Engineering antibody fragments to fold
in the absence of disulfide bonds
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Abstract: Disulfide bonds play a critical role in the stabilization of the immunoglobulin g-sandwich
sandwich. Under reducing conditions, such as those that prevail in the cytoplasm, disulfide bonds
do not normally form and as a result most antibodies expressed in that compartment (intrabodies)
accumulate in a misfolded and inactive state. We have developed a simple method for the
quantitative isolation of antibody fragments that retain full activity under reducing conditions from
large mutant libraries. In E. coli, inactivation of the cysteine oxidoreductase DsbA abolishes protein
oxidation in the periplasm, which leads to the accumulation of scFvs and other disulfide-containing
proteins in a reduced form. Libraries of mutant scFvs were tethered onto the inner membrane of
dsbA cells and mutants that could bind fluorescently labeled antigen in the reducing periplasm
were screened by Anchored Periplasmic Expression (APEx; Harvey et al., Proc Natl Acad Sci USA
2004;101:9193-9198.). Using this approach, we isolated scFv antibody variants that are fully active
when expressed in the cytoplasm or when the four Cys residues that normally form disulfides are

substituted by Ser residues.
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Introduction

Disulfide bonds contribute greatly to the stability of
antibody immunoglobulin domains.'™® Typically, in
scFv antibody fragments, the disruption of the two
conserved disulfide bonds that connect the two B-
sheets in each of the Vyx and V; domains causes a
decrease of 4—5 kcal/mol in the AG of folding and is
accompanied by loss of antigen binding affinity, sus-
ceptibility to proteolysis, and aggregation.®*>
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The expression of antibody fragments within in-
tracellular compartments (intrabodies) constitutes a
promising and clinically relevant technology for bind-
ing to target proteins relevant to disease progression.®
Intrabodies are being investigated as a potential treat-
ment for human viral infection, cancer therapy, and
neurodegenerative diseases.5® However, the cyto-
plasm of eukaryotic and most prokaryotic cells is
maintained in a highly reduced state that strongly dis-
favors the formation of disulfide bonds under physio-
logical conditions. Consequently, most antibodies are
not compatible with expression in that compartment
and thus cannot be employed as intrabodies. Naturally
occurring antibodies exhibiting high thermodynamic
stability and antigen binding under conditions where
disulfide bonds cannot form are rare.®’°® Therefore,
scFvs with desired antigen specificity and sufficiently
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high stability to be suitable for use as intrabodies need
to be generated de novo. Intrabodies have been iso-
lated by screening repertoire libraries using high-
throughput screening methods that interrogate anti-
body function under reducing conditions, such as yeast
2-hybrid, protein complementation assays, and ribo-
somal display.’*™*® In contrast, filamentous phage dis-
play necessitates the secretion of antibodies into the
oxidizing environment of the bacterial periplasmic
space. Therefore, for intrabody applications, phage-
derived antibodies to target antigens must be sub-
jected to a second screen to isolate clones compatible
with cytoplasmic expression.'” Alternatively, phage dis-
play has been employed successfully for the directed
evolution of hyperstable antibody frameworks that in
some cases can withstand expression in the reducing
environment of the cytoplasm.' In turn, natural or
engineered hyperstable antibody frameworks have
been used as scaffolds for the creation of large syn-
thetic libraries containing randomized CDRs'3'872°
enabling the isolation of scFvs that are folded in the
absence of disulfides. Alternatively, MBP-scFv fusions
have been shown to exhibit significant activity when
expressed in the cytoplasm of Escherichia coli or
mammalian cells.*!

The bacterial periplasmic space is a highly oxidiz-
ing compartment that strongly favors the formation of
protein disulfide bonds. Cysteine oxidation is catalyzed
by the highly efficient protein thiol oxidase DsbA.***3
Upon transferring its disulfide to a substrate protein,
DsbA becomes reduced and has to be recycled by the
action of the membrane enzyme DsbB, which then
transfers the electrons to quinones. In E. coli strains
deficient in dsbA (or dsbB), the redox potential of the
periplasm is highly reducing, and as a result, proteins
accumulate almost exclusively in reduced form.>*

dsbA strains are not compatible with phage dis-
play because they do not support filamentous phage
assembly.*® Earlier, we developed a flow cytometric
technique for the screening of antibody fragments,
called Anchored Periplasmic Expression (APEx), in
which the display of the desired protein is not affected
by redox state of the periplasm. In APEx, proteins are
anchored onto the periplasmic side of the inner mem-
brane via fusion to either a transmembrane domain of
an integral membrane protein or to the signal peptide
and the first few N-terminal amino acids of an inner
membrane lipoprotein such as NIpA.2%27 The latter
anchoring strategy is usually preferable because lipo-
protein fusions can be expressed at higher levels. For
detection of the displayed protein, the cells are con-
verted to spheroplasts to permeablize the outer mem-
brane, incubated with a fluorescent ligand, and ana-
lyzed by flow cytometry. Variations of this technique
have been used for the engineering of very high affin-
ity antibody variants, for the isolation of IgG antibod-
ies from hyperimmune libraries, and for selecting
mutant antibody fragments with improved expression
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properties.2%2829 Recently, we developed a 2-hybrid
version of APEx (APEx 2-hybrid) whereby both an
antibody fragment and its cognate antigen are
expressed in the same cell [Fig. 1(A)]. Briefly, the anti-
body fragment is anchored on the inner membrane of
E. coli, whereas the antigen is expressed as a soluble,
epitope-tagged, periplasmic protein. Upon removal of
the outer membrane by treatment with Tris-EDTA and
lysozyme, most smaller periplasmic proteins (M.W. <
40-50 kDa), including any unbound epitope-tagged
antigen, are released quantitatively into the extracellu-
lar fluid. However, if the epitope-tagged antigen can
bind to the membrane-anchored antibody, it remains
associated with the cell. The antibody:antigen complex
on spheroplasts can then be detected using a fluores-
cent anti-epitope tag antibody. Thus, the spheroplasts
become fluorescently labeled and can be isolated by
flow cytometry. An important advantage of this system
compared with the yeast 2-hybrid and other in vivo
protein technologies is that binding affinity is directly
and quantitatively measured at the single cell level by
FACS.28 In this work, we used APEX to screen libra-
ries of scFvs that are able to fold into their native con-
formation in the reducing periplasm of dsbA cells. As
a model system, we isolated variants of the anti-
Bacillus anthracis protective antigen (PA) 14B7* scFv
that, in contrast to the parental antibody, were able
to fold under reducing conditions and could be
expressed in fully active form in the bacterial cyto-
plasm. Thus, the methodology we present here should
enable the rapid isolation of antibody fragment var-
iants that can fold into their active conformation
under reducing conditions and can be used for intra-
body applications.

Results

Assay development

As a model antibody fragment for this study, we used
the 14B7* scFv that binds the Protective Antigen (PA)
component of the B. anthracis toxin.2° In particular,
the 14B7* scFv was anchored onto the inner membrane
by fusion to the leader peptide and the first six amino
acids of the mature sequence (CDQSSS) of the E. coli
lipoprotein NIpA. The 14B7* scFv recognizes a confor-
mational epitope located within PA domain 4 (PA-D4),
a 139 amino acid fragment comprising aa 596-735.%"
PA-D4 fused to a C-terminal FLAG epitope tag was
expressed in soluble form in the periplasmic space.

For simplicity, the scFv and the antigen were
expressed as a dicistronic operon downstream from
the lac promoter.?® E. coli MC1000 cells expressing
the membrane anchored 14B7* scFv together with
periplasmic PA-D4 were converted to spheroplasts by
treatment with lysozyme and EDTA in the presence of
sucrose.?® In spheroplasts, the permeability barrier
posed by the outer membrane is severely compro-
mised, allowing the externally added anti-FLAG
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Figure 1. Isolation of active antibody fragments in E. coli dsbA mutants. (A) Schematic showing the screening strategy. Left
panel: a correctly folded scFv anchored on the inner membrane of wild-type cells is able to bind antigen. A fluorescent
antibody that recognizes an epitope tag on the antigen is used to detect the formation of antibody:antigen complex. Middle
panel: in the dsbA mutant, the scFv is reduced and cannot bind antigen. Upon spheroplasting, the antigen diffuses away and
hence the cell is not labeled by the fluorescent anti-epitope tag antibody. Right panel: a mutant scFv that is capable of
folding in the absence of disulfide bonds can bind antigen in dsbA cells. M, mean fluorescence intensity of the cell
population. (B) Fluorescence histograms of cells coexpressing the 14B7* scFv and PA domain IV proteins in either E. coli
MC1000 (wild-type) or MCA (MC1000 dsbhA). The formation of the antibody:antigen complex was detected by labeling with
200 nM anti-FLAG-FITC. M, mean fluorescent intensity. (C) The redox state of the 14B7* scFv in MC1000 or MCA cells
following alkylation with AMS and separation by nonreducing SDS-PAGE.

antibodies conjugated to FITC to interact with the
FLAG tag presented by 14B7*:PA-D4 complexes on the
surface of the inner membrane, resulting in a high flu-
orescence signal [Fig. 1(A)]. However, in E. coli MCA
(MC1000 dsbA) where the oxidative folding of the
scFv protein and thus antigen binding is impaired, the
cell fluorescence is 8-fold lower and comparable with
that obtained in MC1000 cells expressing the antigen
together with an unrelated scFv antibody [Fig. 1(B)
and data not shown].

Seo et al.

The redox state of the 14B7* scFv in spheroplasted
MC1000 and MCA cells was determined by nonreduc-
ing SDS-PAGE after trapping of free thiols with 4-acet-
amido-4/-maleimidostilbene-2,2’-disulfonate (AMS).3*
Briefly, proteins were first precipitated with TCA to
block thiol oxidation. Then, the precipitated proteins
were resuspended in buffer containing the thiol reac-
tive reagent AMS. AMS conjugation increases the mo-
lecular weight by 490 Da per thiol. Thus, for a scFv
that contains four cysteines this translates to an
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Figure 2. Amino acid sequence alignment of 14B7* scFv and the 3-44 and 4-39 mutants.

increase in M.W. of ~2 kDa. Only a band correspond-
ing to this higher molecular weight species was
detected in MCA cells, indicating that, as expected, the
cysteine residues in the scFv protein were present in
the reduced state. In contrast, in the parental strain
MC1000 the scFv was present exclusively in the oxi-
dized state [Fig. 1(C)]. Note that in Fig 1(C), the inten-
sity of the scFv band in MC1000 cells is lower relative
to MCA; the lower intensity somehow appears to be a
consequence of the sample processing and does not
reflect the relative expression levels of the proteins.
Western blot analysis of untreated cells revealed that
untreated MC1000 cells consistently accumulate a
higher amount of scFv protein relative to cells lacking
dsbA. Thus, the low FACS signal observed in the dsbA
cells correlates with the presence of reduced scFv in
the periplasm.

Library screening

The 14B7* scFv gene was subjected to random muta-
genesis by error-prone PCR. Following transformation,
a library of ~107 independent colonies was obtained.
DNA sequencing of 10 clones selected at random
revealed an average of 1.8% nucleotide substitutions
per gene. Cells were grown in TB media, protein syn-
thesis was induced with 1 mM IPTG for 4 h at 25°C,
and the cells were converted into spheroplasts and,
finally, were labeled with 200 nM anti-FLAG-FITC. A
total of 5 x 10® cells were sorted in a Cytomation
MoFlo droplet deflection flow cytometer and the top
2% of the cells with the highest 530 nm fluorescence
(FL-1) were collected and resorted as above. DNA
encoding scFv from the sorted population was rescued
by PCR amplification and recloned into plasmid
p14B7*-D4g After a total of three rounds of sorting, we
isolated three distinct clones exhibiting a marked
increase in cell fluorescence relative to cells expressing
the parental 14B7* scFv. Preliminary experiments indi-
cated that one of these clones likely represented a false
positive. The other two clones, named 3-44 and 4-39,
were selected for further analysis. DNA sequencing
revealed that the two clones contained 23 and 16 nu-

262 PROTEINSCIENCE.ORG

cleotide substitutions resulting in 16 and 13 amino
acid substitutions, respectively (see Fig. 2). Variant 3-
44 also contained a deletion of one residue in the Gly-
Ser linker. The frequency of nucleotide substitutions in
the selected clones was 3- to 4-fold higher than that of
the presort population (1.8% nt substitutions per
gene). The selection of hypermutated clones from
libraries generated by error-prone PCR has been
observed previously.?® In clone 3-44, mutations were
distributed throughout the protein, whereas in clone
4-39, all but one of the amino acid substitutions (Vi
L4H) were located in the variable light chain (V). The
fluorescence histograms of MCA cells expressing the
two variants are shown in Figure 3(A).

Characterization of isolated scFv mutants

To evaluate how well the selected clones are expressed
as soluble proteins in the cytoplasm of E. coli, the
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Figure 3. Analysis of isolated scFv clones. (A) FACS
histograms of MCA cells expressing 14B7*, 3-44, or 4-39
scFvs. (B) Solubility of the scFvs following expression in the
bacterial cytoplasm. Cells were grown at 25°C, and protein
synthesis was induced with 1 mM IPTG for 4 h and
harvested. Proteins were resolved by SDS-PAGE and scFvs
were detected by Western blotting using anti-His-HRP at a
1:10,000 dilution. Samples were normalized by loading
aliquots equivalent to ODggg = 2.
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signal sequence was excised, the genes were placed
downstream of the T7 promoter in PET28a, and the
resulting plasmids were introduced into Rosetta™
2(DE3) cells, which is a BL21 strain used to aid in
expression of eukaryotic proteins that contain codons
which are rarely used in E. coli. Cells were grown in
rich media at 25°C, lysed by passing through a French
press, and fractionated into soluble and insoluble frac-
tions by high speed centrifugation. The two scFv var-
iants displayed markedly higher accumulation in the
soluble fraction [Fig. 3(B)]. Similar results were
obtained in cells grown at 37°C (data not shown).
Following purification by IMAC chromatography, the
yields of the 3-44 and 4-39 scFvs obtained were 0.35
and 0.5 mg/L, respectively. For comparison, the yield
of 14B7* expressed and purified under identical condi-
tions was 0.1 mg/L.

The binding of the scFvs to the full length, 83
kDa PA, protein was analyzed by ELISA. Cell lysis
results in rapid oxidation of cytoplasmically expressed
scFvs, an event that can be prevented by the addition
of DTT or by carboxymethylation using iodacetamide
[TAA; Fig. 4(A)]. To prevent oxidation, ELISA assays
were performed with clarified soluble fractions
obtained from cells that had been treated with 100
mM DTT. Under these conditions, the parental 14B7*
scFv gave a much lower ELISA signal compared with
the 4-39 variant [Fig. 4(B)], indicating that the latter
antibody fragment is able to bind antigen under condi-
tions where disulfide bond formation is precluded.

Additionally, the refolding yield of the 4-39 vari-
ant following dilution from denaturant solution under
reducing conditions was much higher than that of the
parental antibody. For these experiments, 1 uM puri-
fied scFv protein was first unfolded and reduced in
6M GndHCI and 12.5 mM DTT. Refolding was initi-
ated by diluting the samples 50-fold in buffer contain-
ing DTT and 0.01% Tween-20. As a control, the native
scFv protein was diluted in buffer as above but also
containing 0.12 mM GndHCl corresponding to the
final concentration of denaturant in the refolding
experiments. The refolding yield of the 4-39 scFv was
80% + 7.5% compared with 21% + 11% for 14B7*.
Thus, under reducing conditions the mutant antibody
is better able to avoid off-pathway reactions during
refolding from denaturant solutions.

To further examine the role of disulfide bond for-
mation on the folding and stability of the 14B7* and
4-39 scFvs, the four Cys residues that form the two
disulfides in the Vi and Vi, chains were replaced with
Ser residues using overlap extension PCR. The van der
Waals volume of Ser is similar to Cys, and even
though Ser is more hydrophilic, it is tolerated in the
interior of scFv antibodies.?* Moreover, Ser substitu-
tions are frequently found in engineered scFvs that
can fold in the absence of disulfides.?> Replacement of
all the Cys by Ser significantly impaired the ability of
14B7* scFv to bind antigen. In contrast, the antigen
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Figure 4. Cysteine redox state and antigen binding activity
of scFvs expressed in the E. coli cytoplasm. (A) Cysteine
redox state in cytoplasmically expressed scFvs. Upon
harvesting, cells were incubated either with 100 mM of
prechilled IAA or with the same concentration of DTT for 20
min on ice. The cells were pelleted, lysed in a French
press, the cell debris was removed, and the soluble
proteins were precipitated by 10% TCA. The precipitated
proteins were resuspended in buffer containing AMS. The
electrophoretic mobility of scFv proteins was analyzed by
nonreducing SDS-PAGE and Western blotting using anti-His-
HRP at a 1:10,000 dilution. (B) ELISA: Before lysis, cells were
treated with 100 mM DTT, washed with PBS, lysed in a
French press, and the soluble proteins were applied to a
PA-coated ELISA plate. The bound scFvs were detected by 50
pL of 1:10,000 diluted anti-His-HRP conjugate. (—#—: 14B7*
scFv with 100 mM DTT, ==#—: 4-39 scFv with 100 mM DTT).

binding activity of the 4-39 Cys,—Ser, scFv variant
was identical to that of the wild-type 4-39 [Fig. 5(A)].
The Ser-substituted scFvs showed similar level of cyto-
plasmic expression and solubility in shake flask cul-
tures as those of the corresponding parental antibodies
[Fig. 5(B)]. The 14B7* Cys,—Ser, and 4-39Cys,—Ser,
scFv variants were purified by Ni chromatography fol-
lowed by gel filtration FPLC to isolate monomeric pro-
tein and the antigen binding kinetics were determined
by surface plasmon resonance. Consistent with the
ELISA assays, no binding onto immobilized PA83
could be detected for 14B7* Cys,—Ser,. In contrast,
the 4-39Cys,—Ser, exhibited a Kp equal to 7.1 x
10 8M. Consistent with the lower FACS signal
observed in MCA cells expressing the 4-39 scFv relative
to wild-type cells expressing (fully oxidized) 14B7* [com-
pare Figs. 1 and 3(A)], the in vitro determined Ky, of the
4-39Cys,—Ser, variant was about 20-fold lower than
that of the parental 14B7* scFv (Kp = 4 x 10 °M).
Interestingly, this reduction in the equilibrium binding
constant was almost entirely due to a low association
rate constant: k,, for 4-39Cys,—Ser,: 3.2 x 10* M7's™};
for 14B7* 7.1 x 10° M~ 's™": kog for 4-39Cys,—Ser,: 2.3

x 1073 s % for 14B7* 3.0 x 10 3 s .
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Figure 5. ELISA analysis and expression of Ser-substituted
scFvs mutants. (A) ELISA of whole cell lysates incubated
with 100 mM DTT and expressing: —#—: 14B7* scFyv,
—fl—: 14B7* Cys4—Ser4 scFv, —f—: 4-39 sCFV, mim: 4-
39 Cys4—Ser4 scFv. (B) Soluble expression level
determined by Western blotting.

Discussion

With the APEx screening methodology, the physiologi-
cal environment of the periplasmic space can be
exploited for the isolation of scFv variants that not
only bind antigen with a desired affinity, but also dis-
play other interesting properties. For example, recently
Ribnicky et al. combined APEx and export into the
periplasm via the Twin Arginine Transporter (Tat)
pathway to isolate scFv variants exhibiting faster pro-
tein folding kinetics.3® Our laboratory has used APEx
and its variations for the isolation of antibody frag-
ments and even full length IgGs from hyperimmune or
from synthetic repertoire libraries, for expression opti-
mization, the recognition of antigen immobilized on
solid surfaces, and finally for the expression matura-
tion of therapeutically relevant antibodies (Refs. 28,
29, 37, 38; Mazor et al., unpublished data). In this
study, we took advantage of the reducing environment
in the periplasm in dsbA cells to enable the display of
scFvs that lack disulfide bonds. The 14B7* scFv, as
most other antibody fragments, fails to fold or bind
antigen when disulfide bond formation is disrupted in
these cells. Following 14B7* sequence randomization
and selection using APEx in dsbA cells, two antibody
variants, 3-44 and 4-39, were isolated that displayed
enhanced binding to the PA-D4 antigen judging from
increased FACS signals. ELISA analysis of the antigen
binding activity in lysates from cells expressing scFvs
in the cytoplasm and treated with DTT to prevent air-
oxidation verified that 4-39, but not 14B7*, was func-
tional under reducing conditions. Even more compel-
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ling, the 4-39Cys,—Ser, scFv construct, in which all
four disufide bond forming Cys residues were replaced
with Ser was fully active, whereas the 14B7*Cys,—Ser,
scFv was completely inactive. Taken together, these
data leave little doubt that 4-39 is capable of binding
antigen in the absence of disulfide bond formation, a
prerequisite for intrabody applications.

Not surprisingly, the 3-44 and 4-39 variants ex-
hibit higher soluble expression in the E. coli cytoplasm
compared with their parental antibody. Similarly, the
scFv variants are less prone to aggregation and off-
pathway reactions during in vitro refolding from Gnd-
HCI under reducing conditions. Although the studies
described here were carried out with cells expressing
both an antibody fragment library and the antigen
(i.e., using the APEx 2-hybrid methodology), it is
equally easy to use exogenous, fluorescently labeled
antigen for screening. It should be noted, however,
that for therapeutic intrabody applications, the antigen
is likely to be a polypeptide derived from a cytoplasmic
protein and therefore it will be devoid of disulfide
bonds. As a result, the expression of therapeutic intra-
body targets should be generally compatible with dsbA
mutant strains.

Earlier studies had reported the isolation of intra-
bodies by methods involving cytoplasmically expressed
libraries using screening methods such as yeast 2-
hybrid or protein complementation assays.>'“'® How-
ever, in these assays readout is not directly correlated
with protein affinity, and therefore the isolation of
nanomolar affinity antibodies to a desired antigen is a
challenge (e.g., Ref. 15). Alternatively, antibodies com-
patible with expression in the cytoplasm have been
isolated from libraries based on highly diverse or
hyperstable scFvs, which were then screened by con-
ventional phage display.’3®192° However, screening is
carried out under conditions where disulfide bonds are
formed, so that only a fraction of the antibodies iso-
lated are found to be compatible with cytoplasmic
expression (e.g., Ref. 20). In the APEx approach
described here, screening is carried out using flow
cytometry enabling the quantitative isolation of only
high affinity clones.3” Moreover, because screening is
carried out in the reducing environment of the peri-
plasm of dsbA cells, isolated clones must be able to
fold in the absence of disulfide bonds. Consequently, we
expect that our strategy might simplify the generation of
variants of known, well-characterized scFvs that will be
well suited to function as intrabodies or any other appli-
cation involving the use of antibodies in an environment
that prevents disulfide bond formation.

Methods

Bacterial strains and plasmids

Escherichia coli strains Jude 1 [(DH10B F'::Tnio
(Tet)],2° MCio00 [araDi39 (araA-leu)7679 (codB-
lac)X74 galE15 galK16],*° MCA [MC1000 dsbA::

Isolation of Antibody Fragments Lacking Disulfides



Kans] (laboratory collection), and Rosetta™ 2(DE3)
[F~ ompT hsdSg(ry mg) gal dem (DE3) pRARE2
(Cam®)] (Novagen) were used in this work.

The plasmids used in this study are listed in sup-
porting information Table S2. The scFv 14B7* is a var-
iant of 14B7 scFv that contains seven amino acid sub-
stitutions. These amino acid substitutions residing
within the framework regions of the scFv affect
expression but not the affinity for the PA antigen
(Maynard and Hayhurst, unpublished data); further,
X-ray crystallographic analysis revealed that the con-
formation of the antigen contact residues in 14B7* is
virtually identical to that of 14B7 (Leysath and Mon-
zingo, unpublished data).

The PA-D4 gene encoding the B. anthracis protec-
tive antigen domain 4 polypeptide was constructed by
overlap extension PCR using 15 oligonucleotide pri-
mers (PA-D4-F1~F8 & PA-D4-R1~R7 in Supp. Info.
Table S1). The resulting PCR product was digested
with Bgll and cloned into Sfil-digested pMoPac16.4* A
FLAG epitope tag (DYKDDDDK) was then introduced
to the C-terminus of PA-D4 by overlap extension PCR
using primers PAD4-Hind-F1, -R1, and -R2 (Table S1).
HindIlI-digested PCR product was then cloned into
pAPEx1 yielding pPAD4-FLAG. For the coexpression
of scFvs and PA-D4, the PA-D4 gene was amplified by
PCR with PAD4-Hind-F1 and PAD4-Hind-R2 and, af-
ter digestion with HindlIll, it was cloned into HindIII
site of pAPEx1-14B7* scFv yielding p14B7*-D4. For
cytoplasmic expression, scFv genes were PCR-ampli-
fied from p14B7*-D4, p3-44-D4, and p4-39-D4 using
the three forward primers pTrc-14B7*F, pTrc-3-44F,
pTrc-4-39F, respectively, and the reverse primer
Mopac-R. The PCR product was then digested with
Ncol and HindIIl and finally ligated into Ncol and
HindIIl digested pET28a vector resulting in pET28-
14B7*scFv, pET28-3-44scFv, and pET28-4-39scFv,
respectively.

Serine replacements were performed by multiple
overlap PCR reactions using a total of 10 primers (For
4-39: CysSer45F1~F5 & CysSer45R1~R5; for 14B7*:
CysSer45F1, CysSeri14F2~3, CysSer45F4~5 &
CysSer14R1, CysSer45R2-5). The PCR product was
digested with Ncol and HindIII and cloned into pET
28a.

Library construction and FACS screening

The 14B7* scFv was subjected to random mutagenesis
by error-prone PCR.®” The DNA product was then
ligated into Sfil-digested pD4-FLAG. The ligation
product was transformed into E. coli MCA, and the
cells were plated on TB (Terrific Broth, Difco) media
containing 2% glucose and 40 pg/mL chloramphenicol
on large agar plates overnight at 30°C. The plates were
scraped and the cells were frozen in TB +15% glycerol
aliquots. For screening, the frozen cells were inocu-
lated into fresh TB media as above and grown at 37°C
to an ODggo ~ 0.6. Then, the culture was equilibrated
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to 25°C for 30 min and 1 mM IPTG was added to
induce protein synthesis. After incubation for an addi-
tional 4 h at 25°C, cells (equivalent to ~1 mL of 20
ODgoo culture) were pelleted by centrifugation and
resuspended in 350 pL of ice-cold 0.1M Tris-HCl, pH
8.0 buffer with 0.75M sucrose, and 100 pg/mL hen
egg lysozyme (Sigma-Aldrich, St. Louis, MO). Subse-
quently, 700 pL of ice-cold 1 mM EDTA (ethylenedia-
minetetraacetic acid) was gently added and the sus-
pension was left on ice for 10 min followed by the
addition of 50 pL of 0.5M MgClL,. After a 10-min incu-
bation on ice, the cells were pelleted by centrifugation
at 14,000 rpm and resuspended in phosphate buffered
saline containing 200 nM PA conjugated to FITC (List
Biological Laboratories, Campbell, CA). The cells were
labeled for 1 h at room temperature prior to fluores-
cence activated cell sorting on a MoFlo (Cytomation,
Fort Collins, CO) droplet deflection flow cytometer
using a 488-nm Argon laser for excitation. Cells were
sorted using an appropriate window for high FITC FL1
emission detected through a 530/40 band pass filter.
E. coli cells collected after the first sort were immedi-
ately resorted. Subsequently, the scFv genes in the
sorted cell suspension were amplified by PCR.2® The
amplified scFv  DNA was then recloned into the
p14B7*-D4 vector, transformed into MCA cells, grown
overnight on selective media, and subjected to addi-
tional rounds of sorting as above.

Determination of cysteine in vivo redox state

The in vivo redox states of scFv antibodies were deter-
mined by derivatization of free thiols by 4-acetamido-
4’-maleimidyl-stilbene-2,2'disulfonic acid (AMS, Mo-
lecular Probes) in TCA-quenched samples, as
described previously.?* Briefly, fresh overnight cultures
were diluted to 0.1 ODgoo in 5 mL TB media plus
appropriate antibiotic and incubated at 37°C for 2—-2.5
h. When the ODgo, reached 0.5-0.7, the cells were
transferred to 25°C with shaking and allowed to equili-
brate for 30 min. Subsequently, 1 mM IPTG was added
and incubation was continued for an additional 4 h
prior to harvesting. At that point, the cells were mixed
with 10% trichloroacetic acid (TCA) to block disulfide
rearrangement and incubated on ice for 1 h. Precipi-
tated proteins were pelleted by centrifugation for 15
min at 1,400 rpm at 4°C and washed with cold ace-
tone. The pellets were air-dried, resuspended in 100
uL of 10 mM AMS in 50 mM Tris-HCl, pH 8.0, 1%
SDS, and 1 mM EDTA (freshly made), then vortexed
for 30 min at room temperature, heated for 5 min at
37°C, and reprecipitated with the addition of 1 mL of
cold acetone. Following centrifugation, the supernatant
was discarded and the pellets were resolubilized in 5x
SDS-PAGE loading buffer (without B-mercaptoetha-
nol). After SDS-PAGE, proteins were transferred to
nitrocellulose membrane and probed with anti-His-
HRP antisera (Sigma-Aldrich, St. Louis, MO). A fully
reduced scFv standard was generated by incubating 1
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mL of cells with dithiothreitol (DTT) to a final concen-
tration of 100 mM for 20 min on ice, followed by
alkylation, as above.

ELISA

Full length (83 kDa) protective antigen (PA83, List
Biological Laboratories, Campbell, CA) was coated on
ELISA plates (Corning Incorporated, Corning, NY) at a
concentration of 4 ug/mL for 16 h at 4°C. The plates
were blocked by incubating with 2% nonfat milk in
PBS at room temperature. Samples were diluted in
PBS with 1% nonfat milk, introduced into the wells
and allowed to bind for 1 h at room temperature.
Plates were washed three times with PBS containing
0.05% Tween-20 and then anti-His-HRP antiserum
diluted 1:10,000 into 2% nonfat milk in PBS was
added for another hour. Reactions were developed
using Onestep™ Ultra TMB-ELISA (Thermo Scientific,
Waltham, MA) and quenched with 4N H,SO,.

Antibody expression and purification

For the purification of the cytoplasmically expressed
scFvs, genes were first cloned behind the T7 promoter
in pET28a, and the resulting plasmids (Table S2) were
transformed into E. coli Rosseta™ 2(DE3) cells. Pro-
tein expression and purification were performed by
IMAC and size exclusion chromatography as previ-
ously described.*' All proteins used in this study were
more than 90% pure as judged by Coomassie Brilliant
Blue-stained SDS-PAGE.

Cell pellets were resolubilized in 5x SDS-PAGE
loading buffer to give total protein fractions. For prep-
aration of soluble and insoluble fractions, cell pellets
were resuspended in PBS, disrupted with a French
press and centrifuged at 2500 rpm for 10 min to
remove cell debris. The supernatant was subjected to
ultracentrifugation at 45,000 rpm (134,039¢g, Beckman
L7-55 Ultracentrifuge) for 1 h at 4°C. The pellet was
resuspended in 5x SDS-PAGE buffer and boiled for 5
min to give insoluble fraction samples. The superna-
tant after ultracentrifugation was mixed with 5x SDS-
PAGE loading buffer to give soluble fraction samples.

In vitro refolding

Proteins were equilibrated in PBS containing 6M
GndHCI with 12.5 mM DTT at a final concentration of
1 uM at room temperature. Refolding was initiated by
dilution into 50 volumes of PBS containing 0.01%
Tween-20 with 12.5 mM DTT at 4°C. The amount of
active protein after refolding was determined by ELISA
and was compared with the active protein obtained by
diluting 1 WM scFv in PBS with 0.01% Tween-20, 0.12
mM GndHCI (the residual concentration of denaturant
following refolding), and 12.5 mM DTT.

Kinetic analysis by surface plasmon resonance

Kinetic studies were performed on a BIAcore 3000
(GE Healthcare). Approximately 750 RU of PA83 were
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coupled onto a CM5 chip using amine coupling chem-
istry. Human transferrin was similarly coupled to a
reference well for background subtraction. A concen-
tration series of 30—120 nM of scFv was allowed to as-
sociate for 5 min and dissociate for 3 min at a con-
stant flow rate of 20 pL/min. Analysis was performed
using BlAevaluation software (version 4.1; GE
Healthcare).
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