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Fluorescent IgG fusion proteins made in E. coli
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Antibodies are among the most powerful tools in biological and biomedical research and are presently the fastest
growing category of new bio-pharmaceutics. The most common format of antibody applied for therapeutic, diagnostic
and analytical purposes is the IgG format. For medical applications, recombinant IgGs are made in cultured mammalian
cells in a process that is too expensive to be considered for producing antibodies for diagnostic and analytical purposes.
Therefore, for such purposes, mouse monoclonal antibodies or polyclonal sera from immunized animals are used. While
looking for an easier and more rapid way to prepare full-length IgGs for therapeutic purposes, we recently developed
and reported an expression and purification protocol for full-length IgGs and IgG-based fusion proteins in E. coli, called
“Inclonals.” By applying the Inclonals technology, we could generate full-length IgGs that are genetically fused to toxins.
The aim of the study described herein was to evaluate the possibility of applying the “Inclonals” technology for preparing
IgG-fluorophore fusion proteins. We found that IgG fused to the green fluorescent proteins enhanced GFP (EGFP) while
maintaining functionality in binding, lost most of its fluorescence during the refolding process. In contrast, we found
that green fluorescent Superfolder GFP (SFGFP)-fused IgG and red fluorescent mCherry-fused IgG were functional in
antigen binding and maintained fluorescence intensity. In addition, we found that we can link several SFGFPs in tandem
to each IgG, with fluorescence intensity increasing accordingly. Fluorescent IgGs made in E. coli may become attractive

alternatives to monoclonal or polyclonal fluorescent antibodies derived from animals.

Introduction

Fluorescently labeled antibodies are indispensable tools in almost
every field of biomedical diagnosis and research, allowing the
detection of antibodies, antigens and virtually any antigenic pro-
tein in cells and tissues. The fluorescence detection can be done
by staining with either direct (primary) or indirect (secondary)
antibodies. Direct fluorescence staining makes use of monoclo-
nal antibodies from hybridoma cell lines, possibly propagated
inside the abdomen of a pristane-primed mouse (“the mouse asci-
tes method”), even though this operation may cause discomfort,
distress and pain to the mice.! Next, chemical coupling is used
to attach fluorescent proteins or fluorescent chemical compounds
(fuorophores) to the antibodies. Although widely used for over
60 vy, chemically conjugated fluorophores and the resulting fluo-
rescent antibody conjugates have several drawbacks. First of all,
the conjugation reaction is indiscriminate with respect to the loca-
tion of the target amino acid residue; if conjugation occurs within
the binding site of the antibody, partial or even complete loss of
antigen binding activity can occur. Moreover, the chemical con-
jugation reaction results in a heterogeneous mixture of antibodies
having a different number of conjugated fluorescence molecules
per antibody, attached at different locations. Finally, the presence
of some fluorophores in close proximity can decrease fluorescence
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intensity via quenching mechanisms. Typically, no more than
about three to five dyes can be attached to an antibody without
self-quenching of fluorescence or inactivating the antibody.?

A fusion protein comprising an antibody and a fluorescent
protein could offer several advantages over the conventional label-
ing method. Fluorescent proteins have been genetically fused to
many proteins in various species to produce stable chimeras that
retain their original biological activity as well as retaining the
fluorescent properties of the fluorescent protein. However, only a
limited number of studies describing the production of antibodies
fused with fluorescent proteins have been published to date. This
is probably due to the different folding requirements antibodies
and fluorescent proteins have. GFP-related fluorescent proteins
are known to fold correctly under the reducing conditions found
in the cytoplasm of Aequorea and other species in which they
have been recombinantly expressed.” Because antibodies, either
full-length IgGs or antibody fragments, contain disulfide bonds,
they require an oxidizing environment for their correct folding.
The endoplasmic reticulum (ER) lumen of eukaryotic cells favors
disulfide bridge formation and so does the bacterial periplasm.
scFv-GFP fusions have been purified under native conditions

from the bacterial periplasm,*®

from the bacterial cytoplasm”® or
expressed as bacterial cytosolic inclusion bodies.” Though suc-

cessful, low yields of a bifunctional fusion protein were obtained
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Figure 1. Schematic representation of SFGFP-fusion Inclonals. The molecules are not drawn to scale.

in these studies. In another case of bacterial cytoplasmic expres-
sion, Olichon et al. used llama VHH as the antibody scaffold."
The use of llama VHH (which has only one disulfide bond) along
with co-expression of DsbC (a disulfide bond isomerase) yielded
substantial amounts of fusion protein having both binding and
fluorescence activities. However, VHH and scFv antibody frag-
ments—being monovalent—usually have lower functional affin-
ity compared with a bivalent, full length IgGs. In addition, small
antibody fragments are usually less stable than full size IgG mol-
ecules and are rarely used as reagents. This is quite a drawback
for a protein designated to be used for detection in a research
or diagnostics setting. Haas et al. recently reported the produc-
tion of full length IgG fusion to the fluorescent protein citrine in
mammalian cells.! They have managed to attach an IgG with
up to two citrine molecules by adding citrine to the C-terminus
of each one of the antibody light chains. E. coli based expression
systems, however, are usually superior to any other expression
systems in terms of costs and are therefore more likely to provide
an actual cost-efficient alternative to the ascites method than cell
culture production methods.

Superfolder GFP (SFGFP) is a green GFP variant that has
been evolved in vitro for folding robustness.’? By using the
“Inclonals” protocol recently developed by us for efficient bacte-
rial production of monoclonal antibodies' we were able to pro-
duce SEGFP-fused full length antibodies having both binding
and fluorescence activities. In addition, by attaching two SEFGFP
proteins in tandem to each chain of the antibodies we were able
to generate antibodies carrying up to eight fluorescent proteins.
Their immunofluorescence abilities were demonstrated using
both FACS and fluorescence microscopy. This is the first report
describing the production of IgG fused to fluorescent proteins
in E. coli. This is also the first report describing the production
of any antibody format carrying fluorescent proteins in tandem.

Results
Design and production of SFGFP-fused IgGs. After success-

fully applying the Inclonals protocol for the production of a novel
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IgG-toxin fusion protein,"? we examined the possibility of apply-
ing the protocol for the production of a fusion protein comprising
a full-length antibody and a fluorescent protein. The Inclonals
protocol is a refolding based method for the production of full
length IgGs. According to the protocol, the heavy and light
chains of the desired antibody are expressed as cytoplasmic inclu-
sion bodies in two different bacterial cultures. Following a dena-
turation step, the chains are mixed and refolding is performed.

The fluorescent protein SFGFP was fused to the C-terminus
of FRP5 (anti-ErbB2) antibody’s heavy and light chains via a
flexible linker. Initially, two SEGFP-fusion antibody formats car-
rying two and four SFGFP molecules were constructed (Fig. 1).
Di(H)SFGFP carries two SEGFP molecules, one SFGFP fused
to each of the antibody’s heavy chains while tetraSFGFP has a
SEGFP molecule attached to each one of its four chains, thus
carrying four SFEGFP molecules. Later, to make the fluorescence
of fusion-Inclonals stronger, we resolved to label each antibody
with more than merely four fluorescent molecules. That was
accomplished by attaching each chain at its C-terminus with
two fluorescent proteins fused in tandem. Two additional IgG-
fluorophore fusion proteins were then constructed, designated
di(H)tanSF and tetra-tanSF, respectively carrying four and eight
SEGFP molecules. Each SFGFP molecule was preceded by a
short flexible linker.

An early attempt to construct a fluorescent antibody using
EGEFP as the fluorescent moiety resulted with antibodies hav-
ing full binding capabilities but little fluorescence activity.
Upon induction, the EGFP-fused antibody chains accumulated
as green fluorescent cell pellets. However, the fluorescence was
lost upon denaturation, and was not recovered during refolding
(data not shown). This was not the case for SFGFP that remained
fluorescent throughout the process. We were also successful in
producing IgG-mCherry red-fluorescent fusion proteins that spe-
cifically stained antigen-positive cells as shown be FACS analysis
(Fig. S2).

All the IgG-fluorophore fusion proteins showed the expected
molecular mass when analyzed by SDS-PAGE (data not shown).
Expression yields were roughly similar for all the molecules,
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regardless of the number of fused fluorophore molecules and its
identity, and were similar to the yields we previously reported
for named IgGs and toxin-fused IgGs." In fact, it seemed that
increasing the number of SFGFP molecules, although making
the molecule larger and seemingly complex, improved refolding
yields to some extent. Refolding was performed at 200 ml scale
with an input of 20 mg solubilized and reduced inclusion bod-
ies protein and, after protein A purification, ~3-5 mg of pure
IgG-fluorophore fusion protein were obtained. As previously
described in reference 13, we typically carry out growth and
induction in 500 ml of medium from which we recover about 6
g wet cell paste. We then recover ~100-200 mg of washed inclu-
sion bodies from the cell paste.

Regarding refolding kinetics, we found that the antibody
part takes at least 24 h of refolding to reach a plateau in func-
tional antibody recovery (in our standard protocol we refold
for 36 h) (unpublished observations). As for SEGFP, we found
that it refolds very rapidly and regains full fluorescence within
less than 20 min. We also found that SFGFP containing solu-
bilized inclusion bodies had to be reduced prior to refolding,
as un-reduced inclusion bodies had a low constant fluorescence
level that did not increase upon refolding (Fig. S3). No further
increase in fluorescence could be observed after longer refolding
time periods (not shown).

SFGFP-fused antibodies’ binding capabilities. The ability
of SFGFP-fusion antibodies to bind their target antigen was
at first evaluated on recombinant ErbB2 by ELISA. Bound
Inclonals were detected using HRP labeled anti-human sec-
ondary antibodies. The results (Fig. 2) show a dose-dependent
increase in the binding of all SFGFP-fused antibodies to the
recombinant antigen that is very similar to that observed for
the parental Inclonal FRP5 IgG. Next, the ability of SFGFP-
fusion antibodies to bind cellular antigen was evaluated by
FACS. Bound Inclonals in this case were detected by means
of red fluorescence obtained using phycoerythrin-labeled anti-
human secondary antibodies. The analysis was performed using
the two human tumor cell lines A431 and SKBR3 that express
approximately 2 x 10% and 1.5 x 10° ErbB2 receptors per cell,
respectively."*> As shown in Figure 3, the fluorescence inten-
sity obtained with the SFGFP-fused antibodies was in each case
almost identical to the fluorescence intensity obtained with the
parent Inclonal FRP5 on both cell lines. Taken together, the
ELISA and FACS results suggest that the fusion of SFGFP mol-
ecules to the C-terminus of FRP5’s heavy and light chains does
not interfere with antigen binding capabilities of the IgG por-
tion of the fusion protein. These results also suggest that the
addition of the fluorescent molecules to the antibody’s chains
does not interfere with standard secondary detection methods.

FACS analysis of fluorescence intensity using SEGFP-fused
antibodies. The ability of SFGFP-fused antibodies to stain
antigen positive cells was evaluated on both A431 and SKBR3
cell lines by FACS without the use of labeled secondary anti-
bodies (thus relying on SFGFP’s fluorescence alone). As shown
in Figure 4, all the SFGFP-fused antibodies showed bright
green fluorescent staining on both the cell lines. The ability to
successfully label A431 cells demonstrates good sensitivity since
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Figure 2. Binding capacity evaluation by ELISA. Binding of di(H)SFGFP
and tetraSFGFP (A) and of di(H)tanSF and tetra-tanSF (B) in comparison
to the parental Inclonal FRP5 IgG was evaluated on soluble ErbB2 using
HRP-conjugated secondary antibodies. Error bars represent standard
deviations of triplicate antibody samples that were tested in this ELISA.

A431 cells express 100-fold less ErbB2 receptors per cell than
SKBR3 cells. No staining could be observed when tested on
ErbB2-negative cells (FRP5 tetra-tan SF is shown as an example
in Fig. S1). Each of the fusion antibodies exhibited quantitative
staining by generating different signal intensities on the two cell
lines according to their antigen density and number of fused
SEGFP molecules per IgG. When comparing di(H)SFGFP to
tetraSFGFP, tetraSFGFP’s stain is approximately twice more
intense than di(H)SFGFP’s stain (344 vs. 160 fluorescence sig-
nal in the case of SKBR3 cells), suggesting that SFGFP gen-
erates a similar intensity of fluorescence whether it is fused at
the C-terminus of the light chain, or at the C-terminus of the
heavy chain. When comparing di(H)tanSF with tetra-tanSF,
we get equivalent results regarding tanSF (a 2-fold difference
that is proportional to the number of fused SFGFP molecules
per [gG).

Further evaluation of the contribution of each SFGFP
molecule to the fluorescence intensity of IgG-SFGFP fusion
proteins. FACS analysis was performed to further compare the
signal intensity obtained in staining antigen positive cells by
tetra-tanSF relatively to tetraSFGFP. As shown in Figure 5A,
tetra-tanSF staining is roughly twice more intense than tetraSF-
GFP staining (fluorescence signals of 421 vs. 276), suggesting
that the C-terminal SFGFP and the N-terminal SFGFP in the
tandem pair contribute equally to the fluorescence intensity of
the entire molecule. This was further supported by compar-
ing di(H)tanSF staining with tetraSFGFP staining (Fig. 5B),
where similar signal intensities were obtained using either di(H)
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Figure 3. Binding capacity evaluation by FACS. Cellular ErbB2 binding of SFGFP-fusion antibodies in comparison to the parental Inclonal FRP5 IgG
was evaluated on human epithelial carcinoma cell line A431 and human breast adenocarcinoma cell line SKBR3 using red-fluorescent phycoerythrin-
labeled secondary antibodies. (A) FRP5, di(H)SFGFP and tetraSFGFP binding to A431 cells. (B) FRP5, di(H)SFGFP and tetraSFGFP binding to SKBR3 cells.
(C) FRP5 and di(H)tanSF binding to A431 cells. (D) FRP5 and tetra-tanSF binding to A431 cells. (E) FRP5, di(H)tanSF and tetra-tanSF binding to SKBR3

cells. Filled areas, negative control (secondary antibody alone).

tanSF (2 tandem pairs fused to the heavy chains) or tetraSFGFP
(4 single SFGFP molecules fused, 1 to each chain of the IgG).
Fluorescence microscopy using SFGFP-fused antibodies.
TetraSFGFP and tetra-tanSF were further tested for their abil-
ity to stain antigen positive cells for visualization by fluores-
cence microscopy. A431 and SKBR3 cells were probed with the
fluorescent antibodies and analyzed by confocal fluorescence
microscopy. For comparative purposes, both cell lines were also
probed with the parent antibody FRP5. As shown in Figure 6A
and B, when either one of the cell lines was probed with FRP5
IgG alone, no green fluorescence could be detected. Cell bound
FRPS5 antibodies could be visualized by Cy3-labeled anti human
IgG. Red fluorescence emitted by Cy3 secondary antibodies illus-
trates the different levels of ErbB2 receptors on the two different

376

mAbs

cell lines, exhibiting weak signal on A431 cells and strong sig-
nal on SKBR3 cells. Images of A431 and SKBR3 cells stained
with tetraSFGFP are shown in Figure 6C and D. Images of the
cell lines stained with tetra-tanSF are shown in Figure 6E and F.
As in the case of the Cy3 labeled polyclonal antibodies, SEGFP-
fused antibodies also exhibited a much stronger fluorescent signal
on SKBR3 than on A431 cells.

SFGFP-fused antibodies’ binding and fluorescence stabil-
ity analysis. SFGFP-fused antibodies and the parental antibody
FRP5 IgG were incubated for varying time periods at 37°C in
PBST in order to evaluate the stability of SFEGFP-fused antibod-
ies’ binding and fluorescence activities over time. Stability was
estimated by measuring residual binding by ELISA and residual
fluorescence intensity by fluorescence spectrophotometer after
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incubation. As shown in Figure 7A, all the | A
SEGFP-fused IgGs retained their bind-
ing potential after spending up to 12 d at
37°C, matching the stability of the paren-
tal antibody FRP5 under these conditions.
Fluorescence measurements done by fluo-

rescence spectrophotometer showed that
SFGFP-fused antibodies retained

also

their fluorescence potential after spending

up to 12 d at 37°C (Fig. 7B). These results

suggest that the antibodies are stable and
do not deteriorate for at least 12 d at 37°C. C

Evaluating how the fluorescence inten-
sity of SFGFP is affected by the oxidative
conditions of the “Inclonals” refolding
protocol. GFP and derived fluorescent
proteins are known to fold correctly under

the reducing conditions found in the cyto-

plasm of E. coli* Therefore, when an in oo 1o

vivo folded SFGFP was required to be used
as a reference for correctly folded SFGFP, E
a bacterial vector for cytoplasmic expres-
sion of SFGFP was constructed. The bac-
terial vector contained SFGFP fused at the
C-terminus of a ZZ domain. ZZ domain
is an engineered repeat of Z domain, a
mutated version of Staphylococcus aureus
protein A IgG binding domain.'®! Since
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77 domain is also known for its ability to

improve solubility of proteins it is fused
t0,"* ZZ domain was not expected to inter-
fere with SEGFP’s folding.

As shown in Figure 8, the intensity
of the signal obtained from ZZ-SFGFP
fusion protein (which carries one SEFGFP
molecule) was found to be similar to the

Figure 4. Evaluation of fluorescence intensity of SFGFP fused antibodies by FACS. Cellular ErbB2
binding of SFGFP-fusion antibodies was evaluated on human epithelial carcinoma cell line A431
and human breast adenocarcinoma cell line SKBR3 without a secondary antibody (measuring the
green fluorescence of the antibodies). (A) di(H)SFGFP and tetraSFGFP binding to A431 cells.

(B) di(H)SFGFP and tetraSFGFP binding to SKBR3 cells. (C) di(H)tanSF binding to A431 cells. (D)
tetra-tanSF binding to A431 cells. (E) di(H)tanSF and tetra-tanSF binding to SKBR3 cells. Filled
areas, negative control (auto fluorescence of cells).

intensity of the signal obtained from di(H)

SEGEFP (which carries two SEGFP molecule) when both proteins
were applied to fluorescence spectrophotometer at equal molar
concentrations. This implies that the in vivo folded SFGFP is
approximately twice more fluorescent than the Inclonals technol-
ogy product (refolded) SFGFP (assuming fluorescence “burden”
is equally shared between the two SFGFP molecules carried by
each of the heavy chains). The fluorescent signal of tetra-SFGFP
was measured to be approximately twice more intense than di(H)
SEGFP and ZZ-SFGFP signals. This data supports our inter-
pretation of the FACS experiments shown in Figure 4 that the
ability of the refolded SFGFP to generate fluorescence is very
similar whether it is fused at the C-terminus of the light chain
or at the C-terminus of the heavy chain. The fluorescent signal
measured for di(H)tanSF is approximately twice more intense
than the signal of di(H) SFGFP, further supporting the assump-
tion made while discussing Figure 5A that C-terminal SFGFPs
contribute to the fluorescence activity approximately the same
as the N-terminal SFGFPs do (within the tandem pair). di(H)
tanSF’s signal is also about twice more intense than the signal of
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ZZ-SFGFP, suggesting the fluorescence of its four SEGFPs mole-
cules is equivalent to the fluorescence of two natively folded ones.
Taken together, these data indicate that each one of the tandemly-
linked SFGFP domains of IgG-tanSF proteins is about 50% less
efficient than natively folded SEGFP. This trend is maintained
when tetra-tanSF is compared with tetraSFGFP (Fig. 8).

As mentioned earlier, ZZ domain is a tandem repeat of a
mutated version of Staphylococcus aureus protein A IgG binding
domain. Like the domain it was derived from, ZZ possesses a
strong binding affinity to the Fc region of human IgG1.” The
ZZ-SFGFP fusion protein was mixed with FRP5 IgG to yield
FRP5-ZZ-SFGFP immunocomplex. After the immunocomplex
was shown to retain similar binding capability to that of FRP5
IgG (Fig. 9A), FACS was performed to examine its ability to
stain A431 and SKBR3 cell lines in comparison to SEGFP-fused
antibodies. FRP5-ZZ-SFGFP staining was found to be roughly
as intense as di(H) SFGFP staining on both cell lines (see Fig. 9B
and C), confirming our interpretation of the results presented in
Figure 8 that in vivo folded SFGFP is approximately twice more
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Figure 5. Evaluating the relative contribution of each SFGFP to the
overall fluorescence intensity by FACS. SFGFP-Fused antibodies’ ability
to stain antigen positive cells was evaluated on human breast adeno-
carcinoma SKBR3 cells without labeled secondary antibodies.

(A) TetraSFGFP compared with tetra-tanSF (B) tetraSF compared with
di(H)tanSF. Filled areas, negative control (cell auto fluorescence).

fluorescent than the SEFGFP produced by the Inclonals technol-
ogy (refolded). It is notable that, although theoretically there are
two binding sites for ZZ on an IgG, we found that only a single
ZZ-based fusion protein binds to each IgG molecule.”

Comparison of tetra-tanSF and FITC-labeled secondary
antibodies performance. We conducted a FACS experiment to
examine the ability of the most intense antibody we prepared in
the described study to stain cells in comparison to conventional
green staining obtained by staining with a commercial secondary
green fluorescent antibody. We compared the fluorescent signal
obtained by probing cells with the anti ErbB2 antibody FRP5-
tetra-tanSF, with the fluorescent signal obtained by probing cells
with FRP5 IgG followed by FITC labeled secondary antibod-
ies. Fluorescein was chosen for this experiment because it is the
most commonly used green fluorescent dye in FACS analysis.
As shown in Figure 10A and B, staining with FITC-conjugated
polyclonal antibodies was found to be 1.5 fold more intense than
tetra-tanSF direct staining as demonstrated by FACS examina-
tions using both A431 and SKBR3 cells.

Discussion
We have shown the successful design, production and analysis

of a chimeric antibody fused with SEGFDP, a derivative of GFP.
The different design variants we made enabled us to prepare
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IgG formats with either two, four or eight SFGFP molecules per
IgG. Their utility as staining reagents was demonstrated by both
FACS and fluorescence microscopy. Their binding capacity was
shown to be virtually identical to that of their parental antibody
in both ELISA and FACS examinations. Both their binding and
fluorescence activities were found to be stable. Furthermore, the
antibody carrying eight fluorescent proteins, although mono-
clonal, was found to yield a fluorescent signal in cell staining
comparable to the signal obtained by using conventional green-
fluorescence (FITC labeled) secondary polyclonal antibodies
staining in FACS.

These kind of fluorophore-fused antibodies can potentially be
used for research and diagnosis applications where monoclonal
antibodies are desired (that is, for direct immunofluorescence
staining), possibly giving cost-efficient alternative to the ascites
method, as well as overcoming some of the disadvantages asso-
ciated with the conventional labeling method. Conjugation of
fluorophores to antibodies is typically performed by attaching
the desired fluorophore with isothiocyanate, sulfonyl chloride,
succinimidyl ester, or other reactive group that readily react with
primary amines (that is, lysine residues) on proteins.?’ The indis-
criminate nature of such conjugation reactions with respect to
the lysine residues that ultimately become tagged leads to a het-
erogeneous population of labeled antibodies, with some having
diminished antigen-binding capabilities. Moreover, interactions
between closely positioned fluorophores may reduce fluores-
cence intensity through the phenomenon of self-quenching.” No
more than about three to five organic dyes can be attached to
an antibody. In the case of fluorescein, for example, maximum
brightness is attained with two to four fluorophores per antibody.
Higher number of fluorophores will result in a dimmer reagent.>?

A recombinant fusion protein comprised of an antibody and
a fluorescent moiety has the advantages of defined number and
location of fluorophores. In the context of a fusion protein, the
stoichiometry and location of fluorophores attached to the anti-
body are predetermined by the engineered DNA sequence, and
as a result, are invariant. On top of that, fluorescent proteins have
much less intrinsic environmental sensitivity than organic dyes
because their fluorophore is encapsulated within an insulating
layer; as a result, fluorescent proteins are much less susceptible
to self-quenching.? This is well demonstrated in our work as all
the data we collected from FACS and fluorescence spectropho-
tometery measurements indicates a linear increase in fluorescence
(rather than a decrease) with increasing number of SFEGFP mol-
ecules per IgG up to eight SFEGFP molecules attached to a single
antibody. The ability to attach eight fluorophores to a single IgG
molecule without self-quenching of fluorescence or inactivating
the antibody enables the formation of a robust staining reagent
which, although monoclonal, gives a fluorescence signal compa-
rable to the signal obtained using polyclonal secondary antibod-
ies labeled with the most commonly used green dye, FITC. GFP
proteins have the added advantage of being more resistant to pho-
tobleaching than fluorescein.?

The construction of an antibody-fluorophore fusion protein
having both binding and fluorescence activities posed an interest-
ing challenge as antibodies and fluorescent proteins have different
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Figure 6. Confocal fluorescence microscopy images. Shown are images of human epithelial carcinoma cell line A431 (A, C and E) and human breast
adenocarcinoma cell line SKBR3 (B, D and F) stained with nucleic acid dye Hoechst and antibodies; FRP5 IgG followed by Cy3-conjugated anti-human
IgGin (A and B); TetraSFGFP in (C and D); Tetra-tanSF in (E and F). (a) show Hoechst staining, (b) show the green fluorescent channel, (Ac and Bc) show
the red fluorescent channel and (d) show the merge of Hoechst staining with red fluorescence in (A and B) and with green fluorescence in (C-F).
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correctly under the reducing conditions found in the
cytoplasm of the jellyfish Aeguorea victoria and other
species in which it has been expressed as a recombinant
protein.* An early attempt we made to construct a fluo-
rescent antibody using EGFP as the fluorescent moiety
resulted in antibodies with fine binding capabilities,
but negligible fluorescence activity. Upon induction,
the EGFP-fused antibody chains accumulated as green
fluorescent inclusion bodies. However, the green fluo-
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rescence was lost during the denaturation step, and was
apparently not recovered during the refolding process.
EGFP’s inability to fold correctly under the conditions
of a refolding protocol that has been optimized for IgG
production is in agreement with the impaired folding
behavior GFP-like proteins have previously exhibited
under equivalent oxidizing environments such as the
eukaryotic ER or the bacterial periplasm.“* To over-
come this obstacle, we took advantage of the highly

efficient folding capabilities of SFGFP, a GFP variant

Figure 7. Stability analysis of antibodies following incubation at 37°C. (A) Stability
of binding capability: ELISA analysis following incubation of the antibodies at 37°C
for 4, 8 or 12 d. Binding to ErbB2 of di(H)SFGFP, tetraSFGFP and tetra-tanSF in rela-
tion to parental Inclonal FRP5 IgG was evaluated using HRP-conjugated secondary
antibodies. The results are presented as the percentage of the signal obtained for

0 d- incubation of each antibody, which was normalized to be 100%. (B) Stability of
fluorescence intensity: Fluorimeter analysis following incubation at 37°C for 4, 8 or
12 d. Fluorescence (485-nm excitation and 528-nm emission) of di(H)SFGFP, tetraSF-
GFP and tetra-tanSF was measured. The results are presented as the percentage of
the fluorescence obtained for 0 d-incubation of each antibody, which was normal-

that has been evolved in vitro for folding robustness.'
As opposed to EGFP, SFGFP-fused antibody chains
exhibited fluorescence under denaturing conditions as
solubilized inclusion bodies in 6 M guanidine hydro-
chloride-based buffer for a substantial amount of time.
Upon completion of refolding and protein-A purifica-
tion of the IgG-SFGFP fusion proteins, the products
were brightly fluorescent with the refolded SFGFP
having approximately half the fluorescence activity
exhibited by natively folded SFGFP. Interestingly,

ized to be 100%. Error bars represent standard deviations of triplicates.
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Figure 8. Fluorescence (485-nm excitation and 528-nm emission) of ZZ-SFGFP,
SFGFP-fused antibodies and IgG-tanSF antibodies. The fluorescence was
measured by fluorescence spectrophotometer at equivalent molar protein
concentrations. Antibodies values are presented as the relative fluorescence
with respect to ZZ-SFGFP signal, which was set as 1.00.

the refolding kinetics of SFGFP fused to an anti-
body chain are quite rapid (Fig. S3), and efficient
refolding of SFGFP required reduction prior to refold-
ing. These observations and the fact that solubilized and
reduced SFGFP-containing inclusion bodies are fluores-
cent (although significantly less than refolded protein, Fig.
S3) may suggest the presence of an intermediate state hav-
ing less fluorescence intensity. This is not characteristic of
SFGFP, which demonstrates 100% fluorescence recovery
upon dilution from concentrated urea and GndHCI solu-
tions,'>?® but is conceivable considering this time the fluo-
rescent protein folding was attempted while it was fused
to another protein, as well as under the action of a refold-
ing protocol that has been optimized for IgG production,
i.e., under oxidizing conditions. It is conceivable that the
“Inclonals” protocol that was optimized for antibodies and
antibody-based fusion proteins that require oxidizing con-
dition for efficient refolding can be further optimized to
provide a solution to cases where the fusion partner prefers

folding requirements. Completely assembled and correctly folded
immunoglobulin molecules are naturally produced in B cells or
plasma cells, where their correct folding, assembly and formation
of disulfide bonds takes place in the oxidizing environment of the
ER. Similarly, IgGs that were made in E. coli as soluble secreted
proteins were expressed and exported to the bacterial periplasm,
where oxidation of disulfide bonds can take place.”?** GFP on
the other hand is a cytoplasmic protein that was known to fold
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reducing conditions in the refolding step. A case in point is our
experience with red fluorescent mCherry fused IgGs that initially
yielded poorly fluorescent antibodies on completion of the pro-
duction protocol. We found that it was possible to modify the
protocol in a way that made it possible to purify brightly fluores-
cent IlgG-mCherry fusion proteins that could stain cells in FACS
(Fig. S2). It seems that the robustness of the fluorescent protein
is predictive of the possibility to produce it as an IgG-fluorophore
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fusion protein in our system.”?® Hence it is A
conceivable that we can expand our collection
of “fluorescent Inclonals” to a wide range of
fluorescent colors.

Most reports dealing with fluorescent anti-
bodies describe the use of antibody fragments
such as scFv or llama VHH to which fluores-
cent proteins were fused.’’® Unfortunately,
monovalent antibody fragments usually have
lower functional affinity compared with full

—- FRP5
—&— FRP5-ZZ-SFGFP
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length IgGs. This should not rule out the

use of exceptionally robust fragments such as B
VHH from being applied in parallel to IgGs
for such applications. When comparing IgGs
with fragments, one should carefully weigh
the advantages of [gG-based molecules, mostly
robustness, with the possibility to produce frag-
ments by secretion, which is less costly and time
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consuming than refolding. Very recently, Haas
et al. reported the production of full length
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citrine in mammalian cells." The expression
system they used was a CMV promoter-based
plasmids introduced by transient transfection
into HEK293-F cells, where the IgG-citrine
fusion protein was secreted and purified from
the conditioned medium. These authors man-
aged to attach their IgG with up to two citrine
molecules by adding a citrine to the C-terminus
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of each one of its light chains. Before success-

fully attaching their IgG with citrine, Haas et
al. tried to fuse the IgG with the fluorescent
protein EGFP. Their attempt resulted, as in
our case, in a substantial amount of improperly
folded protein with poor fluorescence.

When using fluorescence-based devices
such as confocal microscopy or flow cytom-
etry, one should bear in mind that the excita-

Figure 9. Comparing cytoplasmically folded SFGFP to refolded SFGFP. (A) Binding capacity
evaluation by ELISA. Binding of FRP5-ZZ-SFGFP in comparison to the parental Inclonal FRP5
1gG was evaluated on soluble ErbB2 using HRP-conjugated secondary antibodies. Error bars
represent standard deviations of triplicates. (B-E) FACS analysis: di(H)SFGFP and FRP5-ZZ-
SFGFP ability to stain antigen positive cells was evaluated on human epithelial carcinoma
cell line A431 (B) and human breast adenocarcinoma cell line SKBR3 (C). Cells that were
incubated with free ZZ-SFGFP alone are shown in (D and E) as a negative control. Filled areas
in all panes; negative control (cells auto fluorescence).

tion these devices provide is restricted to a few

wavelengths produced by their lasers. A green variant is usu-
ally superior to a yellow variant in being much more efficiently
excited by the most common laser line (488 nm argon ion line).
Moreover, E. coli based expression systems are usually superior
to other expression systems in terms of production cost and are
therefore more likely to provide an actual cost-effective alterna-
tive to the polyclonal antibodies from immunized animals or
to monoclonal antibodies produced by the ascites method than
mammalian cells culture production methods.

Antibody-based fluorescence detection can be done using
either direct (primary) or indirect (secondary) antibody stain-
ing. Each of these procedures has its strengths and weaknesses.
Direct staining using fluorescent primary antibodies is rapid,
easily performed and permits parallel detection of different tar-
gets (multiparametric analysis). The main disadvantages of the
direct approach is the higher cost of individually prepared flu-
orescent antibodies required for each target and lack of signal

www.landesbioscience.com
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amplification that is offered by using secondary fluorescent anti-
bodies. Indirect staining is technically more complex and time
consuming, but offers the advantage of signal amplification using
an assortment of antibodies (in the case of polyclonal second-
ary antibodies) labeling one primary antibody. Multiparametric
analysis using indirect staining is less practical as it requires the
use of antibodies obtained from different animal species.?’

As mentioned earlier, the antibody carrying eight fluores-
cent proteins (tetra-tanSF), although monoclonal, was found
to yield a fluorescent signal in cell staining comparable to the
signal obtained by using conventional green-fluorescence (FITC
labeled) secondary polyclonal antibodies staining in FACS.
When taking into consideration that five or six secondary anti-
bodies usually bind to a single primary antibody,® this obser-
vation implies tetra-tanSF signal to be a robust one that would
probably not fall short of FITC monoclonal staining. Moreover,
by attaching to each chain of the antibody more than two SFGFP
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Figure 10. FACS comparison of tetra-tanSF with FITC polyclonal anti-
bodies. (A) A431 cells stained with FRP5 and FITC-labeled secondary
antibodies (mean fluorescence intensity 26) or with FRP5-tetra-tanSF
fusion protein (mean fluorescence intensity 17). (B) SKBR3 cells stained
with FRP5 and FITC-labeled secondary antibodies (mean fluorescence
intensity 626) or with FRP5-tetra-tanSF (mean fluorescence intensity
422). Filled areas, negative control (Cell auto fluorescence).

molecules, greater signal can possibly be obtained. Pack et al. for
instance constructed a protein comprised of five tandemly linked
EGFP molecules, which showed increasing fluorescence with
increasing number of linked EGFP molecules.®* Needless to say,
it is possible to prepare recombinant secondary antibodies using
our approach, by attaching SFGFP to a species-specific monoclo-
nal antibody. We are now preparing such molecules.

Materials and Methods

Construction of FRP5 IgG expression vectors. All the PCR
primers that were used in this study are listed in Table 1. The VH
gene of murine anti-ErbB2 antibody FRP5 was recovered from
plasmid pMAZ-IgH-FRP5,%? by PCR using primers FRP5VH-
NdeIl-FOR and FRP5VH-Nhel-REV. The PCR product (375
bp) was digested with Ndel and Nbel restriction enzymes and
introduced into T7-based, IPTG-inducible bacterial expression
vector pHAK-IgH-T427,"% that was cut with the same enzymes
(4,064 bp vector fragment), resulting with the bacterial plasmid
pHAK-IgH-FRPS5 for the cytoplasmic expression of anti-ErbB2
FRP5 IgGl chimeric antibody heavy chain. The VL gene of
murine anti-ErbB2 antibody FRP5 was recovered from plasmid

pMAZ-IgL-FRP5,%? by PCR using primers FRP5VL-Ndel-FOR
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and FRP5VL-BsiWI-REV. The PCR product (339 bp) was
digested with Ndel and BsiW1I restriction enzymes and intro-
duced into T7-based, IPTG-inducible bacterial expression vector
pHAK-IgL-T427,"% that was cut with the same enzymes (3,411
bp vector fragment), resulting with the bacterial plasmid pHAK-
IgL-FRP5 for the cytoplasmic expression of anti-ErbB2 FRP5
IgG1 chimeric antibody light chain.

Construction of fluorescent IgG fusion proteins expression
vectors. A DNA fragment encoding the amino acid linker SAG
SAA GSG AAA followed by a SEGFP gene (motif order: HindI11
site-linker-Vo#l site-SFGFP ORF-Stop codon-EcoRI site, 747
bp) was prepared by total gene synthesis (GeneArt®).

The pHAK-IgH-FRP5 expression vector was modified by
insertion of HindIl1/EcoRI cloning site at the C-terminus of the
antibody by PCR using the vector itself as a template and prim-
ers RGD/TAT-BsrGI-FOR and CH3-HindIII-EcoRI-REV. The
PCR product was digested with Bs7GI and EcoRI and cloned into
pHAK-IgH-FRP5 that was linearized using the same enzymes.
The resulting vector was digested with HindlIl and EcoRI and
ligated with SFGFP DNA fragment that was cut with the same
enzymes, resulting with pHAK-IgH-FRP5-SEGFP expression
vector for heavy chain fused via linker to SFGFP. The pHAK-
IgL-FRP5 expression vector was modified by insertion of
HindI11/EcoR]I cloning site at the C-terminus of the antibody by
PCR using the vector itself as a template and primers BsiW1I-
Back-IgL and Ck-HindIII-EcoRI-REV. The PCR product was
digested with Sacl and EcoRI and cloned into pHAK-IgL-FRP5
that was linearized using the same enzymes. The resulting vector
was digested with HindlIl and EcoRI and ligated with SFGFP
DNA fragment that was cut with the same enzymes, resulting
with pHAK-IgL-FRP5-SFGFP expression vector for light chain
fused via linker to SFGFP.

A DNA fragment encoding the amino acid linker SAG SAA
GSG AAA followed by a SFGFP gene and then another amino
acid linker GGG GSG GGG SAA A was obtained by PCR ampli-
fication using the plasmid pHAK-IgH-FRP5-SFGFP as template
with primers tandem-HindIII-FOR and tandem-NotI-REV.
The resulting PCR product (795 bp) was digested with Hind111
and Notl and was ligated with vector fragments that were recov-
ered after digesting plasmids pHAK-IgH-FRP5-SFGFP and
pHAK-IgL-FRP5- SEGFP with the same enzymes. The resulting
plasmids were named pHAK-IgH-FRP5-tanSF and pHAK-IgL-
FRP5-tanSF, respectively, encoding heavy and light chains fused
to two tandem copies of SFGFP.

Construction of ZZ-SFGFP expression vector. The ZZ
domain encoding sequence (motif order: Ndel site-6 histidine
codons-Neol site-ZZ ORE-Notl site, 365 bp) was obtained from
the plasmid pET22b-H6T-ZZ-EGFP? by digestion with Ndel
and Notl. The sequence was cloned between the correspond-
ing sites in pHAK-IgH-FRP5-SFGFP, generating the plasmid
pHGT-ZZ-SFGFP for the cytoplasmic expression of ZZ-SFGFP
fusion protein.

Production and purification of IgGs and IgG fusion pro-
teins (Inclonals). All the antibodies were made according to
the Inclonals protocol as previously described in reference 33.
Briefly, the heavy and light chains of the desired antibody or
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Table 1. PCR primers (restriction sites are underlined)
Primer name
FRP5VH-Ndel-FOR
FRP5VH-Nhel-REV

Sequences

5'-ATA TAT CAT ATG CAG GTA CAA CTG CAG CAG TCT
5'-ATA TAT GCT AGC AGA GGA AAC GGT GAC CGT GGT CC

FRP5VL-Ndel-FOR

5'-ATA TAT CAT ATG GAC ATC CAG CTG ACC CAG TCT CAC

FRP5VL-BsiWI-REV

5'-AGC CAC CGT ACG TTT GAT CTC CAATTT TGT CCC CGA GC

RGD/TAT-BsrGI-FOR
CH3-Hindlll-EcoRI-REV
BsiWI-Back-IgL
Ck-Hindlll-EcoRI-REV
tandem-HindIlI-FOR
tandem-Notl-REV

antibody-fluorophore fusion protein were expressed as cytoplas-
mic inclusion bodies in two different bacterial cultures. The
purified chains were denatured in 6 M Guanidine hydrochloride
buffer, mixed together and reduced. Refolding was next initi-
ated by dilution into a refolding buffer containing arginine as an
aggregation suppressor and oxidized glutathione. The refolded
antibodies were finally purified using protein A chromatography
(GE Healthcare).

Cytoplasmic expression of soluble ZZ-SFGFP fusion pro-
tein. ZZ-SEGFP was purified from E. coli BL21 (DE3) Rosetta
cells transformed with pH6T-ZZ-SFGFP plasmid essentially
as described for ZZ-PE38." Briefly, the protein was recovered
from cytoplasmic extracts of induced cells by Talon (cobalt)
chromatography.

FRP5-ZZ-SFGFP immunocomplex preparation. The
FRP5-ZZ-SFGFP immunocomplex was made by mixing FRP5
IgG with ZZ-SFGFP fusion protein in a 1:3 molar ratio at 4°C
for 16 h. Excess ZZ-SFGFP was not removed from the final
product; however had no effect on the examinations made, as
shown in the results section.

ELISA. ELISA plates were coated overnight at 4°C with a
recombinant fusion protein comprised of the E. co/i maltose bind-
ing protein (MBP) fused to the extracellular domain of ErbB2
receptor (5 pg/ml in PBS), washed once with PBST, blocked
with 3% milk powder in PBS for 2 h at 37°C and washed once
more with PBST. Protein A purified IgG were added in tripli-
cate to the wells at concentrations ranging from 4.35 x 10~ to
68.5 nM and the plates were incubated for 1 h at room tempera-
ture. Unbound IgG was removed, the wells were washed three
times with PBST and HRP-conjugated anti-human antibodies
(Jackson Immunoresearch Laboratories) (diluted 1:5,000 in
PBST) were added to the wells for 1 h at room temperature.
Following the removal of unbound secondary antibodies, the
wells were washed three times with PBST. ELISA was devel-
oped with TMB substrate for 10-30 min at RT. Color develop-
ment was stopped with 1 M H,SO,. Absorbance was then read
at 450 nm (Spectramax 190, Molecular Devices). Each ELISA
was performed at least 5 independent times and representative
ones are shown in the figures. Since there is a difference between
the binding of the secondary antibody to the paternal to the
SEGFP fusion proteins (probably due to reduced accessibility by
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5'-GAC GTG AGC CAC GAA GAC CCT GAG GTC
5-AAATTT GAATTC ACC TCC GGA AGCTTT ACC CGG GGA CAG GGA G
5'-AAA CGG CGT ACG GTG GCT GCA CCATCT GTCTTC
5-AAATTT GAATTC ACCTTC GGA AGC TTT TCC ACC GCC ACA CTCTCC CCT GTTGAA G
5'-ATT ACG AGT AAA GCT TCC GCT GGC TCC GCT GCT GGT TCT GGC GCA GCG GCA GTG AGC AAG GGC GAG GAG CTG
5'-AAT TCT CAC CGC GGC CGC GCT GCC GCC GCC GCC AGA ACC ACC ACC ACC CTT GTA CAG CTC GTC CAT GCC

adding the fluorescent protein), results are shown as % maximal
binding.

FACS. Approximately 1.0 x 10° cells were taken for each FACS
experiment. The cells were trypsin-detached, washed with FACS
buffer (2% FCS in PBS) and incubated with Protein A-purified
IgGs (68.5 nM/3% BSA in PBS) at 4°C for 1 h. The cells were
then washed twice with FACS buffer to remove unbound anti-
bodies. For binding capacity evaluation, the cells were next incu-
bated with R-phycoerythrin-conjugated goat anti-human IgG (H
+ L) (Jackson ImmunoResearch Laboratories) (diluted 1:200/3%
BSA in PBS) at 4°C for 30 min. After another washing step,
10,000 cells were analyzed by flow cytometer (FACSort, Becton
Dickinson) using 488 nm argon ion laser (EGFP, mCherry and
SEGFP excitation) and 635 nm red diode laser (R-phycoerythrin
excitation).

Fluorescence microscopy. For microscopy experiments, the
cells were grown to 50-70% confluence on poly-L-lysine coated
coverslips. The cells were gently washed twice (2% BSA in PBS),
fixed with 4% paraformaldehyde in PBS at RT for 20 min, washed
twice more and blocked with 90% fetal calf serum/2% BSA in
PBS at RT for 30—60 min. Following the removal of the blocker,
Protein A purified IgGs were added (68.5 nM/2% BSA in PBS)
for 1 h incubation at RT. Following the removal of unbound anti-
bodies, cells were washed two times and incubated with Hoechst
33258 (5 wg/ml) at RT for 30 min. The cells were then washed
two times and incubated with Cy3-conjugated goat anti-human
IgG (H + L) (Jackson ImmunoResearch Laboratories) (1:100/2%
BSA in PBS) at RT for 30 min. Following the removal of unbound
secondary antibodies, the slides were washed twice with PBS,
mounted with Fluorescent Mounting Medium and examined
using laser scanning confocal microscope (LSM META, Zeiss).

Comparative fluorescence analysis. SFGFP-fusion antibodies
and ZZ-SFGFP fusion protein were diluted with PBS to a concen-
tration of 137 nm and added to the wells of a black 96 well plate.
SEGFP fluorescence was measured by fluorescence spectropho-
tometer (Synergy, Biotek) at 528 nm following 485 nm excitation.

Functional stability. SFGFP-fused IgGs were diluted to a
concentration of 137 nm in PBST and incubated at 37°C up to
12 d. Residual binding and fluorescence activities were evaluated
by ELISA and fluorescence spectrophotometer, respectively, as
described above.
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