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High-Affinity Antibody Detection with a Bivalent
Circularized Peptide Containing Antibody-Binding Domains

Fangyu Zhou, Andrew Kroetsch, Vyncent P. Nguyen, Xiao Huang, Ogechi Ogoke,

Natesh Parashurama, and Sheldon Park*

Direct chemical labeling of antibody produces molecules with poorly defined
modifications. Use of a small antibody-binding protein as an adapter can
simplify antibody functionalization by forming a specific antibody-bound
complex and introducing site-specific modifications. To stabilize a noncovalent
antibody complex that may be used without chemical crosslinking, a bivalent
antibody-binding protein is engineered with an improved affinity of interaction
by joining two Z domains with a conformationally flexible linker. The linker is
essential for the increase in affinity because it allows simultaneous binding of
both domains. The molecule is further circularized using a split intein, creating
a novel adapter protein (“lasso”), which binds human immunoglobulin G1
(1gG1) with Kp = 0.53 nm and a dissociation rate that is 55- to 84-fold slower
than Z. The lasso contains a unique cysteine for conjugation with a reporter and
may be engineered to introduce other functional groups, including a biotin tag
and protease recognition sequences. When used in enzyme-linked immuno-
sorbent assay (ELISA), the lasso generates a stronger reporter signal compared
to a secondary antibody and lowers the limit of detection by 12-fold. The small
size of the lasso and a long half-life of dissociation make the peptide a useful

specificity.?  Antibody-binding  proteins
have similarly found applications in biotech-
nology to facilitate the use of antibody-based
technologies.* Of these, bacterial surface
proteins from Staphylococcus aureus protein A
(SpA), group C and G of streptococcal
bacteria (protein G), and Peptostreptococcus
magnus (protein L) are most often used,”!
while other less-utilized antibody-binding
proteins also exist.”® Since their discoveries,
numerous biochemical and structural studies
have sharpened our understanding of how
these molecules interact with antibodies,”
and their molecular properties have been
repeatedly engineered to cater to varying
needs that arise in different contexts."”! The
earliest examples of their use in biotechnol-
ogy involve affinity purification using im-
mobilized bacterial antibody-binding pro-
teins (bABPs)."*"") Affinity purification con-
tinues to be an important area of application

tool in antibody detection and immobilization.

1. Introduction

Antibodies are widely used in medicine and research because of
their ability to interact with their antigens with high affinity and
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for bABPs. Because a low pH treatment used

to elute bound antibody may cause denatura-

tion,"®2% variants that allow dissociation of

the bound antibody under milder elution
conditions have also been engineered.

Other applications of antibody-binding proteins require a
different affinity profile. Unlike affinity purification, which must
balance efficient antibody capture with facile elution, achieving the
most stable and specific interaction is essential for detection and
labeling. Known bABPs are multidomain proteins, which allow
high-affinity interaction through multivalent binding. For exam-
ple, SpA contains five homologous domains, each of which is
capable of antibody binding®" and has been used in enzyme-
linked immunosorbent assay (ELISA)*? and surface plasmon
resonance (SPR).?*) However, it is difficult to produce full-length
SpA in large quantities and forms poorly defined two-to-one
antibody-to-SpA complexes when mixed with antibodies.** To
simplify its construction and application, a single-domain variant,
Z domain, with 58 amino acids has been engineered from the B
domain of SpA and is often used in biotechnology.””! The Z
domain is small, resistant to aggregation, and binds certain
antibody species and isotypes with high affinity.

One of the potential uses of single-antibody-binding domain
(ABD) proteins, such as Z and C2 of protein G, is to introduce
site-directed modifications to an antibody. Antibodies are often
chemically biotinylated or conjugated with fluorophores, enzymes
or drugs before use”®?? Covalent modifications can be
introduced at primary amines (e.g., lysine and the amino
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terminus), carboxyl groups (e.g., aspartic and glutamic acids), and
thiols (cysteine) using established technologies,?” but chemical
conjugation does not allow precise control of the degree or
location of modification. On the one hand, the degree of
modification needs to be kept low to avoid potential loss of
activity, which can occur if the residues important for antigen
binding are accidentally modified.*" Specific modifications can be
introduced by incorporating unnatural amino acids, site-specific
mutations, or recombinant tags, but each method leads to a
custom-designed antibody that is expensive to produce and
significantly complicates the workflow.*” Instead, an ABD
carrying a desired chemical modification can be used to introduce
a structurally well-defined modification to the antibody.**=*
Since the Z domain binds at a hydrophobic patch between the
constant domains 2 and 3 of the heavy chain (CH, and CHj), the
binding of Z does not interfere with antigen binding.

A major drawback of using the existing ABDs for indirect
antibody modification is that the resulting antibody complexes are
short-lived due to limited affinity (in the range of low to high
nanomolar at best) and the high rate of association and
dissociation.?® For example, bound Z dissociates within 5 min,
meaning that any intended antibody modification would be lost on
the same time scale.’” The bound complex may be crosslinked
by incorporating an unnatural amino acid with a photoactivatable
side chain in ABD and exposing the complex to UV light.**~** It is
challenging to produce a uniformly crosslinked complex because
the efficiency of photocrosslinking is low and the complex can
dissociate during UV treatment, although incomplete conjugation
does not interfere with some applications, such as immunohis-
tochemistry.* The additional steps needed to crosslink the
complex also make it challenging to produce the reagent at scale.

In this study, we describe the construction of a novel antibody-
binding protein with a significantly higher antibody affinity. We
focus on affinity improvement because it allows the antibody-
bound complex to remain bound during application without
covalent crosslinking, thus making the molecule more convenient
to use for introducing targeted antibody modification. Because the
complex is stabilized through noncovalent interaction, there are
no additional steps needed other than mixing the components. To
increase the affinity of interaction, we joined two Z domains using
a long linker (“L”) to allow simultaneous binding of both domains
to the same antibody. The affinity of this molecule, ZLZ, was 10-
to 12-fold higher than that of a single Z domain and similar to that
of full-length SpA despite its significantly smaller size. A tandem
Z dimer, ZZ, has been reported but previous studies did not
optimize the linker length, resulting in only a modest increase in
the binding affinity.

We further joined the amino and carboxyl termini of ZLZ to
create a circularized peptide (“lasso”) that is compact and
potentially more stable against proteolytic degradation than a
linear molecule, which may be important for downstream
applications. The lasso binds with Kp=0.53nM and has a
dissociation half-life of 5h at 37 °C. The circularized lasso design
is useful because it contains two conformationally flexible linkers
that can be independently engineered to introduce new biochem-
ical properties without affecting antibody binding. We demon-
strate these design features by constructing a lasso containing PRS
in order to report the activity of a protease based on measured
fluorescence. The high antibody affinity of a lasso and its tolerance
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to mutations in the linker sequence may be utilized to develop
novel biotechnology applications.

2. Experimental Section

2.1. Plasmid Construction
2.1.7. Bacterial Expression Vectors

All expression vectors were constructed by introducing the
corresponding genes into pET32a, from which the thioredoxin
gene has been removed. pET32-6His-AviTag-Z was constructed
by PCR amplifying the Z sequence corresponding to the amino
acids (-7)-58 (according to the amino acid numbering given in
Jendeberg et al.;®” Figure 2) and ligating it into the vector
together with an N-terminal hexahistidine and AviTag and a
C-terminal FLAG epitope. pET32-6His-AviTag-ZZ was cloned
by inserting a second Z domain directly after the first Z
domain. pET32-6His-AviTag-ZLZ was cloned by introducing
additional glycine and serine residues between the two Z
domains to increase the number of linker residues. To
construct pET32-NpuC-6His-AviTag-ZLZ-NpuN, the second Z
sequence of pET32-6His-AviTag-ZLZ was first removed using
EcoRI and Xhol, and replaced with Z and NpuN in a three-piece
ligation. The intermediate construct was then digested with
Ndel and Sall, into which NpuC and 6His-AviTag were inserted
into a three-piece ligation. The final lasso construct after all
cloning contains the following elements: (Ndel)-NpuC-(Spel)-
6His-AviTag-(Sall)-Z-(EcoRI)-L-Z-(Nhel)-NhpuN-(Xhol), where
the restriction enzymes used for the cloning are indicated in
parentheses. The sequences of all proteins used in the study are
shown in Figures S1 and S4, Supporting Information.

2.1.2. Yeast Display Vector

pCT302*! was used to express human immunoglobulin
G1 (IgG1) Fc fragment (hFc). The DNA fragment encoding
the amino acids of the hFc fragment was amplified from
pVitrol-trastuzumab (TZ; Addgene Plasmid #61883). The PCR
product was digested and ligated into pCT302 using Nhel and
BamHI to place hFc at the C-terminus of Aga2. The mouse
IgG1l Fc fragment (mFc) sequence was amplified from SI4-
Jamc.2 (Addgene Plasmid #28216) and similarly cloned into
pCT302 for yeast surface display.

2.2. Protein Expression and Purification
2.2.7. Induction of Expression

BL21 (DE3) pLysS cells were transformed with various expression
vectors and plated on LB agar (Boston BioProducts) containing
100 pg mL ™" ampicillin. Several colonies were picked from the plate
to initiate an overnight culture, which was diluted 100-fold into the
induction medium composed of Terrific Broth (IB; Boston
BioProducts) and 0.5% glycerol with 100 ug mL™" ampicillin. The
cells were grown at 30°C and 300rpm until ODgy=0.4, and
isopropyl f-p-1-thiogalactopyranoside was added to the final
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concentration of 100 pm. The cells were then cultured at 20 °C and
300 rpm for 18 h.

In vivo biotinylation was achieved by coexpressing an AviTag
containing protein and the bacterial biotin-protein ligase BirA. To
prepare biotinylated Z, for example, BL21(DE3) pLysS cells were
cotransformed with pET32-6His-AviTag-Z and pET28-MBP-BirA
and grown on LB agar containing 100 pgmL™" ampicillin and
50 ugmL™" kanamycin. The induction medium was the same as
before, except that it now contained 300 pm biotin. Biotinylation
was tested by incubating purified protein with streptavidin and
analyzing the complex by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). A change in electrophoretic
mobility caused by streptavidin binding was used to confirm
successful biotinylation of the molecule.

2.2.2. Affinity and lon-Exchange Chromatography

Cells were harvested by centrifugation and lysed with B-per
(Thermo Fisher Scientific). The cell lysate was centrifuged at
12000rpm for 10min to isolate the soluble fraction. Twenty
millimolar imidazole was added to the supernatant and the pH was
adjusted to 7.5 with NaOH. PMSF (ACROS Organics) was added to
1mm. The sample was filtered through a 0.2 um filter (Corning)
and mixed with Ni-NTA resin that was pre-equilibrated in the wash
buffer (WB), which is phosphate-buffered saline (PBS) supplemen-
ted with 500 mm NaCl, 1 mm PMSF, and 1% Triton X 100 (Sigma-
Aldrich). The mixture was rocked at 4 °C for 30 min and poured
into an empty column (BioRad). The flow-through was collected
and poured over the same column three times. The column was
washed with five column volumes of WB, and the bound protein
was eluted with 100mm imidazole in PBS. Five millimolar
dithiothreitol (DTT) was added to the lasso eluate immediately to
prevent oxidation of the cysteine side chain. The yield was estimated
based on A,y measurement and visualized by Coomassie Blue
(ThermoFisher Scientific) staining after SDS-PAGE. The eluate was
buffer exchanged to 20 mm phosphate buffer (pH 7.5) and 1mwm
PMSF and further purified by anion exchange chromatography
using Mono Q 5/50 GL on the AKTAprimer plus workstation (GE
Healthcare). After equilibration, the bound protein was eluted using
a linear NaCl gradient from 120 to 320 mm NaCl over 30 mL. The
fractions containing the lasso were combined and concentrated.
Approximately 6-10 mg of purified biotinylated lasso was obtained
from 1L of cell culture.

2.3. Fluorescein Isothiocyanate (FITC) Conjugation of lasso

To introduce a site-specific modification at the cysteine side chain,
the lasso was buffer-exchanged into PBS without DTT.
Twenty-fold excess of fluorescein-5-maleimide (ThermoFisher
Scientific) in dimethyl sulfoxide was added and allowed to react for
1h at 20°C. The reaction was quenched by adding 10 mm DTT.
Excess reagent was removed by ultrafiltration, and the modified
lasso was buffer-exchanged to PBS. FITC conjugation was
visualized by running an SDS-PAGE gel and illuminating the
gel with UV.
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2.4. Yeast Display and Flow Cytometry
2.4.1. Induction and Labeling

The Saccharomyces cerevisige strain EBY100 was transformed with
pCT302-hFc or pCT302-mFc and selected on a SD-CAA plate
lacking Trp and Ura. SD-CAA drop-out medium was inoculated
with four to six colonies from the plate and grown overnight to
ODgpo =4-5. The hFc/mFc expression was induced by switching
the medium to SG-CAA, containing galactose, and growing the
cells for 20 h at 30 °C. The expression of hFc/mFc was checked by
labeling 5 x 10° cells with M2 antibody (Agilent Technologies)
against the C-terminal FLAG epitope. Fluorescence was analyzed
by flow cytometry using BD LSRFortessa (Becton Dickinson). To
test the binding of various antibody-binding proteins, hFc/mFc-
displaying yeast cells were labeled with biotinylated Z, ZZ, ZLZ or
the lasso at 20 °C for 30 min, washed in PBS and then incubated
with streptavidin—phycoerythrin (SAPE) on ice for 30 min before
flow cytometric analysis.

2.4.2. Affinity Measurement

To measure the affinity of binding, yeast cells were labeled with
different concentrations of each antibody-binding protein (Z, ZZ,
Z1Z, or lasso). The mean fluorescence intensity (MFI) of the
displaying population was computed by subtracting the weighted
background MFI from the total MFI*® and was fit to a binding
curve using the maximum MFI and the binding constant Ky, as
two fitting parameters.*’ Each measurement was repeated three
times and fit three times. The average and the standard deviation
of the mean were computed from measured Kp, values.

2.4.3. Measurement of kg by Yeast Display

Yeast cells (4 x 10°) displaying hFc were washed in PBS (pH
7.5) and incubated with 100nm lasso for 30 min at room
temperature. The cells were washed twice and resuspended in
5mL PBS in a 15 mL conical tube. The tube was rocked gently
at 37 °C for 2 h, washed, and resuspended in 5 mL PBS. The 2h
wash was repeated, and the cells were again resuspended in
5mL PBS to start the dissociation phase of the measurement.
While keeping the cells with bound lasso at 37°C under
constant, gentle rocking, 500 uL of cells were taken at 1h, 2h,
3h, and 4h, washed, and labeled for 15 min with 0.1 uL of
SAPE on ice. The fluorescence intensity of the cells was
measured by flow cytometry and fit to an exponential curve to
compute the dissociation rate.

2.5. Affinity Measurement by ELISA

Streptavidin was adsorbed on a Nunc MaxiSorp flat-bottom 96-
well plate. After washing in PBS-T (PBS with 0.05% Tween 20)
and blocking with PBS-T containing 1% BSA, biotinylated lasso
was added at a concentration of 0.25 or 5 ug mL™". Serially diluted
TZ (human anti-HER2 IgG1, TZ) was added across the plate in
triplicates and incubated for 1h at room temperature. Bound TZ

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Biotechnology
Journal

www.advancedsciencenews.com

was detected with anti-human IgG-HRP using 3,3',5,5'-tetra-
methylbenzidine (TMB) as a substrate (Thermo Fisher Scientific).
The absorption at 450 nm was measured on a FilterMax F5 96-
well plate reader (Molecular Devices). Alternatively, 1pgmL™"
recombinant HER2 (Sino Biological) was immobilized on a Nunc
MaxiSorp flat-bottom 96-well plate. The plate was washed in
PBS-T and then blocked with PBS-T containing 1% BSA. TZ
(5pgmL™") was added to detect HER2, and serially diluted
biotinylated lasso was added across the wells in triplicates for 1 h at
room temperature. Avidin-HRP (Thermo Fisher Scientific) was
added in 1:250 dilution for 0.5 h, and TMB was used as a substrate
for reporting. The affinity of binding was measured by fitting the
measured Aysp to a binding curve:

[lasso]
[lasso] + Kp

f=1hx

with fy and Kp as two fitting parameters.

2.6. Confocal Microscopy

Mesenchymal stem cells (MSCs; 40 000 cells) were seeded in a
Nunc 48-well glass-bottom plate (Thermo Fisher Scientific). The
cells were washed in PBS and fixed in 4% PFA for 15 min at room
temperature. The cells were washed again in PBS before being
permeabilized with 0.1% Triton X-100 for 1 h. The cells were then
rinsed in PBS and blocked with 1% BSA, after which rabbit anti-
human a smooth muscle actin (a-SMA; Abcam) was added to
some wells at a 1:50 dilution. The remaining wells did not receive
a-SMA and served as a negative control. After overnight
incubation at 4°C, 500 nm FITC-conjugated lasso was added to
some wells for 1h. 4',6-Diamidino-2-phenylindole (DAPI) nuclear

A B
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stain was added for 5min before the cells were analyzed by
confocal fluorescence microscopy.

2.7. Protease-Dependent Release of Bound Lasso

To develop a lasso that is susceptible to proteolysis by tobacco
etch virus (TEV), two copies of the protease recognition
sequence (PRS) of the TEV protease (ENLYFQI|S) were
introduced in the linker surrounding biotinylated AviTag and
FITC-conjugated cysteine. A total of 5x10° yeast cells displaying
hFc were washed in buffer A (50 mm Tris, pH 7.5 at 20°C,
150mm NaCl, 1mwm f-mercaptoethanol) and labeled with
500nmM lasso (with or without tobacco etch virus protease
recognition sequence [PRSrgy]) for 1h at room temperature.
The cells were washed twice and resuspended in 250 pL of the
same buffer, which was then divided into five tubes of equal
volume. Next, 0 uL, 0.1 uL, 0.2 uL, 0.5 uL, 1 uL, or 2.5 uL of TEV
protease (MilliporeSigma) was added to the tubes to initiate
proteolysis. The reaction was continued at 30 °C for 1h before
being quenched by placing the tubes on ice. The cells were
washed in cold buffer A twice and resuspended in 50 uL of the
same buffer. SAPE (0.1 uL) was added for 15 min on ice, and
the cells were washed twice before analysis by flow cytometry.

3. Results

3.1. Connecting Z Domains with a Flexible Linker Significantly
Increases Antibody Affinity

The Z domain binds a subset of antibodies at the CH,~CH;
interface of Fc with high affinity. To increase the binding
affinity through multivalent interaction,*”’ we joined two

6His/AviTag

[ 6His/aviTag | z | z |
[etis/avitag | 2 <] 7 |

sH )
[ Npuc [ 6His/avitag | 2 ~ z | npun |

(' SH
circularization 6His/AviTag | z I"\L-| z
? L

[ SH L
| Npuc [eHis/AviTag[PRs| z F~—~] z [PRs] NpuN |

[ SH
L
circularization 6His/AviTag| PRS| z |"\~| z |PRS
L

Figure 1. Schematics of the different antibody binding proteins used in this study. A) Antibody Fc (pink) with two Z domains (green) bound to the
region between the C2 and C3 domains of Fc. The twofold symmetry axis is indicated with a line and a curved arrow. The location of the Fab fragment
is indicated. B) Schematics of various antibody-binding proteins that were constructed and tested in the current study. AviTag is a 15-amino-acid
biotin acceptor sequence, GLNDIFEAQKIEWHE, which is recognized by the biotin ligase, BirA. L (linker) refers to a set of conformationally flexible
amino acids between Z domains. After circularization, the resulting lasso has two such linkers. NpuN and NpuC are the N and C fragments of the Npu
Dnak split intein. The first amino acid after NpuC is cysteine, whose thiol side chain is shown.
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Figure 2. Improved antibody binding by a bivalent Z dimer. A) SDS-PAGE of purified 1, Z; 2, ZZ; and 3, ZLZ with the predicted molecular weights of
11kDa, 17.7kDa, and 19.0 kDa. M, protein molecular weight marker. B) In vivo biotinylation of ZZ and ZLZ was tested by EMSA by addition of
streptavidin (SA). The binding of SA changes the mobility of a biotinylated ligand. 1, SA; 2, ZZ; 3, ZZ + SA; 4, ZLZ; and 5, ZLZ + SA. * Indicates an
unrelated bacterial protein present in this particular prep. C) yeast displayed hFc was labeled with biotinylated Z, ZZ, or ZLZ (each at 1 nm) and
visualized with SAPE. D) Yeast cells were labeled with serially diluted biotinylated Z (circle), ZZ (diamond), or ZLZ (square) to measure the binding
affinity. The cells were labeled, washed, and analyzed independently three times to obtain three Ky values, which were then used to compute the
average and standard deviation presented in Table 1. Each data point on the graph represents the mean and standard deviation of the fluorescence

measured at the indicated protein concentration.

Z domains through a conformationally flexible linker “L” to
allow simultaneous binding of both Z domains to the same
antibody (Figure 1A). The length of the linker was guided in
part by molecular modeling and in part by a previous study,
which suggested that a linker of 30 amino acids (DDAKK)g
was able to connect two proteins bound to the CH,-CH;
interfaces.**! Including structurally disordered residues of
bound Z (PDB 5U4Y), we estimate that there are 32 disordered
amino acids in the linker, which are expected to be long
enough to bridge two bound Z molecules. ZLZ differs from a
tandem ZZ dimer,*® which does not allow cooperative
binding on the same antibody (Figure 1B; Figure S1,
Supporting Information). To test the design, we purified Z,
ZZ, and Z1Z from bacteria (Figure 2A). Each construct
contains an AviTag,*” which is biotinylated in vivo by
coexpressing BirA in the same cell during expression.*% We
confirmed the biotinylation of the molecules using electro-
phoretic mobility shift assay (EMSA, Figure 2B).

Purified Z, ZZ, and ZLZ were used to label human IgG1
displayed on the yeast surface.’) Bound protein was detected
with SAPE and measured by flow cytometry (Figure 2C). We
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then measured the binding affinity by titrating the concentra-
tion of each molecule and fitting the fluorescence of the
displaying population to a binding curve (Figure 2D; Figure S2,
Supporting Information). The affinity values measured using
yeast display and flow cytometry are usually similar to the
values obtained by SPR.[***? The affinity of ZZ (Kp = 5.5 nw)
was twofold higher than that of Z (Kp = 9.6 nm), and both
estimates were consistent with previously reported values in the
literature (Table 1). Interestingly, the affinity of ZLZ was
significantly higher than both, Kp = 0.72 nm. A variant of ZLZ
containing a linker with five fewer amino acids, ZL,,Z, bound
significantly less efficiently than ZLZ at the same concentration
(Figure S3, Supporting Information), suggesting that a longer
linker contributes to the higher affinity of ZLZ.

3.2. Circularized ZLZ Retains High-Binding Affinity
Because long linear ZLZ can bind and crosslink multiple

antibodies, we circularized ZLZ by fusing the N and C
fragments of Npu DnaE split intein to the carboxy and amino

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Summary of biochemical measurements.

Binder MW [kDa]  Kp [nm] Ko [s7] References
z 10-20 2.1-3.2x1072 Jendeberg et al.,
Braisted et al., and
Konrad et al.}7=?
11.0 9.6+1.5 NA This work (flow
cytometry)
121+1.0 NA This work (ELISA)
7z 1.5 5.6x107* Jendeberg et al.’”)
17.7 55+1.1 NA This work (flow
cytometry)
50+0.9 NA This work (ELISA)
ZLZ 19.0 0.72+0.23 NA This work
Lasso 19.5 0.53+0.17 9.1x107° at 37°C  This work (flow
1.7x107° at 20°C  cytometry)
1.8+0.2 3.7x107° at 37°C  This work (ELISA)
0.79+0.2 3.8x107° at 37°C  This work (SPR)

The molecular weight (MW) represents the construct used in the current study,
including 6xHis affinity tag, AviTag, and linkers. The mean and the standard
deviation of three independent measurements are shown.

termini of the molecule, respectively (Figure 3A; Figure S4A,
Supporting Information).?*** One way the circularized peptide
can bind an antibody is by forming a circle around the Fc
fragment, for which reason we named the molecule “antibody
lasso.” The lasso contains an AviTag for in vivo biotinylation.
The lasso was purified to homogeneity by a combination of
hexahistidine affinity purification and ion exchange chromato-
graphy (Figure S4B, Supporting Information). We confirmed
the successful biotinylation of the lasso by performing EMSA
with streptavidin (Figure 3B). The lasso had an apparent
molecular weight (MW) of =17kDa on the gel, which is less
than the computed MW of 19 766 Da. However, circularization
sometimes increases the mobility of a protein, potentially by
removing charged termini.’® To confirm the formation of a
circularized peptide, we measured the MW of purified lasso by
MALDI-TOF (University at Albany, Proteomics/Mass Spectro-
metry Facility). The measured MW of 19 766 Da agrees exactly
with the predicted MW of a circularized lasso containing a
single biotin group (Figure S4C, Supporting Information).

3.3. Lasso Can Be Enzymatically or Chemically Modified to
Introduce Novel Functions

We tested the binding of purified lasso to yeast displaying
human and mouse Fc. Bound lasso was labeled with SAPE and
analyzed. The vyeast-displayed hFc were selectively labeled
(Figure 3C). No labeling of yeast-displayed mFc was detected.
The Npu DnaE-mediated splicing introduces a cysteine residue
at the splice junction. We used maleimide-FITC to conjugate a
fluorescent dye to the lasso,*® thus producing a lasso contain-
ing two modifications, i.e., a biotin tag and a chemically
conjugated fluorophore. The successful FITC conjugation was
visualized on a native polyacrylamide gel by exposing the gel to
UV (Figure 3D). To test for dual modification, we labeled hFc
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displaying yeast cells with the lasso and further labeled them
with SAPE. The displaying cells were both FITC- and PE-
positive (Figure 3E), showing that a modification at the cysteine
residue does not interfere with antibody binding or streptavidin
detection. The yeast-displayed hFc was efficiently labeled even
when the lasso was added at a concentration well below 1 nwm,
indicating a high affinity of interaction (Figure 3F). We
measured the affinity by titrating the lasso concentration and
fitting the measured fluorescence to a binding curve.*® The
measured affinity of binding Kp, is 0.53 nM, which is similar to
that of linear ZLZ and 10- to 20-fold higher than that of Z or ZZ
(Figure 3G). Therefore, circularization of the lasso does not
prevent high-affinity antibody binding achieved by rational
design of the linker.

3.4. Lasso Produces Stronger ELISA Signals than Secondary
Antibody

The binding of lasso to full-length human antibody, TZ, in
solution was measured by SPR, which confirmed the measure-
ment by flow cytometry. The measured rate of dissociation was
3.8 x 107° s~ ! at 37 °C, which is 55- to 84-fold slower than that
for Z (Figure S5, Supporting Information). To test the use of
lasso in ELISA, we immobilized biotinylated lasso on a
streptavidin-coated surface and used it to capture TZ. The
bound TZ was then detected using an HRP-conjugated anti-
human antibody (Figure 4A). The binding of TZ was dependent
on the lasso concentration and saturable, indicating that the
binding is specific. Next, we physically adsorbed HER2 on the
surface and used it to capture TZ, which was then detected with
Z,7Z, or lasso. The ligand concentration was varied to measure
the binding constant Kp, which was the lowest for the lasso
(Figure 4B). The measured Kp was consistent with the
estimates from yeast display and SPR, as well as published
results in the literature (Figures 2D, 3G, and Table 1). Finally,
we compared the efficiency of immobilized biotinylated lasso or
immobilized secondary antibody Fab fragment for capturing
titrated TZ. The measurements at the four lowest concentra-
tions were fit to a straight line and extrapolated to the lowest TZ
concentration at which the measured signal is statistically
indistinguishable from the mean blank signal (0.05 + 0.01). The
computed limit of detection (LOD) was 0.13 ng mL™" for the
lasso and 1.6ngmL™"' for the adsorbed anti-human Fab
antibody (aHuFab) fragment (Figure 4C), suggesting that the
lasso was able to capture antibody with improved sensitivity.

3.5. A Lasso-Based Sensor Can Detect Protease Activity

Because the linker residues are not expected to interact
specifically with antibody residues, we reasoned that they may
be mutated without affecting antibody binding. We incorpo-
rated two copies of the PRStgy in one of the linkers, thus
making the lasso susceptible to proteolysis by a protease
(Figure 5A; Figure S4D, Supporting Information). The lasso
containing PRStgy bound immobilized TZ with the same
affinity as before (Figure 5B). Proteolysis by TEV protease cuts
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Figure 3. Construction and characterization of a circularized antibody-binding protein. A) Schematic description for constructing a circularized
antibody-binding lasso. i) The precursor to the lasso contains NpuC at the amino terminus and NpuN at the carboxy terminus. ii) The split intein
domains reconstitute the splicing activity and join the neighboring amino acids in a native peptide bond while excising themselves out. B) Checking
the biotinylation of lasso by EMSA. The binding of SA is specific and occurs with biotinylated lasso (b-lasso) only. C) Yeast-displayed hFc (red) or mFc
(gray) was labeled with biotinylated lasso and SAPE and analyzed by flow cytometry. Untransformed yeast was similarly labeled for comparison
(black). D) Lasso was conjugated with maleimide-FITC and analyzed by native polyacrylamide gel electrophoresis. 1) UV illumination of the gel. 2)
Coomassie staining of the same gel. E) Yeast-displayed hFc was labeled with biotinylated FITC-conjugated lasso and SAPE, and analyzed by flow
cytometry. F) Yeast-displayed hFc was labeled with 20 pm, 150 pm, or 780 pm of biotinylated lasso to show efficient labeling at sub-nanomolar
concentrations. G) The lasso concentration was titrated and the MFI of displaying population was used to compute the binding constant, Kp =
0.53 nM+0.17 nm (mean and the standard deviation of the mean, n=3).

the lasso into two linear peptides, one of which contains no Z  3.6. FITC-Conjugated Lasso Can Detect Cell-Bound Antibody for

domain and is released from the antibody. We labeled yeast-
displayed hFc with the new lasso and measured the fluores-
cence of the cells after adding TEV protease. The fluorescence
decreased with an increasing concentration of TEV protease,
indicating loss of the FITC-conjugated peptide (Figure 5B). In
contrast, the fluorescence of the cells labeled with the original
lasso without PRStgy remained constant when TEV protease
was added (Figure 5B).
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Fluorescence Microscopy

Since the lasso binds full-length antibody with high affinity, it
may be used to introduce a noncovalent modification to the
antibody for labeling applications. We cultured MSCs on glass
slides, which were then fixed and permeabilized in preparation
for fluorescence labeling. A rabbit anti-a-SMA antibody was
added to bind the actin filaments and the bound antibody was
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Figure 4. Improved sensitivity of ELISA detection using lasso. A) Biotinylated lasso was immobilized on a streptavidin-coated surface and used to
capture TZ. The lasso concentration was titrated to vary the loading density, resulting in a more efficient capture of TZ. The captured TZ was detected
using anti-human antibody-HRP conjugate. B) The equilibrium binding affinity of Z, ZZ, and two different variants of the lasso were measured by
titrating each molecule to detect immobilized TZ. The normalized absorbance at 450 nm was fit to the equation A4so = C]y,iiﬂ, where [C] is the
concentration of Z, ZZ, or the lasso, to compute the binding constant K and the Hill coefficient n. The average and standard déviation from three
separate measurements are shown. C) (Left) TZ was captured with immobilized lasso or the Fab fragment of aHuFab to compare the sensitivity of
detection. Bound TZ was detected with an anti-human antibody. (Right) An enlarged view of the binding data from lower TZ concentrations. The four
data points corresponding to the lowest TZ concentrations were used to generate a linear fit and to compute the LOD (<) for the two methods. The

computed LOD are 1.6 ngmL™" for aHuFab and 0.13 ngmL™" for the lasso.
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Figure 5. Potential applications of lasso in biotechnology. A) A lasso containing the PRS (red) for TEV protease. Two copies of PRStgy surround the
biotinylated AviTag (B) and FITC-conjugated cysteine. Proteolysis by TEV protease splits an antibody-bound lasso into two, one of which lacks a Z
domain and is thereby dissociated from the antibody. B) Yeast-displayed hFc was labeled with the lasso containing PRStgy, and TEV protease was
added at different concentrations. There is a concentration-dependent loss of FITC fluorescence, indicating proteolysis by the protease (bar). On the
other hand, TEV protease did not reduce the fluorescence from the original lasso without PRSty (circle), showing that the loss of fluorescence is due
to sequence-specific proteolysis. Representative results from two independent measurements are shown. C) Fluorescent labeling of MSC with lasso.
Fixed and permeabilized cells were treated with anti-a-SMA antibody (i—iv) or without antibody (v—viii). FITC-conjugated lasso and DAPI were then

added to both. i, v) DIC; (ii, vi) DAPI; (iii, vii) FITC; (iv, viii) overlay of DAPI and FITC.

detected with FITC-conjugated lasso for visualization by
confocal microscopy. A rabbit antibody was used since it is
recognized by SpA with high affinity. The cells were labeled
efficiently with FITC-lasso (Figure 5C). The cells labeled with
lasso alone without the antibody were not fluorescent, indicat-
ing that the labeling was antibody-specific (Figure 5C, viii).

4, Discussion

4.1. Lasso Can Be Used to Form a Stable Antibody Complex

The existing methods for introducing site-specific modifica-
tions in antibodies are inconvenient, costly, and difficult to
scale. Introducing a modification indirectly through an anti-
body-binding protein can simplify the task if the affinity of
interaction can be improved. Here, we demonstrated that
joining two bound Z domains with a long linker, as in ZLZ or
lasso, increases the affinity of interaction by 13- to 18-fold
compared to a single Z domain. Although the current study
does not systematically screen the linker length, observations
both by us and others indicate that the affinity of an interaction
can be greatly improved by optimizing multivalent binding. For
example, Dong et al.**! reported that fusing the D domain of
protein A and C1 domain of protein G with a 30 residue linker,
(DDAKK)g, increases the binding affinity by 8.4- to 12-fold over

Biotechnol. J. 2019, 14, 1800647
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the individual domains. The same authors have noted that
joining the domains with a shorter 20-amino-acid linker
improves the binding affinity by only 2.9- to 4.2-fold, which is
consistent with our observation that a linker of 27 amino acids
may already be too short to bridge two bound Z proteins. The
affinity for ZZ, which does not contain such a linker, is only
approximately twofold higher. The improvement in binding
affinity occurs mostly through slowing of the rate of dissocia-
tion, which is a direct consequence of multivalent interaction.
These studies thus show that the apparent binding affinity of an
interaction can be rationally improved by joining independently
binding domains.?”)

4.2. A Bound Lasso May Adopt Many Alternative Conformations

One of the linkers in the engineered lassos (Linker1) is 32-
amino-acids long, which is just long enough to connect the
carboxy terminus of one bound Z domain with the amino
terminus of another Z domain bound to the same antibody
located >70 A away. Because the second linker (Linker2) of the
lasso is significantly longer (56-65 amino acids), it may
sample many alternative conformations not available to
Linkerl. For example, it may swing from one side of Fc to
the other (by hopping over the carboxy end of Fc) while both
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Z domains remain bound to the antibody. The bound lasso is
thus expected to adopt a range of conformations that vary in
the positioning of Linker2 with respect to the antibody. To test
the role of the second linker length, we constructed another
lasso with 36 amino acids in both Linkerl and Linker2. The
affinity of the modified lasso was significantly lower (and
comparable to that of a single Z domain), indicating that the
binding of a lasso with a small diameter may be kinetically
limited (data not shown). Therefore, designing a lasso with the
highest antibody affinity, and favorable binding kinetics,
benefits from including the shortest linker compatible with
cooperative binding (i.e., Linker1) to improve the dissociation
kinetics and a longer linker (Linker2) to optimize the
association kinetics.

4.3. Our Lasso Design Is Unique

A circularized protein is more resistant to nonspecific
proteolytic degradation, e.g., by an exopeptidase. This has
previously motivated the engineering of a circularized minimal
Z domain, Z,,,, containing two antibody binding helices.”®
Despite some conceptual similarities, our lasso and Z,,;, are
fundamentally different in that our lasso contains two Z
domains that cooperatively bind to the two binding sites in
order to slow the dissociation rate, whereas the most significant
advance in Z,,;, is the thermal stabilization of the molecule
without a clear improvement in the binding kinetics. Further-
more, the use of a split intein to engineer a circularized
molecule directly in bacteria is unique to our study and differs
from the in vitro circularization of a chemically synthesized
peptide used in the design of Z ;.

4.4. Lasso Improves ELISA Signal Compared to the Standard
Technique Based on Secondary Antibody

The use of a lasso ensures more homogeneous modification of
the antibody since every antibody at equilibrium is expected to
bind one lasso molecule. This may explain the higher ELISA
signal from lasso labeling than from secondary antibody
(Figure 4C). When an antibody is chemically biotinylated, the
degree of modification cannot be controlled precisely, leading to
a range of modification in the final product. Some of the
molecules may carry no modification, which then reduces the
final signal intensity. There may be additional signal loss
during the detection and reporting phase of ELISA because of
the low affinity of binding for secondary antibodies. The lasso
has high antibody affinity and a half-life of 5h at 37°C (and 11 h
at 20 °C), which ensures that the complex remains intact during
the incubation and washing steps. Together, the combination of
higher binding affinity and consistent labeling should help
improve the performance of a lasso-bound antibody in
biosensing applications. The ability to form a stable complex
with an antibody while introducing precise modifications
makes the lasso a useful adapter protein. The potential use of
the molecule for in vivo detection and reporting will be
investigated in future studies.
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4.5. Linkers Allow Design Flexibility and May Be Used to
Develop a Localized Protease Sensor

Mutating the linker residues does not affect antibody binding
significantly. For example, the lassos with or without PRStgy
bind full-length human antibody with the same affinity (Figure
5A). Thus, novel functions can be engineered into a lasso by
custom designing one or both of its linkers. A lasso can
continue to bind an antibody after enzymatic or chemical
modifications and thereby endow the antibody with a novel
function. We showed this by constructing a lasso with a biotin
tag that generates a stronger ELISA signal than enzyme-
conjugated secondary antibodies. Chemical conjugation of the
unique cysteine residue with a reporter molecule, e.g.,
fluorophore or DNA, may also be used to introduce a
structurally and stoichiometrically well-defined modification
to an antibody with fine-tuned biochemical properties. We also
constructed a lasso containing PRS to develop an antibody that
functions as a protease sensor. The efficient proteolysis of a
PRS containing lasso indicates that the linker residues remain
accessible to an external enzyme while the molecule remains
bound to the antibody (Figure 5B). Many diseases are
characterized by an increase in tissue-specific protease activity,
and engineered antibodies with protease-dependent activity
have been developed to measure localized disease-associated
protease activity.”>”) A lasso with optimized PRS may be
similarly used to develop an antibody-based reporter of local
protease activity, but without direct modification of the
antibody.

Although a protease sensor may be developed using a linear
molecule, circularization improves the robustness and versati-
lity of the design. For example, a lasso containing PRS1 and
PRS2, for two orthogonal proteases will lose the reporter signal
only when the molecule is exposed to both proteases near the
antibody. An antibody-bound lasso may thus be used to
monitor localized protease activity. On the other hand, linear
Z1Z containing PRS1 and PRS2 would easily dissociate from
the antibody after the proteolysis by either enzyme so that the
loss of reporter activity cannot be used to determine the activity
of more than one protease.

4.6. Lasso Can Immobilize Antibody on a Surface for Biosensing
Applications

Biosensing applications sometimes require surface immobili-
zation of an antibody./*>*% Immobilizing an antibody through a
chemical linker can improve its ability to subsequently interact
with a ligand in solution, compared to immobilization based on
nonspecific hydrophobic absorption that may denature the
antibody or mask the antigen-binding sites.[*®! To this end, a
commercially available streptavidin-coated surface can be
treated with a biotinylated lasso to create a generic antibody-
capturing surface. The lasso can then bind unlabeled antibodies
for antigen capture or for affinity measurement by SPR. The
antibody capture efficiency (based on LOD) is an order of
magnitude higher than an immobilized secondary antibody,
which is commonly used for label-free capture. The binding is
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specific and the dissociation of bound antibody is minimal.
Both intact and modified antibody fragments have been
immobilized and successfully used on other surfaces.**¢!
The lasso may offer an alternative tool to achieve antibody
immobilization to complement existing technologies.

4.7. Conclusion

Our goal in this study is to improve the affinity of an antibody-
binding protein by joining two Z domains through a flexible
linker. The linker needs to be above a certain minimum length
in order to support bivalent interaction, which appears to be
around 30 amino acids. Circularization of the molecule with a
split intein creates a compact molecule that maintains high
antibody affinity. The lasso may be modified with a reporter
before binding an antibody to generate a functionalized probe.
The precise linker sequence may be changed without loss of
affinity to implement other features. For example, PRSs may be
introduced to develop a lasso-based protease sensor, which may
Dbe targeted in vivo with an antibody. To our knowledge, this is
the first demonstration that an engineered adapter protein may
be used to introduce a stable modification to an antibody
without resorting to genetic modification of the antibody or
chemical crosslinking of the complex. The improved antibody
affinity and sequence flexibility of a lasso make it an attractive
tool for use in biotechnology applications.
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