintain homodimerization of the Fc region in the absence
of interchain disulfide bonds. Interestingly, constructs that
lacked the hinge region were also of higher purity in that they
contained lower levels of higher order aggregated material, as
observed by SEC.

Ides specificity is largely independent of
upstream IgG sequence

Each of the purified fusion proteins was treated with IdeS to
determine their susceptibility to specific cleavage. Samples of
each construct at a concentration of 2 mg/mL were treated with
1U IdeS/ug of substrate (2U/uL) for 1 hr at 37°C, prior to
quenching the reaction and analyzing by SDS-PAGE (Fig. 3A).
With the exception of construct TRAILR2-Fc,, each of the
fusion protein samples was >90% cleaved by IdeS under these
conditions. Elimination of upstream IgGl-derived sequence
did not alter the site of IdeS cleavage between Gly236-Gly237,
as shown by mass spectrometry for cleavage of TRAILR2-Fc;
(Fig. 3B). Partial cleavage of TRAILR2-Fc, suggested that a leu-
cine in the P2 position'® of an Fc fusion substrate may be an
important determinant of IdeS specificity. Thus, the upstream
specificity requirements for processing by IdeS were largely
restricted to retention of Leu235 in the P2 position of substrate,
and possibly Gly236 in P1. This is consistent with structural
modeling of substrate binding to IdeS'” and less efficient
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Figure 1. Cleavage of Fc-fusion proteins by IdeS. (A) Reducing SDS-PAGE analysis of uncleaved Fc-fusion proteins (left panel) and following treatment with IdeS (right
panel). Lanes were loaded with the following samples: 1) total human IgG; 2) molecular weight standards; 3) Activin RIIB-Fc; 4) CD28-Fc; 5) EphrinB3-Fc; 6) Lymphotoxin
BR-Fc; 7) TRAILR2-Fc ; 8) CD40-Fc. All samples were commercially obtained except for TRAILR2-Fc and CD40-Fc which were in-house reagents. The arrowhead in the right
panel marks migration of the cleaved Fc fragment. (B) Intact mass spectra of IdeS-treated TRAILR2-Fc after deglycosylation and reduction. The experimentally observed
masses were in good agreement with the calculated masses of fragments based on cleavage between Gly236-Gly237 in the Fc region (calculated TRAILR2-containing frag-
ment mass: 16,892.9 Da; calculated Fc fragment mass: 23,791.9 Da). The inset shows the intact mass of untreated TRAILR2-Fc following deglycosylation and reduction (cal-
culated mass: 40,666.8 Da). (C) Schematic representation of the TRAILR2-Fc-fusion protein and location of the IdeS cleavage site.

digestion of human IgG2 antibodies that contain a Val-Ala in
the equivalent positions.""

Our digestion conditions had followed the manufacturer’s
recommendation of using 1 U of IdeS per microgram of sub-
strate, which we have estimated to represent a protease:sub-
strate ratio of 1:100 w/w (see Materials and Methods). While
this is comparable to the ratios used with other site-specific
proteases, an ability to reduce the amount of IdeS needed would
help to make use of this reagent more affordable, particularly if
a large amount of fusion protein is to be cleaved. Accordingly,
for a fixed substrate concentration of 2 mg/mL TRAILR2-Fc;
(52 uM), we evaluated cleavage as a function of IdeS concen-
tration and incubation time at 37°C. As shown in Fig. 3C,
cleavage of TRAILR2-Fc was essentially complete within 1 h
when treated with 2U/uL (i.e., 1U/ug) of IdeS, but incomplete
at concentrations 5 or 50-fold below this. However, longer
incubation times could partially compensate for lower IdeS
concentrations, and near complete cleavage of TRAILR2-Fc;
was achieved by incubation with 0.4 U/uL IdeS for 24 h at
37°C. The TRAILR2 protein released by cleavage of TRAILR2-
Fc; under these conditions was readily purified using a mixture
of protein A and Ni-affinity resins to remove the Fc fragment,
residual uncleaved fusion protein and the His-tagged IdeS.

General application to production and cleavage
of Fc-fusion proteins

The design of the TRAILR2-Fc; construct combined rapid
cleavage by IdeS with a minimal level of residual IgG1 sequence
on the released TRAILR2 protein. As such, I1gG1 235-447
appeared to be an optimal fragment for use in fusions proteins
that are cleaved with IdeS. To validate that this fragment would
be generally useful in producing and cleaving different Fc-
fusion proteins, we expressed 3 additional proteins using this
system. Constructs encoding the extracellular regions of human
erythropoietin receptor (EPOR), mouse CD137, and a single-
chain variable fragment (scFv) fused to IgG1l 235-447 were
generated (Fig. 4A) and used to transiently transfect HEK293F
cells. Each of these fusion proteins expressed in reasonable
yields and were readily purified by protein A affinity chroma-
tography. Together with TRAILR2-Fc; as a positive control,
52 uM samples of each protein were incubated with 2 U/uL
IdeS for 1 h prior to quenching the reaction and analyzing by
SDS-PAGE. Each of these proteins was >90% cleaved under
these standard reaction conditions (Fig. 4B). Digestion at a sin-
gle site between residues Gly236 and Gly237 (IgG1 numbering)
was confirmed for each of these fusion proteins by mass
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Figure 2. Expression, purification and characterization of TRAILR2-Fc variants. (A) Design of fusion protein variants. Gray sequence represents the boundaries of TRAILR2
and IgG1 sequence that were common to all constructs. The region of sequence that varied between constructs is shown in black and was derived from the hinge and N-
terminal region of the CH2 domain. Lower case sequences were additional residues in TRAILR2-Fc and TRAILR2-Fc; that resulted from the cloning procedure. An asterisk
marks the anticipated IdeS cleavage site. (B) Non-reducing SDS-PAGE analysis of purified TRAILR2-Fc (TR2-Fc) variants; lanes 1-4 = TRAILR2-F¢;-Fc, respectively and lane
5 = TRAILR2-Fc. (C) SEC analysis of purified TRAILR2-Fc and TRAILR2-Fc; fusion proteins showing near identical retention times. Remaining constructs had similar chro-

matographic profiles and retention times.

spectrometry (data not shown), thereby demonstrating the gen-
eral applicability of this system for producing and cleaving
fusions to different proteins.

IdeS can also cleave fusions to an isolated CH2 domain

Production of Fc-fusion proteins is generally restricted to
eukaryotic expression hosts, limiting the potential use of bacte-
rial expression systems to produce fusions that can be cleaved
by IdeS. While it may not offer equivalent advantages of the
full Fc as a fusion partner, the CH2 domain subfragment of Fc
can be produced in E. coli at high levels,'® and could be used as
a fusion partner for bacterially expressed proteins. However,
the ability of IdeS to cleave fusions to this single domain has
not been previously explored. To evaluate this, we expressed
the CH2 module of human IgGl in E. coli, with an N-terminal
tag-containing peptide extension as a surrogate for a potential
partner protein (Fig. 5A). This module was expressed in soluble
form intracellularly in E. coli, and purified via a His-tag present
in the N-terminal extension (Fig. 5A). Material obtained in this
manner was mostly in a reduced state as assessed by mass spec-
trometry and reverse phase HPLC, but spontaneous formation
of the intramolecular disulfide bond occurred after room tem-
perature storage for several days at pH 8.3.

Incubation of the recombinant CH2 with IdeS, using equiva-
lent molar concentrations of substrate and enzyme as previ-
ously used for TRAILR2-Fcs, resulted in specific cleavage of the
CH2 domain fusion, albeit at a slower rate than for cleavage of
Fc-fusion proteins (Fig. 5B). However, extending the IdeS incu-
bation time from 1 h to 16 h resulted in complete cleavage of
the CH2 fusion protein. Liquid chromatography/mass spec-
trometry analysis of the non-reduced digestion mixture identi-
fied 2 products of molecular weight 11,826 Da and 2,075 Da
derived from the 13,883 Da starting material. These product
masses corresponded to specific cleavage at the expected Gly-
Gly peptide bond near the N-terminus of the CH2 domain.
Although cleavage was less efficient than for Fc-fusion proteins,
this shows that site-specific cleavage of a bacterially-expressed
CH2-fusion protein by IdeS could be feasible if there was a
desire to use this protease in conjunction with a bacterial
expression system.

Discussion

The highly restricted specificity of IdeS makes it the ultimate
site-specific protease for cleavage of human IgGs, as well as Fc-
fusion proteins. This has led to its widespread use for analytical
characterization of these molecules,'”>'*'* but its utility in
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Figure 3. IdeS cleavage of TRAILR2-Fc variants and limited proteolysis of TRAILR2-
Fcs. (A) Reducing SDS-PAGE of IdeS-treated TRAILR2-Fc (TR2-Fc) and variant con-
structs. Lanes 2 — 5 correspond to TRAILR2-Fc; - Fc, samples after treatment with
IdeS for 1 h. Lane 6 is the parental TRAILR2-Fc construct treated in the same way.
Sample loadings were 10 wg of protein per lane. (B) Intact mass spectra of IdeS-
treated TRAILR2-Fc; after deglycosylation and reduction. The experimentally
observed masses were in good agreement with the calculated masses of fragments
based on cleavage between Gly236-Gly237 in the Fc region (calculated TRAILR2
fragment mass: 14,729.5 Da; calculated Fc fragment mass: 23,791.9 Da). The inset
shows the intact mass of untreated TRAILR2-Fc following deglycosylation and
reduction (calculated mass: 38503.4 Da). (C) Reducing SDS-PAGE (10% Bis-Tris gel)
analysis of TRAILR2-Fc; digestion as a function of time and IdeS concentration.
Concentration of TRAILR2-Fc; was 2 mg/mL (52 uM) in all reactions, and sample
loadings were 5 11g of protein per lane.

providing monomeric products from digested Fc-fusion pro-
teins is handicapped by the cleavage below the disulfide-con-
taining hinge region. In an effort to tailor the Fc fragment for
optimal pairing with IdeS, we found that a truncated fragment
lacking the hinge sequence and proximal CH2 residues is a per-
fectly adequate fusion partner for expression of extracellular
proteins. Use of the truncated fragment did not compromise
the yield or quality of fusion products, and cleavage by IdeS
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Figure 4. Design and IdeS cleavage of proteins fused to IgG1 235-447. (A) Design
of fusion proteins. Extracellular regions of human EPOR and mouse CD137, or an
scFv protein were fused to an IgG1 235-447 Fc fragment. The EPOR fragment was
a direct fusion to IgG1 235-447, while CD137 and scFv fusions contained a 2 resi-
due Gly-Ser or Gly-Gly linker between Fc and the upstream protein. (B) Reducing
SDS-PAGE (10% Bis-Tris gel) of fusion proteins before and after treatment with
2 U/pl IdeS for 1 h at 37°C. IdeS-treated samples appear in the lane immediately
to the right of the untreated sample. Migration of the cleaved Fc; fragment is
shown by an arrow, while the various partner protein fragments are marked by
asterisks. The CD137 fragment contains up to 2 N-linked glycans and runs as a dif-
fuse band, while the scFv band is partially overlapping with the Fc; fragment.

was highly specific and afforded partner proteins that were free
of all but 2 residues of Ig-derived sequence. Fusions containing
this truncated Fc region are unlikely to retain effector functions
because Fcy receptor binding is known to involve the N-termi-
nal region of the CH2 domain.*® This is generally unimportant
for in vitro applications; however, if retention of Fcy receptor
binding were required, it may be possible to restore this func-
tion by adding back some or all of the N-terminal CH2
residues.

The current practice of using Fc fragments that incorporate
the entire hinge sequence has a historical basis, but not an
experimental one where this was deemed most effective. The
earliest examples of using the Fc fragment as a fusion partner
were in expression of the ligand-binding domains of CD4.>"*
Since then, most if not all Fc-fusion proteins have utilized an
Fc fragment with hinge-CH2-CH3 configuration, most typi-
cally derived from human IgGl. This design is convenient in
maintaining the hinge as a natural spacer, though as we show
here, this is not a requirement for effective expression of Fc-
fusion proteins. In addition to eliminating the hinge, we also
showed that the first several residues of the CH2 domain can
be deleted. It’s important to note that the sequence boundaries
of the CH2 domain are defined on the basis of an exon-encoded
segment in the IgHG gene, and not on structural considera-
tions. The first 6-8 residues of the CH2 domain in human
IgGl are not part of the structural immunoglobulin
domain,”** and indeed this terminal region of CH2 is
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Figure 5. IdeS cleavage of a CH2-peptide fusion protein. (A) Amino acid sequence
of the CH2-peptide fusion protein. The CH2 domain sequence contained an N-ter-
minal peptide extension (underlined) with a 6x histidine tag and additional vector
derived sequence. The terminal methionine residue is shown in gray to reflect
processing of this residue that occurs during bacterial expression. The predicted
IdeS cleavage site is denoted by an asterisk. (B) Reducing SDS-PAGE (4-12% Bis-
Tris gel) of purified TRAILR2-Fc; and CH2-peptide fusion proteins (lanes 2 and 4
respectively), and after treatment of 52 M samples with 2 U/uL IdeS at 37°C
(lanes 3, 5 and 6). IdeS-treated samples appear in lanes to the right of the
untreated sample, and the IdeS incubation times are noted in parentheses. In con-
trast to TRAILR2-Fc3 cleavage (lane 3), the CH2-peptide fusion was only partially
cleaved after a 1 h incubation with IdeS (lane 5). However, extending the incuba-
tion time to 16 h under otherwise identical cleavage conditions led to near com-
plete cleavage of the CH2-peptide fusion (lane 6).

frequently referred to as the “lower hinge”.>>*° In the context of
an isolated CH2 domain from human IgGl, deletion of the
7 N-terminal residues (Ala231 - Gly237) actually improved the
structural stability of this domain. Taken together, it is there-
fore unsurprising that the sequence upstream of Gly237 can be
dispensed for production of Fc-fusion proteins, though its
inclusion can be useful as a native sequence spacer between
partner protein and Fc.

Most proteases can digest synthetic peptides that encompass
a cleavage site within a protein substrate, but IdeS is unusual in
showing no detectable digestion of linear peptides that span the
natural cleavage sites in human IgG."° This indicates that IdeS
will only digest substrates containing a folded Fc-region, and
the current work shows that cleavage is largely independent of
the sequence or structure of the substrate upstream of the
cleavage site. This unique specificity has been attributed to an
exosite in IdeS that is involved in recognition of the Fc
region.'™'” Our observation that a tagged CH2 domain protein
can also be processed suggests that this is the minimal folded
unit required for IdeS recognition, but additional features of
the full Fc may enhance productive binding to IdeS given the
slower rate of cleavage for CH2 versus Fc fusion molecules.

As shown by others, several of the commonly used site-spe-
cific proteases have been used to cleave partner proteins from
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an Fc fusion by insertion of the relevant recognition sequence
between these 2 regions. However, IdeS recognizes the native
Fc sequence, thereby obviating the need for a foreign cleavage
motif. The system described here may have additional advan-
tages over alternative proteases depending on the properties or
downstream requirements for the cleaved product. For
instance, IdeS is extraordinarily specific, so for partner proteins
that are susceptible to internal cleavages with an alternative
protease, as was the case for miscleavage of TRAILR2 by
thrombin, use of IdeS would be preferred. Another benefit, rela-
tive to other cysteine proteases, such as papain and TEV prote-
ase, is that IdeS cleavage buffers do not require reducing agents
that can otherwise disrupt labile disulfide bonds. Finally, most
site-specific proteases cleave at or near the C-terminus of their
recognition motifs, meaning that all or most of that motif
remains appended after cleavage of a C-terminal fusion partner
(e.g., 4 residues in the case of thrombin, 6 residues for TEV
protease). We demonstrated rapid cleavage of Fc-fusion pro-
teins to generate cleavage products with only 2 residues of
residual fusion partner sequence, and it could be possible to
reduce this further as demonstrated by cleavage of the
TRAILR2-Fc, construct, albeit at the expense of cleavage effi-
ciency. While this may seem like a modest advantage, unstruc-
tured regions can inhibit protein crystallization or the quality
of diffraction data, so any reduction in the amount of residual
fusion partner sequence could be of benefit for crystallographic
applications.

In conclusion, we characterized the sequence requirements
for effective cleavage of Fc-fusion proteins by IdeS, and devel-
oped a method for using this protease to release monomeric
cleavage products, in a near traceless manner, by truncating the
Fc fragment used as a fusion partner. We think that use of this
IdeS-Fc fusion system may be preferable to other cleavable Fc-
fusion proteins in certain circumstances, and will further
enhance the utility of this class of molecule for scientific
applications.

Materials and methods
Reagents

Recombinant Fc-fusion proteins were either produced in house
(human TRAILR2, CD40, EPOR, murine CDI137, anti-
TRAILR2 scFv-Fc) or were purchased from R&D Systems
(human Activin RIIB, CD28, Ephrin-B3 and lymphotoxin SR).
In all cases, the Fc regions were derived from human IgGI.
IdeS protease (tradename “FabRICATOR”) was purchased
from Genovis. All other biochemicals were from Sigma-Aldrich
unless otherwise noted.

Cleavage conditions and methods of analysis

Unless otherwise indicated, 2 mg/mL samples of fusion pro-
teins in 50 mM sodium phosphate buffer, 150 mM sodium
chloride, pH 6.6 were treated at 37°C with 1 U IdeS/ug sub-
strate (i.e. 2 U IdeS/uL). To quench cleavage reactions at prede-
fined time points, samples were acidified by addition of 2 uL of
3 M hydrochloric acid per 15 uL of reaction aliquot. After
5 min incubation at room temperature (to irreversibly denature
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IdeS), samples were neutralized by addition of 1 uL 5 M
sodium hydroxide and 3 pL of 1 M sodium phosphate pH 7.0,
then frozen at —80°C prior to SDS-PAGE analysis. While the
manufacturer does not define a mass equivalent for 1 U of
IdeS, we could typically detect a faint IdeS band on stained gels,
near the limit of detection, after loading the equivalent of 5 U
of enzyme. From this, we estimate 5 U of IdeS contains ~50 ng
of protein (i.e, 1 U IdeS is ~10 ng). Accordingly, we estimate
the IdeS:substrate ratio was ~1:100 w/w under these standard
cleavage conditions.

Unless stated otherwise, SDS-PAGE analysis was conducted
with precast gels (Invitrogen) using the manufacturers sample
and running buffers. For reduction of samples prior to gel anal-
ysis, dithiothreitol was added to a final concentration of 50 mM
prior to loading of samples onto the gel. For analysis of cleavage
reactions by mass spectrometry, samples were deglycosylated
and reduced prior to liquid chromatography-mass spectrome-
try. Typically, reaction samples containing 30 pg of protein
were incubated with 1 uL Rapid™ PNGase F (New England
Biolabs) for 10 minutes according to the manufacturer’s proto-
col, then reduced by addition of dithiothreitol to a final concen-
tration of 50 mM. Liquid chromatography-mass spectrometry
analysis was performed with an Agilent 6520B Q-TOF mass
spectrometer connected in-line to a 1200 series HPLC equipped
with a reverse phase column (Agilent Poroshell 300SB-C3;
5um, 2.1 mm x 75 mm). Samples were injected onto the col-
umn using a mobile phase of 10% v/v aqueous acetonitrile con-
taining 0.1% v/v formic acid. After a brief isocratic hold to
allow for sample desalting, proteins were eluted by a change in
mobile phase to 60% v/v aqueous acetonitrile, 0.1% v/v formic
acid. Mass data were collected for 100-3000 m/z, in positive
polarity mode using a gas temperature of 350°C, nebulizer
pressure of 48 psi and capillary voltage of 5000 V. Data were
analyzed using the vendor-supplied software (Agilent Mass-
Hunter Qualitative Analysis v.B.04.00).

Expression and purification of Fc-fusion proteins

Synthetic gene sequences and oligonucleotides were ordered
from GeneArt (Thermo Fisher Scientific), or Integrated DNA
Technologies. A synthetic gene encoding amino acids 54-183
of human TRAILR2 was cloned into a mammalian expression
construct containing an upstream signal sequence, cytomegalo-
virus promoter element, and downstream fragment encoding
the hinge-CH2-CH3 region of human IgG1 heavy chain, corre-
sponding to residues 216-447 of IgG1 (residue numbering for
IgG1 throughout this work is according to the Eu system?’).
This TRAILR2-Fc construct encoded a Gly-Ala dipeptide inser-
tion between the TRAILR2 and Fc fragments resulting from use
of a Kasl cloning site for introduction of the TRAILR2
sequence. Modified forms of this fusion construct lacking the
hinge region (TRAILR2-Fc,) or hinge and N-terminal portions
of the CH2 domain (TRAILR2-Fc,, -Fc; and -Fc,) were gener-
ated by using short synthetic duplex DNA cassettes to replace
an Ncol - Apal fragment in the TRAILR2-Fc construct, that
fragment encoding the region from Prol72 of TRAILR2 to
Pro238 of IgGl. For preparation of other fusion proteins
described in this work, synthetic genes encoding the extracellu-
lar regions of human EPOR, murine CD137 and an

anti-TRAILR2 scFv fused to residues 235-447 of human IgGl
were generated by GeneArt and used to replace the TRAILR2-
Fc fragment in the parental construct.

Recombinant expression of Fc-fusion proteins was per-
formed by transient transfection of HEK293F cells with plas-
mids using 293fectin™ in serum-free Freestyle™ medium
according to the supplier’s recommended procedures (Invitro-
gen). Cell culture supernatants were harvested 6 d after trans-
fection, filtered through a 0.22 um sterile filter, and the fusion
proteins were purified using HiTrap MabSelect columns (GE
Healthcare) according to the manufacturers’ protocol. Purified
proteins were characterized by SDS-PAGE and SEC using a
Bio-SEC-5 300A 7.8 mm X 150 mm column (Agilent Technol-
ogies) at 1.25 mL/min in PBS running buffer. Analysis of puri-
fied fusion proteins by mass spectrometry was performed as
described for analysis of IdeS cleavage reactions. Small scale
purification of the TRAILR2 fragment released by cleavage of
TRAILR2-Fc; with IdeS was performed by incubating 250 pL
of the reaction mixture with 25 L of MabSelect resin for 1 h at
room temperature and removing the resin by centrifugation
through an empty micro bio-spin column (Bio-Rad). This pro-
cess was repeated with 25 L of Superflow Ni-NTA resin (Qia-
gen) to remove the His-tagged IdeS protein.

Expression and purification of CH2 domain protein

Residues 230-447 of human IgG1 fused to an N-terminal pep-
tide containing a 6x histidine tag sequence was expressed from
a modified pET-15b plasmid in BL21 (DE3) E. coli. Cultures
were grown to an OD 600 of 1.0 in MagicMedia™ (Invitrogen)
and subsequently chilled on ice prior to incubation at 18°C for
20 h in a shaking incubator. Cells were harvested and lysed
using BugBuster® (Novagen) and lysozyme at a concentration
of 0.2 mg/mL. Magnesium chloride and DNAse I were added
to degrade genomic DNA, and following centrifugation, the
clarified lysate was loaded onto a 1 mL HisTrap™ column (GE
Healthcare). After washing the column according to the manu-
facturer protocol, the CH2 protein was eluted using an imidaz-
ole gradient in 25 mM Tris-HCl, 300 mM sodium chloride pH
8.3. After several days at room temperature, the eluate was dia-
lyzed against 25 mM sodium phosphate, 25 mM sodium chlo-
ride pH 6.6 and purified on a 0.8 mL POROS S column
(Applied Biosystems) using a 20 column volume gradient to
600 mM sodium chloride.
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