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Abstract

Detection and quantification of antibodies, especially immunoglobulin G (1gG), is a cornerstone of
ELISAs, many diagnostics, and the development of antibody-based drugs. Current state-of-the-art
immunoassay techniques for antibody detection require species-specific secondary antibodies

and carefully-controlled bioconjugations. Poor conjugation efficiency degrades assay performance
and increases the risk of clinical false positives due to non-specific binding. We developed a
generic, highly-sensitive platform for IgG quantification by fusing the 1gG-Fc binding Z domain of
Staphylococcal Protein A with the ultrabright bioluminescence reporter Nanoluc-luciferase (Nluc).
We demonstrated the application of this fusion protein in a sandwich 1gG detection immunoassay
using surface-bound antigens to capture target 1gG and protein A-Nanoluc fusion as the detector.
We optimized the platform’s sensitivity by incorporating multiple repeats of the Z domain into the
fusion protein constructs. Using rabbit and mouse anti-SARS-CoV-2 Nucleoprotein 1gGs as model
analytes, we performed ELISAs in two different formats, either with SARS-CoV-2 Nucleoprotein
as the capture antigen or with polyclonal chicken 1gY as the capture antibody. Using standard
laboratory equipment, the platform enabled the quantitation of antibody analytes at concentrations
as low as 10 pg/mL (67 fM).
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1. Introduction

Detection of antibodies is essential to many biomedical assays, diagnostics, and in the
development of antibody-based drugs, the fastest-growing class of biopharmaceuticals.
Current antigen and antibody detection methods usually involve a labeled detector,
commonly a secondary antibody conjugated with a reporter enzyme, fluorophore,
nanoparticle, DNA, or electrochemically-active species. These and many emerging antibody
labeling techniques, such as carbon dot-based fluorescence immunoassay[1] and graphene
quantum dot-labeled luminescence resonance energy transfer assay[2], rely heavily

on carefully-prepared secondary antibody-reporter conjugates. Most antibody detection
platforms utilize maleimide—thiol coupling chemistries[3], cysteine-based native chemical
ligation[4,5], or carbodiimide or N-hydroxysuccinimide (NHS) chemistries[6] to prepare
the secondary antibody-reporter conjugate. A drawback of these approaches is that
heterogeneous coupling of the secondary antibody-reporter conjugate can reduce the
analytical and diagnostic utility of the detection assay.

Proteins that bind the antibody Fc fragment are widely used in antibody purification,
especially Staphylococcus aureus protein A (SpA)[7], a cell wall-anchored virulence
factor that promotes S. aureus pathogenicity. The SpA contains five homologous 1gG-
binding domains (E, D, A, B, and C), with the B domain widely used as an affinity
purification ligand for antibodies and Fc-containing recombinant proteins. The B domain
binds to the 1gG-Fcy[8], primarily through interaction with nine conserved hydrophobic
residues between the Cy2 and Cy3[9-11]. This domain was later subjected to site-specific
mutagenesis to produce the more stable Z domain (AlalVal and Gly29Ala)[12], where

the substitutions lie outside the a-helical 1gG contact regions and so do not interfere

with 1gG binding[12]. Multimers of the Z domain have much higher affinity than the
monomeric Z domain[13] because of their significantly lower dissociation rate constants;
for example, the Ko is 3.2x1073 s71 for the monomeric Z domain and 0.51x1073 s71 for
dimeric Z domain[14,15]. In previous work, we successfully employed fluorescein-labeled
oligomers of the Z domain in real-time detection of human IgG using shifts in fluorescence
polarization and intensity upon IgG binding[16]. Previous studies reported the analytical
application of firefly and bacterial luciferases[17-19], genetically fused with protein A,

as universal bioluminescent antibody detectors, but observed a high detection limit (10 ng/
ml[17]) and reduced luciferase activity (10%-50%)[19,20]. Later approaches to improving
reporter performance included amino acid mutations[21], replacement of protein A with
streptococcal protein G[22], and fusion of an Fc-binding peptide with Renilla luciferase
instead of firefly luciferase[23]. However, irreversible denaturation and proteolytic cleavage
of fusion protein[20] impaired their wide acceptance.
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Nanoluc® luciferase (Nluc) is a small (171 amino acids, 19.2 kDa), monomeric,
highly-stable, ATP-independent luciferase[24] that produces an extremely bright sustained
bioluminescence with the coelenterazine derivative furimazine with specific activity 150
times higher than that of any other luciferase[24]. Despite having a non-ideal emission
maximum (460 nm), at which many biological samples have either high absorbance or
autofluorescence[25], Nluc is widely used for molecular imaging and detection of disease
markers[25-27]. In this work, we fused the gene encoding Nluc with three or five repeats
of the Z-domain gene and a Hisg tag to produce recombinant Z3-Nluc and Z5-Nluc
proteins, respectively, for sensitive detection of 1gG. After confirming the sequences of
the genetic constructs, we purified the recombinant fusion proteins on IgG Sepharose

and Ni-NTA columns and characterized the proteins by SDS-PAGE and MALDI-ToF
mass spectrometry. We then demonstrated the use of these proteins in the detection of
SARS-CoV-2 Nucleoprotein (NP)-specific 1gGs in sandwich ELISA format using either
plate-immaobilized NP as capture antigen or using polyclonal chicken IgY (which is not
bound by protein A[28,29]) as capture antibody.

2. Materials and methods

2.1.

Materials

Synthetic nucleic acids were obtained from Integrated DNA Technologies (1A, USA).

Triton X-100, bovine serum albumin (BSA), chicken egg-white lysozyme, Benzonase®
Endonuclease, LB broth (Miller), IPTG, Tris, DTT, imidazole, and Amicon centrifugal
filters were purchased from Sigma (MO, USA). Pierce™ Protease Inhibitor Mini Tablets
EDTA-free, SYBR green I, Pierce™ BCA Protein Assay Kit, and Zeba™" Spin Desalting
Columns were purchased from Thermo Fisher Scientific (MA, USA). Other reagents

used were glacial acetic acid, sodium hydroxide, hydrochloric acid (Macron, KY, USA),
anhydrous ethanol (VWR, PA, USA), and PBS tablets (Takara Bio, CA, USA). Buffers were
prepared with deionized water (Millipore Milli-Q, USA) and filtered with sterile polystyrene
filters (Corning, N, USA). Gibson Assembly® Cloning Master Mix (GA), Nanoglo™ assay
substrate (N112A), restriction enzymes, and Q5® High-Fidelity polymerase 2X Master Mix
were purchased from Promega (WI, USA) or New England Biolabs (MA, USA). QlAprep
Spin Miniprep, QIAquick Gel Extraction, polymerase chain reaction (PCR) cleanup, and
plasmid miniprep kits were purchased from Qiagen (MD, USA). IgG Sepharose 6 Fast Flow,
Ni Sepharose 6 Fast Flow resins, and XK 16/20 columns were purchased from Cytiva (MA,
USA) or (GE Healthcare Life Sciences, IL, USA). Transformation-competent Escherichia
coli BL-21(DE3) cells and pET plasmids were obtained from Invitrogen (MA, USA). PCR
was carried out in an MJ Mini Thermal Cycler (Bio-Rad Laboratories, CA, USA). The
buffer used to determine the activity of Nluc (Nbuffer) was prepared with 100 mM MES,

1 mM CDTA (cyclohexanediaminetetra-acetic acid), 0.5% (v/v) Tergitol, 150 mM KClI,

and 1 mM DTT, pH 6.0 as reported previously[24]. 96-well white flat-bottom polystyrene
high-binding and medium-binding microplates were purchased from Corning (NY, USA)
and Greiner Bio-One (NC, USA), respectively. TST buffer was 50 mM Tris, 150 mM NacCl,
and 0.05% Tween 20, pH 7.8. PBST buffer was PBS + 0.05% Tween 20, pH 7.4. The

assay diluent buffer was PBST + 0.1% BSA. Microplate coating buffer was 0.05 M sodium
bicarbonate, and 0.05 M sodium carbonate, pH 9.5.

Anal Biochem. Author manuscript; available in PMC 2023 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nandy et al. Page 4

2.2. Construction of Z-Nluc genes and plasmids

A synthetic gene encoding the Z domain was prepared in a pUC57-Amp vector

by Genewiz (South Plainfield, NJ, USA). Genes encoding Z domain trimer

and pentamer, Z3 and Z5, respectively, were amplified from the previously

reported plasmids, pET28a-3Z and pET28a-5Z (see supplementary section Sl

1.1), using a high-fidelity DNA polymerase (Q5® High-Fidelity 2X Master

Mix) and primers Ndel-N-Z-F (5’-CTGGTGCCGCGCG GCAGCCATAT-3’)/ Z-Nluc-

R (5’-GAAAGTCGACTTACAAGCTGGC ATGGTTTTCACCCTGGAAGACTTC-3").
The synthetic DNA fragment encoding Nluc was PCR-amplified from

the previously reported plasmid, pET28a-NanoLuc, using primers Z-Nluc-F
(5’-GAAGTCTTCCAGGGTGAAAACCATGCCAGCTTGTAAGTCGACTTTC-3)/ Xhol-
Nluc-R (5’-GGTGGTGGTGGTGCTCGAG-3’). PCR fragments were analyzed by gel
electrophoresis and visualized by SYBR green-staining. Fragments migrating the proper
distance on the gels were excised and purified using a QlAquick Gel Extraction Kit.

The purified fragments were assembled in an isothermal Gibson Assembly (GA) reaction
following the manufacturer’s recommended protocol. Briefly, the gel-purified Nluc gene
fragment (50 ng/pL) was incubated with that encoding either Z3 or Z5 (25 ng/uL) and

2X GA reaction mix at 50 °C for 2 h. PCR amplification was performed using primers
(Ndel-N-z-F/Xhol-Nluc-R) with the GA reactions as templates to produce Z3-Nluc and
Z5-Nluc genes. Purified gene fragments were incubated with Ndel/Xhol digested pET28a
vector (30 ng/uL) and 2X GA reaction mix at 50 °C for 2 h. Then, 2 uL of the reaction
products were transformed into DH5a competent cells and cultured on kanamycin-LB plates
overnight at 37 °C. Transformants were then used for PCR amplification with the Ndel-
N-Z-F and Xhol-Nluc-R primer pair. The newly constructed Z-Nluc gene constructs (Z3-
6Aalinker-Nluc and Z5-6Aalinker—Nluc) were confirmed by agarose gel electrophoresis.
The gene-encoding plasmids, pSNRW-Z3-Nluc and pSNRW-Z5-Nluc, (Supplementary Fig.
S1A and Fig. S1B), were then confirmed by Sanger sequencing at Genewiz, with a

primer pair corresponding to the T7 promoter (5’-TAATACGACT CACTATAGGG-3’) and
T7 terminator (5’-GCTAGTTATTGCTCAGCGG-3’). The sequences were compiled and
compared to the designed gene sequences using the MAFFT algorithm in the online tool
Benchling (https://benchling.com; see Sl section 1.2). Finally, plasmids were purified using
a QIlAprep Spin Miniprep Kit and transformed into £. coli BL-21(DE3) competent cells for
high-level protein expression. Plasmids have been deposited and are freely available through
the nonprofit Addgene repository (pSNRW-Z3-Nluc: Plasmid #174486; and pSNRW-Z5-
Nluc: Plasmid #174487).

2.3. Prediction of Z3-Nluc and Z5-Nluc tertiary structures

The amino acid sequences of the Z domain[30] and Nluc[31] were obtained from the Protein
Data Bank (PDB)[32]. The compiled sequences of the Z3-Nluc and Z5-Nluc proteins were
submitted to Phyre2[33] (Protein Homology/analogY Recognition Engine V 2.0, Imperial
College, London) for structure prediction by homology modeling and ab /nitio techniques.
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2.4. Protein expression

A5 mL aliquot of freshly-transformed £. coli BL-21(DE3) cells in LB medium was
incubated for 4-5 h at 37 °C and then transferred to 2.8 L baffled Fernbach flasks containing
500 mL Super Broth (32 g tryptone, 20 g yeast extract, 5 g NaCl, 5 ml 1 N NaOH)

with 50 pg/ml kanamycin. When the cultures reached an ODgqq of 0.6, they were induced
with 1 mM isopropy! p-D-1-thiogalactopyranoside (IPTG) and grown for an additional 5

h. Bacterial cells were then harvested in an Avanti J-E High-Speed Centrifuge (Beckman
Coulter, CA, USA) at 6000 xg for 20 min and stored at —20 °C until further use.

2.5. Purification of Z3-Nluc and Z5-Nluc proteins

Frozen cell pellet (10 g) was resuspended in 25 mL lysis buffer (50 mM Tris pH 8.0,

0.1% Triton X-100, 100 pg/ml chicken egg-white lysozyme, 1 tablet of Pierce™ Protease
Inhibitor Mini, 2 mM MgCly), lysed by three passages through a French press (Thermo
Electron Corporation, MA, USA) at a working pressure of 20,000 psi, and then centrifuged
at 20,000 xg for 30 min at 4 °C. Hexahistidine-tagged proteins were purified by 1gG
affinity chromatography and immobilized metal affinity chromatography (IMAC) at 4 °C on
an AKTA™ UV-900, P-900, pH/C-900, Frac-950 purification system (GE Healthcare Life
Sciences, IL, USA). For 1gG Sepharose purification, an XK 16/20 column was packed with
5 mL 1gG Sepharose 6 Fast Flow resin and equilibrated for 20 min with equilibration buffer
(25 mM Tris-HCI, pH 7.8), with all steps performed at a linear flow rate of 100 cm/h.

Next, the column was loaded with 25 mL of centrifuged lysate and washed with 10 CV of
TST buffer, and the bound proteins were eluted with glycine—HCI buffer (0.1 M, pH 2.9).
The peak fractions were collected using a Frac-950 automatic fraction collector with 5 ml
tubes containing 2 M Tris for pH neutralization. The protein concentration in each fraction
was measured at 280 nm using a NanoDrop™ Spectrophotometer. For IMAC purification,
protein-containing fractions were pooled and loaded onto an XK 16/20 Column packed with
5 mL Ni Sepharose 6 Fast Flow, which had been previously equilibrated for 20 min with 50
mL wash buffer (25 mM Tris-HCI, pH 7.8, 20 mM imidazole). The column was then washed
with 10 CV of wash buffer, and the bound proteins were eluted with a linear gradient of
imidazole from 0 mM to 500 mM in wash buffer over 20 CV. Elution peaks were collected,
dialyzed using Amicon 3 kDa MW cutoff centrifugal filters against Tris—HCI buffer (0.02
M, pH 7.5), and stored at —20 °C for later use.

2.6. Protein characterization

SDS-PAGE was performed using Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad, CA,
USA), according to the manufacturer’s recommendation. All samples for electrophoresis
were reduced with 1 M DTT in 2X Laemmli buffer and heated to 95 °C for 5 min. The gel
was stained with 0.1% (w/v) Coomassie blue R-250, 20% (v/v) methanol, and 10% (v/v)
acetic acid. The molecular weights of the proteins were also confirmed by MALDI-TOF-MS
(Voyager STR-DE, Applied Biosystems, MA, USA) analysis at the Tufts University Core
Facility (MA, USA). Concentrated protein samples (~5 mg/ml), quantified by Pierce™ BCA
Protein Assay Kit, were resuspended by buffer exchange in Tris—=HCI buffer (0.02 M, pH
7.5) ona Zeba" Spin Desalting Column and submitted frozen to the core facility on dry ice.
For MW determination, 0.5 pL sample was spotted on a stainless steel plate followed by the
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addition of 0.5 L of Sinapinic acid as the matrix. The plate was then air dried, and the mass
peaks (m/Z) were detected in linear mode.

2.7. NLuc activity assay

A solution of Nanoglo™ assay substrate diluted in Nbuffer (substrate solution: buffer =

1: 800 by volume) was added to Z-Nluc protein-containing wells of a 96-well white
polystyrene high-binding microplate (100 ul per well) and mixed. After briefly shaking

(60 s), luminescence was measured in an Infinite® 200 PRO plate reader (Tecan, NC, USA)
with a 0.1 s integration time.

2.8. Quantification of IgG using SARS-CoV-2 NP as the capture molecule

For anti-SARS-CoV-2 NP antibody detection, 100 pl of 5 ug/ml recombinant SARS-CoV-2
NP (ACROBiosystems, DE, USA), diluted in coating buffer was added into each well

of a white polystyrene high-binding microplate and incubated at 4 °C overnight. After
three washes with PBST (HydroFlex microplate washer, Tecan, NC, USA), the wells were
passivated with blocking buffer (3% BSA in PBS) for 2 h at 37 °C. Assay standards,
controls, and test samples were diluted as needed in the diluent buffer. Then, a 100 pl
aliquot of anti-SARS-CoV-2 NP antibodies serially diluted from 1000 ng/ml to 10 pg/ml

in diluent buffer was added to wells in duplicate and incubated for 60 min at 25 °C. For
no-antibody controls (duplicate), 100 ul PBS containing 0.1% BSA was used. The wells
were then washed three times with PBST, and 100 ul of 2 pg/ml recombinant Z-Nluc protein
in PBS/0.1% BSA was added per well. After incubation for 60 min at ambient temperature,
the plate was washed five times with PBST, and the bound enzyme activity was determined
by NLuc activity assay.

2.9. Quantification of IgG using anti-SARS-CoV-2 NP chicken IgY as capture molecule

Here the anti-SARS-CoV-2 NP antibody detection was performed using a chicken anti-
SARS-CoV-2 NP IgY polyclonal antibody (Icosagen, CA, USA) as a capture molecule since
chicken IgY is not bound by protein A. A white polystyrene high-binding microplate was
coated with 5 pg/ml chicken anti-NP IgY in coating buffer and incubated overnight at 4

°C. After three washes with PBST and blocking with 3% BSA in PBS for 2 h at 37 °C,

a 100 pl aliquot of 2 ug/ml SARS-CoV-2 NP was added to each well, and the wells were
incubated for 1 h at 25 °C. Then, 100 pl aliquots of appropriately diluted assay standard,
control solution, and anti-SARS-CoV-2 NP antibodies (serially diluted from 1,000 ng/ml to
10 pg/ml) were added to the wells in duplicate and incubated for 60 min at 25 °C. The wells
were washed three times with PBST, and 100 pl of 2 pg/ml recombinant Z-Nluc protein
was added per well and incubated for 1 h at 25 °C. After incubation for 1 h at ambient
temperature, the wells were washed five times with PBST, and the NLuc activity assay
determined the activity of the bound enzymes.

2.10. Specific analyte detection in human serum

The Z5-Nluc fusion protein was applied to detect specific IgGs and SARS-CoV-2 NP spiked
in human serum. Human serum was obtained from Gulf Coast Regional Blood Center,
Houston, TX and stored at =20 °C before the widespread emergence of SARS-CoV-2 virus.
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Serum was briefly centrifuged and diluted 1:10 in assay diluent to produce 10% human
serum. First, a dilution series of SARS-CoV-2 NP spiked in 10% serum was added to
chicken anti-SARS-CoV-2 NP IgY-coated wells of a white polystyrene medium-binding
microplate. After the wells were washed, 100 pl of 1 ug/ml rabbit anti-SARS-CoV-2 NP IgG
was added. The wells were washed, followed by the addition of 2 pg/ml Z5-Nluc protein,
and the antibody concentration was determined as described in the previous section. In a
separate experiment, 2 pg/ml SARS-CoV-2 NP was incubated in chicken anti-SARS-CoV-2
NP IgY-coated wells of a white polystyrene medium-binding microplate. Next, a dilution
series of rabbit anti-SARS-CoV-2 NP 1gG spiked into 10% human serum was added to the
wells and incubated for 60 min at 25 °C. The wells were washed, followed by the addition
of 2 ug/ml Z5-Nluc protein, and the antibody concentration was determined as described
above.

2.11. Assay performance metrics

The limit of detection (LOD) of the assay was defined as the lowest analyte concentration
for which the average relative luminescence unit (RLU) surpasses the no-analyte/blank RLU
value plus three times the standard deviation of the blank. The linear dynamic range was

the range of concentrations over which the RLU values are directly proportional to the
concentration of the analyte with a correlation coefficient (R2) >0.95.

3. Results and Discussion

3.1.

Expression and purification of recombinant Z-Nluc fusion proteins

After the Z3-Nluc and Z5-Nluc gene constructs (Fig. 1A) were cloned and transformed

into £. coli BL-21(DE3) cells, several kanamycin-resistant transformants were screened

by PCR and agarose gel electrophoresis and sequenced by Sanger sequencing. Agarose

gel imaging confirmed the presence of the 1,101 bp (Fig. 1B) and 1,452 bp (Fig. 1C)

inserts in the pPSNRW-Z3-Nluc and pSNRW-Z5-Nluc plasmids, respectively (Fig. S1A and
Fig. S1B). Sanger sequencing confirmed identical sequences of the designed constructs

and the sequenced plasmids (see supplementary section Sl 1.2). The Phyre2 prediction of
the recombinant protein structure predicted helix unwinding in the third Z domain of the
Z3-Nluc protein (Fig. 2A) and the fifth Z domain of the Z5-Nluc protein (Fig. 2B). However,
successful 1gG affinity purification of the Z3-Nluc (Fig. 1D (lane 3) and Fig. S2A) and
Z5-Nluc (Fig. 1E (lane 3) and Fig. S2B) confirms the proteins possessed a high 1gG-affinity.
Furthermore, Nluc activity assays on the serially diluted recombinant proteins confirmed
that Nluc activity was conserved in each protein, as shown in Fig. S3. Previous reports also
show that Nluc well retained enzymatic activity when fused to GFP[34], Protein G[35], or
full-length antibodies[36]. Thus, the multistep affinity purification yielded a highly-purified
protein (Fig. 1D and Fig. 1E) with luciferase and 1gG-binding activity.

3.2. MW confirmation of recombinant fusion proteins

The predicted molecular weights of the Z3-Nluc and Z5-Nluc proteins were 41,870 Da
and 54,983 Da, respectively, using the EXPASy Compute pl/MW tool, in agreement with
the results of SDS-PAGE (Fig. 1D and Fig. 1E). In addition, MALDI-ToF analyses gave a
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molecular weight of 41,882 Da for Z3-Nluc protein (Fig. 3A) and 54,865 Da (Fig. 3B) for
Z5-Nluc protein, consistent with expectations.

3.3. IgG quantification using SARS-CoV-2 NP or anti-SARS-CoV-2 NP chicken IgY as the
capture agent

We evaluated the efficacy of the recombinant Z-Nluc fusion proteins as secondary antibody
reporters in a sandwich ELISA format. Each protein demonstrated, as expected, a high
affinity for polyclonal human IgG, rabbit 1gG, and mouse 1gG,y antibodies and insignificant
non-specific binding to chicken IgY (Fig. S4A and Fig. S4B). We determined an optimal
reporter working concentration of 2 ug/ml to ensure that the signal remained below the
saturation limit of the Infinite® 200 PRO (Tecan) plate reader (the upper limit was 107
RLU; human IgG at concentration> 1,000 ng/ml saturates the reader). Although various
built-in filters are available to obtain a wider RLU range from the equipment, here we
report the RLU signal without a filter to eliminate any filter-based variation. We measured
luminescence 3 times from each well at intervals of 4 min and averaged. A sufficient
incubation time of the Z-Nluc proteins with antigen-capture antibodies was found to be 60
min, based on our previous interaction kinetics studies.

First, we demonstrated the detection of a mouse anti-SARS-CoV-2 Nucleoprotein (NP)
1gGp (bsm-41411M, Bioss Antibodies, MA, USA) and a rabbit anti-SARS-CoV-2 NP 1gG
(NP11H9, Exonbio, CA, USA) in ELISA using SARS-CoV-2 NP as the capture molecule.
To investigate the dynamic ranges and sensitivities of assays based on the recombinant
proteins, we tested a series of 1gG concentrations covering five orders of magnitude (from
10 pg/ml to 1000 ng/ml). With SARS-CoV-2 NP as the capture molecule and Z3-Nluc as the
detector, we quantified mouse anti-NP 1gGyp, with an estimated LOD of 10 pg/ml (Fig. 4A)
and a linear dynamic range from 25 pg/mL to 100 ng/mL (R? = 0.98, Fig. 4A inset). For the
rabbit anti-NP IgG with Z3-Nluc as the detector, the LOD was 25 pg/ml (Fig. 4B), and the
linear detection range was 50 pg/ml to 50 ng/ml (R? = 0.98, Fig. 4B inset). In parallel, the
Z5-Nluc protein-based assay provided a LOD of 250 pg/ml (Fig. S5A) and a linear range

of 50 ng/ml to 500 ng/ml (R2 = 0.98, Fig. S5A inset) for mouse anti-NP 1gG,y, Similarly,
with the Z5-Nluc, we detected rabbit anti-NP 1gG at a LOD of 250 pg/ml (Fig. S5B), and the
linear range was 10 ng/ml to 250 ng/ml (R2 = 0.98, Fig. S5B inset).

Next, we used NP on anti-NP polyclonal chicken IgY as the capture molecule in ELISA. We
found that LOD with Z3-Nluc was 50 pg/ml (Fig. 4C), and the linear detection range was
500 pg/mL to 500 ng/mL (R2 = 0.95, Fig. 4C inset) for mouse anti-NP IgG,y,, and a LOD

of 250 pg/ml (Fig. 4D) with a linear range of 500 pg/mL to 100 ng/mL (R? = 0.98, Fig. 4D
inset) for rabbit anti-NP 1gG. At the same time, using Z5-Nluc as the detector, a LOD of
250 pg/ml (Fig. S5C) and a linear range of 1 ng/ml to 750 ng/ml (R? = 0.98, Fig. S5C inset)
were obtained for mouse anti-NP 1gG,y,. For rabbit anti-NP 1gG, the LOD with Z5-Nluc was
100 pg/ml (Fig. S5D), and the linear range was from 250 pg/ml to 250 ng/ml (R2 = 0.99,
Fig. S5D inset).

The differing analytical performance with mouse and rabbit antibodies can be attributed to
the differing affinities of the Z domain for antibodies from different species[37]. Antibodies
from various species (mouse[38], guinea pig[39], rabbit[40], cynomolgus monkey[41],
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hamster[42], donkey[37], dog and cat[43,44], human 1gG[9]; with the mouse, hamster, and
dog 1gGs being the weaker binders) show variable binding affinity with protein A. Also, we
generally observed lower LOD values using SARS-CoV-2 NP for capture (10 pg/ml) than
when using chicken anti-NP IgY (50 pg/ml). Since some mouse IgG subclasses do not bind
well to protein A, further testing would be needed to validate the assay for different mouse
subclasses.

Most importantly, we observed better performance with Z3-Nluc (10 pg/ml) than Z5-Nluc
(250 pg/ml) when using NP for capture, possibly due to the difference in the mass

fraction of Nluc in the two fusion proteins. Z3-Nluc contains a higher mass fraction of
luciferase (46% Nluc for Z3-Nluc and 35% Nluc for Z5-Nluc, by mass) and hence has

a higher specific activity. Z5-Nluc, on the other hand, may have an advantage in binding
affinity (more Z domain helices would provide more accessible binding sites for IgG Fc
binding[15]). Our results are consistent with the affinity of the Z3-Nluc being sufficient to
give good assay performance, and in general, we observed better LOD using this molecule
(the only exception being the detection of rabbit anti-NP 1gG with chicken IgY as capture
molecule), presumably because of its higher specific activity.

IgG detection in human serum

We further assessed the performance of the Z5-Nluc fusion protein (to obtain a wider
detection range) with serum (Fig. 5A). Serum assays used medium-binding white
polystyrene microplates to reduce non-specific background signals for no-analyte controls
(high-binding plates gave high background that interfered with analyte quantification)[45].

We spiked 10% human serum with a dilution series of SARS-CoV-2 NP and quantified the
NP on plate-immobilized IgY by adding 1 ug/ml rabbit anti-NP IgG and Z5-Nluc protein.
In that format, the Z5-Nluc protein detected the NP with a LOD of 250 pg/ml (25 pg/

well) (Fig. 5B). Here, the observed LOD is comparable or superior to previously published
luciferase-based immunoassays (LOD of 100 pg/sample for SARS-CoV-2 NP detection
using CCD camera)[46]. Separately, we spiked 10% serum with a dilution series of rabbit
anti-NP IgG concentrations and quantified the spiked antibody with 2 ug/ml NP captured on
plate-immobilized IgY and Z5-Nluc. The LOD for rabbit anti-NP IgG was 100 pg/ml (Fig.
5C). The observed LOD is comparable to those of many anti-SARS-CoV-2 IgG commercial
ELISAs, for example: 8 ng/ml (KE30001, Proteintech, IL, USA), 3.9 ng/ml (ABIN6952772,
Antibodies-online Inc, PA, USA), 200 pg/ml (ab195215, Abcam, MA, USA).

4. Conclusion

We demonstrated sensitive 1gG detection using recombinant fusion proteins comprising
multimers of the 1gG-binding Z domain of protein A and the ultrabright Nanoluc luciferase.
Traditional antibody detection platforms using secondary antibody-reporter conjugates have
the drawbacks of low sensitivity and reduced functionality due to steric hindrance from
random conjugation[6]. Moreover, a species-specific antibody is needed to design and
optimize any antibody detection scheme. The Protein A-Nluc fusion proteins described

here detected antibodies of multiple host species in complex fluids containing high protein
backgrounds with the selection of appropriate capture molecules. The results indicate that

Anal Biochem. Author manuscript; available in PMC 2023 January 08.
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the Z-Nluc fusions may potentially offer a generalized high-sensitivity reporter for assays
involving a wide variety of antibodies. Furthermore, we deposited the constructs at Addgene
and they are freely available for general use. The Z domain—Nluc fusion proteins provide

a generic and flexible platform for sensitive antibody quantification, thereby extending the
capabilities of immunochemical analyses.
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Fig. 1.
Gene fragment assembly and recombinant protein characterization. (A) Gene schematics. (B

and C) Agarose gel electrophoresis of colony PCR amplicons: five bacterial transformants
were selected from LB-kanamycin plates, grown at 37 °C for 4 h, centrifuged briefly to
collect the cell pellet which was incubated for 5 min at 98 °C to extract plasmids. PCR
amplification of the insert gene fragments was performed with the sequencing primer pair
(Ndel-N-Z-F, Xhol-Nluc-R). After electrophoresis, amplicons were visualized with SYBR
green | dye (B) Z3-Nluc and (C) Z5-Nluc transformants. (D and E) SDS-PAGE analysis of
IgG affinity and immobilized metal affinity (IMAC) purification fractions of (D) Z3-Nluc
and (E) Z5-Nluc protein.
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Fig. 2.

Tt?e predicted tertiary structures of the Z3-Nluc and Z5-Nluc proteins. The Z domain helices
are shown in green, the Nluc in pink, and the Hisg tag in red. (A) Z3—-Nluc (a single Nluc
with three repeats of the Z domain). (B) Z5-Nluc (a single Nluc with five repeats of the

Z domain). Loop modeling and sequence alignments were generated using Phyre2 (Protein
Homology/analogy Recognition Engine V 2.0, Imperial College, London). The structures
were drawn using PyMOL (Schrddinger, Inc, NY, USA).
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Fig. 3.
MALDI-ToF mass spectra of purified recombinant fusion proteins. (A) Hisg tagged Z3-

NLuc protein (predicted: 41,870 Da, observed: 41,882 Da, additional prominent peak at
21,030 attributed to the doubly charged ion); (B) Hisg tagged Z5-NLuc protein (predicted:
54,983 Da, observed: 54,865 Da, additional prominent peak at 27,372 attributed to the
doubly charged ion). Mass spectrometry analyses was performed in Tufts University Core
Facility.
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IgG quantification by Z3—-Nluc-ELISA using different capture molecules. Quantification of
(A) anti-NP mouse antibodies and (B) anti-NP rabbit antibodies using NP (directly adsorbed
on the well) as the capture molecule. Quantification of (C) anti-NP mouse antibodies and
(D) anti-NP rabbit antibodies using NP captured on anti-NP chicken 1gY as the capture
molecule. Each analyte concentration was tested in duplicate wells and each well was
measured 3 times; error bars represent the standard deviation of six replicates. The LOD
was taken as the intercept with the dashed line representing the average luminescence value
of the no-antibody control plus three times the standard deviation (o) of the no-antibody

control (n=6; o was 1-7% of the signal).
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(A) Schematic of the Z5-Nluc-ELISA used in panels (B) and (C). (B) Detection of SARS-
CoV-2 NP spiked in 10% human serum using anti-NP chicken IgY as the capture molecule.
(C) Detection of anti-NP rabbit 1gG spiked in 10% human serum using NP captured on
anti-NP chicken 1gY as the capture molecule. The LOD was taken as the intercept with

the dashed line representing the average luminescence value of the no-antibody control plus
three times the standard deviation (o) of the no-antibody control.
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