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ABSTRACT

Quenchbody (Q-body) is a fluorescent biosensorhitwva fluorescent dye is tagged near the
antigen binding site of an antibody. The fluoreseeaf the dye is quenched by the tryptophan
residues present in the variable region of thebadi, and is recovered when the antigen
binds. Q-bodies have been prepared using recontbididA technology by introducing one
or more tag sequence(s) at either the N-terminth@fab or the single chain variable region
fragment of the antibody, and labeling the tag wittuorescent dye. However, preparation of
recombinant antibody fragments is time-consuming #re performance of the Q-body is
unpredictable. Here we report an antibody-bindingreghing probe made from protein M
from Mycoplasma genitalium that can transform the IgG antibody into an immsamnsor. By
using bacterially expressed and purified protein &md labeling the C-terminal
cysteine-containing tag, we prepared a TAMRA-labd¥®1 Q-probe. When the Q-probe was
incubated with Fab or IgG recognizing the bone ftein, the fluorescence of the probe
was quenched and subsequently recovered by thagadiantigens in a dose-dependent
manner. We also succeeded in detecting several broalarkers with nanomolar sensitivity,
including thyroxine extracted from human serum. Thene found to be suitable for the
detection of cortisol was confirmed to work as eorabinant Q-body as well, which also
worked in 50% human serum. The results suggestthiegaQ-probe can quickly convert an

IgG to a biosensor, which will be useful in rapidghosis of small biomarkers.

Keywords: antibody binding protein, immunosensant@n M, fluorescence quenching,

homogeneous immunoassay, sortase



1. Introduction

Quenchbody (Q-body) technology is a fluorescentsdmsor-based homogenous
immunoassay that does not need washing steps &asethe unbound antibodies (Abe et al.
2011). When a fluorescent dye is used as a lalzek@t near the antigen-binding pocket of an
antibody fragment, it moves inside the antibodyrfinant. This results in the quenching of
dye-fluorescence by amino acid residues, nameftdphan (Trp), present on the antibody,
through a photo-induced electron transfer mechank$ovever, when an antigen is added to
the quenched Q-body, the fluorescence of the dyecisvered upon antigen-binding. So far,
Q-bodies using antibody fragments, such as thelesiogain variable region (scFv) and
antigen binding fragments (Fab) have been reporidé first Q-body was fortuitously
discovered when fluorescent dye-labeled aminoagster RNA was used to label an
antibody fragment using a cell-free translationtays based on unnatural amino acid
incorporation (Abe et al. 2010). Subsequently, @® with better sensitivity, named Ultra
Q-body, were made from Fab fragments, which wetteeeiexpresseth vitro or in bacteria,
and labeled with fluorescent dye(s) at the N-teahiysteine-containing tag(§j\be et al.
2014). Q-bodies have been successfully used tatdeté only small molecules, such as the
bone Gla protein (BGP) peptide, recreational diiddee et al. 2011), protein phosphorylation
(Jeong et al. 2013), amyloid beta peptide (Dongl.e2018), neonicotinoid insecticide (Zhao
et al. 2018), and antidepressant fluvoxan{Basao et al. 2019), but also larger proteins, such
as claudin-4 (Jeong et al. 2017a) and hemagglutiom influenza viruse§Abe et al. 2014;
Jeong et al. 2018). For the preparation of Q-bodiesl-maleimide reaction (Abe et al. 2014),
transamination reaction (Dong et al. 2016), and tgdtemical crosslinking to
nucleotide-binding sites on the antibody (Jeongle2017b), have been successfully used.
However, although the Trp residues in the antibedsgable region are well conserved (>
95%), not all antibodies can be converted to a Qylabat shows a good response. This is
probably because of structural factors including éiccessibility of the dye to Trp residues
(Ohashi et al. 2016), but not much is known yeteée a faster and more convenient method
to predict the suitability of an antibody to be ¢erted into a Q-body has been long-awaited.

So far, several antibody-binding proteins from bdat have been reported. Protein A
(PA), with a molecular weight of 42 kDa, a companefithe cell wall ofSaphylococcus
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aureus, has four antibody-binding domains, each of whigidb strongly to the Fc region of
IgG (Forsgren and Sjoquist 1966; Langone 1982)waedkly to some Fab fragments at the
Vy domain(Roben et al. 1995; Starovasnik et al. 1999). Brd&e(PG), a component of the
cell wall of groups C and Greptococcal bacteria, also binds strongly to Fc fragmentgQ |
at its binding domains (Bjorck and Kronvall 1984ol8ing et al. 1991) but shows weaker
binding affinity to the Fab region of IgG. Previbyswve reported a fusion protein made of
one binding domain each of PA and PG, which shogmegter IgG binding activity than
either of the domains, presumably due to bivalemdibg to the Fab and/or Fc region (Dong
et al. 2015). It was also used to convert Fab fegmto Q-bodies (AG Q-probe), which
showed a limited but reproducible antigen-dependieirescence response of up to ~6%
(Jeong et al. 2016). However, it could not contieet whole IgG to a Q-body, because of its
stronger binding affinity to the Fc region than thab region. Moreover, only 12% of mouse
Fab was reported to bind to PA (Graille et al. 200&licating its limited utility.

Recently, a novel antibody light chain binding piotProtein M (PM) was discovered in
Mycoplasma genitalium. It has a larger domain size than PA and PG, andsbiightly to
almost all the light chains from many species, wathhigh affinity at low nanomolar
dissociation constants (Grover et al. 2014). Alttothese better properties are probably due
to its wider binding area, the binding of PM to thetibody hinders the binding of protein
antigens. However, its effect on small antigen lmgds not yet known. Considering the
structural proximity of the C-terminus of the PM tlee antigen-binding site of the bound
antibody, we engineered a PM with an additionalteipe (Cys) residue appended at its
C-terminus via a short flexible linker. As a resuflithe fluorescence labeling of the protein at
its C-terminus, a fluorescent probe (Q-probe) chpalb converting Fab or IgG antibodies
into a fluorescent sensor that acts like a Q-bduywsng a more than 100% increase in
fluorescence was successfully constructed. The d@epwas successfully used to screen
several anti-small biomarker antibodies for theitability as a Q-body, and an anti-thyroxine
IgG was successfully applied to the detection aéltéhyroxine concentration in serum.
Finally, the response of the Q-probe/anti-cortisgt complex was compared with the
recombinantly made scFv Q-body to evaluate itsgoerdnce both in a buffer and in serum,
to show the potential of this approach in clinidalgnosis.
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2. Materials and methods

2.1 Materials

The materials used for recombinant protein preparatare described in the
Supplementary Material. StrepTactin agarose aneb3#actin-Horseradish peroxidase (HRP)
conjugate were from IBA (Goettingen, Germany) anw-Bad (Hercules, CA, USA),
respectively. Fluorescent dye 5-TAMRA-C6-maleimwdas purchased from Setareh Biotech,
Inc. (OR, USA). Anti-cAMP monoclonal antibody (mAIPM486, anti-progesterone mADb
(Pg.53), anti-testosterone mADb (4E1G2), anti-thyjwex mADb (ME.125),
anti-5-bromodeoxyuridine mAb (MoBu-1), and anti-m#iin mAb (Pen9) were purchased
from Abnova (Taoyuan, Taiwan). T3/T4-deficient humserum and pooled human serum
were obtained from Sigma (S7144, St. Louis, MO) anE Biomedicals (Irvine, CA),
respectively. Other chemicals, reagents, and agigisowere all obtained from Sigma or

Fujifilm Wako Chemicals (Osaka, Japan), unlessreilse indicated.

2.2 Preparation of PM Q-probe

Construction of expression vector pTrx'st2-PM-C e¢@press the fusion protein of
Cys-deprived thioredoxin (Trx’) and Protein M wi@rterminal Cys-tag is described in the
Supplementary Material. The expression and putiboaof the PM probe, fluorescence
labeling to yield a PM Q-probe, SDS-PAGE and enzjimieed immunosorbent assay
(ELISA) analyses, and the construction of the s¢E®%4-6)-based cortisol Q-body are

described in the Supplementary Materials.

2.3 Fluorescence measurement
The fluorescence of the samples was measured esingr a FP-8500 fluorescence
spectrophotometer (Jasco, Tokyo, Japan) with azjoacrocuvette (Starna Scientific, lliford,
UK) or a CLARIOstar fluorescence microplate reaf®G Labtech Japan, Saitama, Japan)
with a 96-well half-area black microplate (6750@3geiner Japan, Tokyo). For spectroscopy,

the measurement temperature, excitation and emissind width, and scanning speed were



set at 25°C, 5 nm, and 500 nm/min, respectivelg, exctitation wavelength was set to 546 nm.
A dose-response curve was fitted to a four-parameggstic equation using GraphPad Prism
7 (GraphPad Software, San Diego, CA, USA). Thetlohdetection (LOD) was calculated as

the concentration corresponding to the mean blaskev plus three times the standard

deviation, for each assay.

2.4 Detection of T4 and CSin serum

For the detection of total T4 in serum using thepr@ee, 100 pL of T4-spiked
T3/T4-deficient human serum at 0 nM or 20 nM wageadiwith 210uL of 95% ethanol by
vortex, and centrifuged at 15 kg for 10 min to remproteins. The supernatant was carefully
taken to a fresh 1.5 mL microcentrifuge tube and ipto a microcentrifuge-concentrator
MV-100 (Tomy, Tokyo, Japan) overnight to evapottiie liquid. The pellet was dissolved in
100 uL of sterilized water and used for the fluoresceassay, wherein 25 pL of sample was
added to the same volume of the mixture of 40 nMr@be and 20 nM antibody in 10 mM
phosphate-buffered saline, 0.05% Tween20, pH 7BS{P, and compared with the T4
standards serially diluted in 50 uL PBST contairtimg same amounts of Q-probe/IgG.

For the detection of CS, the purified scFv Q-bo2yn) was mixed with CS dissolved
in 2 pL methanol in 100 pL of PBST, or in 50 % humserum in PBST, in a well of
microplate. After allowing the reaction to proce®5°C for 5 min, the fluorescent intensity
was measured with a fluorescence microplate readbrex/em wavelengths of 530/20 nm

and 580/20 nm, respectively.

3. Results and discussion

3.1 Construction of PM probe expression vectors
Protein M (PM) has recently been discovered asngibbady-binding protein that binds
tightly to almost all types«andA of many species) of antibody light chains, predantly
at their variable region \V The solved crystal structure of the PM-Fab compgleows that the

C-terminal region of PM is located just above thégen-binding pocket and interferes with
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the binding of the protein antigens, which potdhtilimits its utility as a probe for antibody
labeling (Fig. 1A). However, since its inhibitorffext on small antigen binding was not clear,
we expressed residues 74 to 468/gtoplasma genitalium PM (called PM TD) (Grover et al.
2014) as a fusion protein with N-terminal thioreotoTrx), which was used as a
solubilization tag. In addition, we added a shoag tcontaining C-terminal Cys
(SGGGSGGGC) which would be used as the site fardscent dye labeling. To avoid the
labeling of two Cys residues in the active site (BRL) of Trx, both the Cys residues were
mutated to Ser, yielding a null-Cys Trx (Trx’). Mmmver, to expedite purification after
dye-labeling, we added a Twin-Strep-tag in thedmiegion between the Trx’-His tag and PM
to efficiently remove unreacted dye while keepintggh yield (Fig. S1).

3.2 Preparation of PM Q-probe

The fusion protein to be expressed consisted of His-tag, Twin-Strep-tag, PM, and a
C-terminal Cys-tag (Fig. 1B). It was expressedha tytoplasm oE. coli, extracted, and
purified by IMAC. As shown in Lane 1 of Fig. 1Ctlack protein band at around 65 kDa was
observed, which was in accordance with its thewaktmolecular weight of 65.1 kDa,
suggesting that it was correctly expressed as dedigWWe obtained more than 1 mg of the
purified protein from 300 mL culture. We then ladmblthe protein with 5-TAMRA C6
maleimide and purified it using StrepTactin agardsigg. 1D shows the fluorescence of
labeled PM (TAMRA-PM; PM Q-probe). Lanes 2 and ®whtwo fractions eluted during
purification, both of which showed strong fluoresce, suggesting that the PM Q-probe was
successfully prepared with high yield (>500 pg foedi protein from 500 mL culture).

The antibody-binding activity of the PM probe waenfirmed by ELISA, using
immobilized human IgG and StrepTactin-HRP for diétec As shown in Fig. 1E, the PM
probe bound to human IgG and gave a strong sighdewo signal was observed for the
wells without immobilized IgG. This suggests thae tprepared PM probe retained strong

antibody-binding activity.

3.3 Expression and purification of KTM219 Fab fragment
KTM219 is a monoclonal antibody against human astkin, which is also known as
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bone Gla protein (BGP) (Lim et al. 2007). BGP geptide consisting of 49 amino acids an .Fig 5

Is used as a biomarker for bone metabolism, andvikrfor its unprecedented roles in other
body metabolisms such as glucose homeostasis,ferélgy and brain developmerftee et
al. 2007; Oury et al. 2011; Oury et al. 2013). Rresly, we showed that labeling the
N-terminal region using a Cys-tag could convert dnéibody Fab fragment to a Q-body for
detecting BGP at the C-terminal 7-residue epit®@@R-C7)(Abe et al. 2014). Therefore, we
first prepared the KTM219 Fab fragment without as@yg and tested whether the PM
Q-probe was capable of converting Fab to a biogseiosdBGP. KTM219 Fab was expressed
in the oxidative cytoplasm oE. coli SHuffle®T7 Express lysY, purified by IMAC, and
analyzed by SDS-PAGE. As shown in Fig. 2A, two cleands were observed at 27 kDa and
25 kDa, for the Fd (W1-Cyl) and light chain of the antibody, respectivelyheT
antigen-binding activity was confirmed by ELISA@escribedDong et al. 2016).

3.4 Creation of the BGP biosensor with the PM Q-probe

Having previously established that the KTM219 Faagment can be an effective
Q-body when the N-terminus of H chain is tethereth wthe TAMRA dye(Abe et al. 2014),
we tested whether the prepared PM Q-probe bindthito Fab fragment to quench the
fluorescence of the TAMRA dye attached to the Qepr(Fig. 2B). To find the best quenching
conditions, the PM Q-probe, at a final concentratid 5 nM, was titrated with increasing
concentrations of KTM219 Fab and the fluorescericd@® mixture was compared with that
of the PM Q-probe alone, after incubating for 5 mach at 25°C. As shown in Fig. 2C and D,
the fluorescence peak of the PM Q-probe at 50Q0)(aas quenched to approximately 300
(a.u.) by the addition of the Fab fragment at u36 nM, with an Eg of 4.2 nM for the Fab.
The fluorescence quenching plateaued at around M5 The EGp observed was in
accordance with the report&d values of Protein M to antibody (approximately-62 nM)
(Grover et al. 2014).

Further, we attempted to detect the dequenchingrbigens using a mixture of 5 nM
Q-probe and 15 nM Fab (Fig. 2E). When the BGP-Cifganic peptide was added to this
mixture, the fluorescence of the mixture increasea dose-dependent manner, up to 2.0-fold
compared to the sample with the equivalent voluofd8BST buffer added, with an Bg£of
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81+8 nM. To further confirm the potential of thigssem, the dequenching by full-length
human BGP was evaluated. A dose-response curveanitBGy value of 315+80 nM was
obtained. The observed difference insgE@as also observed for the scFv Q-body, as seen
previously, probably reflecting the required unfolylof full-length BGP for the binding (Abe

et al. 2011). These results suggest that the PMoQepcould convert the KTM219 Fab to a
complex that behaves like a Q-body, and the comgbertkd detect the target antigens.

Next, we tested this system for whole KTM219 IgGg(R3). In this experiment, the

Fig. 3

Q-probe was mixed with KTM219 IgG at a concentratod 7.7 nM and 3.8 nM, separatel
As in the case of KTM219 Fab, the fluorescencenefRM Q-probe was quenched with 1gG
and recovered with the addition of BGP peptidehvah EGy of 7.3£0.6 nM. It is worth

noting that this value is lower than that obtaimeth the Fab fragment and also that of scFv
Q-body (25 nM) (Abe et al. 2011). This discrepamnaight be because the natural IgG has
more stable structure and higher activity thansttiev fragment prepared in bacteria. Of note,
no increase in fluorescence was observed in thativegcontrol with varied concentrations of

Flag peptide, showing the specificity of the Q-praystem.

3.5 Screening of an anti-hapten antibody panel
Since a similar fluorescence response was obtamgdthe Q-probe for both Fab and
IgG of KTM219, we speculated that the PM Q-probaldde used as a handy tool to find
and convert an antibody to a Q-body for detectingalsmolecule antigens. To test this
possibility, several commercially available antpten monoclonal antibodies (mAbs)
including anti-cAMP, anti-progesterone (PG), aestosterone (TS), anti-thyroxine (T4)
clone ME.125, anti-5-bromodeoxyuridine (BrdU), aadti-penicillin (Pen) were tested.
Additionally, another anti-T4 clone 22G8A2 was @egml and tested. The PM Q-probe
solution, at a final concentration of 1 nM, was edido each mAb at a final concentration of

25 nM, incubated at 25°C for 5 min, and the fluoegge intensity with and without mAb

addition was measured. As shown in Fig. 4A, in tuadition, anti-cAMP, anti-PG, anti-TS,| Fig.4

and anti-T4 antibodies quenched the PM Q-probefterent extents; 92.2%, 75.2%, 49.9%,
and 90.1%, while anti-BrdU and anti-Pen antibodjesnched negligibly at 99.2% and 99.7%,
respectively. In another set of experiments, adtZPG8A2 at a lower concentration (5 nM)
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showed stronger quenching to 51.1% (Fig. 4B), ssigyg that the degree of quenching of
each mADb can be measured easily and that the dddfers depending on the mAb used, not
on the target antigen. It also implies that we eapect to obtain suitable mAb clone(s) after

Q-probe screening of several mAbs specific to adrapf choice.

3.6 1gG-type Q-body for haptens

To test whether the quenched Q-probe:lgG compleretd be used as biosensors for
the corresponding antigens, Q-probes complexed antihPG, anti-TS, and anti-T4 clone
22G8A2 were further investigated. PM Q-probe aniitR6& 1gG were mixed at molar ratios
ranging from 5:1 to 1:25 and incubated for 10 n8nbsequently, 5aM of PG was added
and fluorescence was measured after a 5 min inoumbperiod. As shown in Fig. S2A, the
fluorescence of Q-probe/anti-PG increased up t6-folkl after PG addition. Based on this
result, the PM Q-probe and anti-PG mAb were mixedoacentrations of 1 nM and 5 nM,
respectively, titration with 0 to 1 uM of PG wasrfpemed, and fluorescent spectra were
obtained from 560 nm to 650 nm, after 5 min of ipetion. As shown in Fig. S2B, a single
emission peak at around 580 nm was observed, sup@dtk intensity increased with increased
concentrations of PG. Based on these data, a dspetise curve with an gof 11+4 nM
could be drawn for the detection of progesterome, the LOD was calculated as 0.96 nM
(Fig. 4C).

Similar assays were carried out for anti-TS andi-Bt antibodies. After the
determination of optimal probe:lgG ratios (Fig. $8)d probe concentrations (Fig. S4), the
PM Q-probe and corresponding antibody were mixedra¥l and 5 nM for TS and at 20 nM
and 10 nM for T4, respectively. Titration and suhgnt detection with increasing
concentrations of antigen were performed (Fig. 4nd E, Fig. S3B). Dose-response curves
with EGsg values of 1.37+0.05 nM and 15.8 + 1.2 nM and LQD$.35 nM and 4.05 nM
were obtained for TS and T4, respectively. Thesea addearly show that many mAbs,
including commercially available ones, induce theemching and antigen-dependent

dequenching of the Q-probe, both of which are pn@stes of Q-body.

3.7 Detection of total T4 in serum
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T4 is a major thyroid hormone and an important ladgar for the diagnosis of
hyperthyroidism and hypothyroidism. To verify wheththe system can be applied to the
determination of biomarker concentration in theobl@amples, we attempted to measure total
T4 in human serum. To this end, we spiked T4 toT#3leficient human serum at
concentrations of 0 and 20 nM. After a brief etHaxdraction of the samples to denature and
remove interfering proteins, including T4-bindingpt@ins and intrinsic antibodies that could
affect the Q-probe response, the same volume afoQepantibody mixture that made up the
spiked concentration of T4 to 0 and 10 nM was addetthe samples, and the signals were
compared with the standard curve (Fig. 4E). Aftdsteacting the background fluorescence of
the non-spiked (0 nM) sample, the T4 concentrati@s calculated as 8.28 (£1.31) nM,
giving a recovery rate of 82.8%. The result showedutility of the Q-probe/antibody system
to detect T4 in serum at less than the physioldgizacentration (normal range: 5-12 pg/dL ~

64-154 nM)(Burtis 1996).

3.8 Screening and conversion of anti-cortisol 1gG to a Q-body

To evaluate the utility of the PM Q-probe for tloeeening of suitable antibody clones as
Q-bodies, a panel of murine mAbs established fotist, namely CS3-3, CS4-6, CS10-2,
and CS13-11 (Oyama et al. 2015), in which the adids were denoted as Ab#3, #4, #10,
and #13, respectively, was tested. The hybridomaecproducing each antibody was cultured
and the antibody secreted into the culture mediums wurified using Protein G magnetic
beads. Thereafter, it was used for the Q-probeyafsg. S5A). Upon mixing the PM
Q-probe with each of the above-mentioned antibodilemes CS4-6 and CS13-11 quenched
Q-probe fluorescence significantly, while the othdid not (Fig. S5B). When cortisol was
added at 29uM to the Q-probe/lgG complex, we found an incregséuorescence of the
Q-probe/CS4-6, while no significant increase waseobed for Q-probe/CS13-11 (Fig. S5C).
Therefore, CS4-6 was considered suitable as anBsosdor detecting cortisol. As before,
after the optimization of the Q-probe:lgG raticadinal Q-probe concentration of 1 nM (Fig.
S6A), the ratio of 2:1 was adopted. To measure @eching, cortisol was added to the
mixture, and time-dependent fluorescence recoveay measured. As shown in Fig. S6B,
dequenching reached a maximum of ~2.2-fold afteris, when the ratios were larger than
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2:1. Therefore, when the ratio of Q-probe to IgGsWal, 10 min incubation for quenching
and 5 min for dequenching were long enough to pertbhe assay.

Based on the above results, a mixture of 1 nM of @drobe and 500 pM of CS4-6 IgG
was prepared in PBST, incubated for 10 min, and esaletect cortisol. When cortisol was

added for titration at concentrations ranging fronto 100uM, the fluorescence intensity

increased with the increased concentration of s@rtiA dose-response curve is shown in Fig

Fig.

5A. The maximum response and & Gf the assay for cortisol were 2.17-fold and 7.3V,

respectively, and the LOD was calculated as g6

3.9 Comparison with recombinant cortisol Q-body

The Q-probe can be used as a tool to find a gooklblome mAb to be used to make an
effective Q-body. To compare the performance of B Q-probe with the recombinant
Q-body, the previously cloned single-chain Fv gemeCS4-6 was used to prepare a Q-body.
This time, we usedE. coli secretory expression system combined with a sorteediated
fluorescence labeling method, to avoid unintendedmpscuous labeling of Cys inside
antibody domains (Fig. 5B). Although the SHuffle®EXpress lysY strain can form disulfide
bonds of the expressed Fab and scFv fragmentsxpezienced different folding and soluble
expression yields depending on the clone. In tasecwe successfully expressed, purified,
and labeled two types of scFv fragment with an Mateal Sortase substrate sequence
(GGGTG), with and without a short (GGGS) linker.téfreacting with TAMRA-LPETGG
peptide, sufficient amounts of labeled scFv fragimewere obtained. The normalized
dose-responses are shown as Fig. 5C. The maximsponse and Ef of scFv Q-bodies
were, 2.23-fold and 26.7 uM for no linker-type aRd6-fold and 45.2 uM for the &
linker-type. The maximum response of recombinariioQies was somewhat higher than that
of the Q-bodies made with the 1gG/Q-probe, andrtB€l, values were also higher, probably
due to their decreased affinity.

The GS linker-type Q-body was also used to measure CGfimman serum. As shown in
Fig. 5D, an equivalent or even higher response eserved in 50% human serum with
similar sensitivity. Possibly, this was due to HRghquenching/antigen-dependent
de-quenching of TAMRA dye in the presence of serum.
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4. Conclusions

As a fluorescence-labeled antibody-based biosen§pbody can detect many
targets—from small molecules to large proteins—witigh sensitivity and selectivity.
Moreover, because of its very simple detectionqpie, the assay requires only seconds to
minutes to obtain a signal, which is suitable feal#time monitoring of antigens situ.
Q-body enables homogeneous immunoassay and has mmenitg. It requires no washing
steps, nor a large sample volume. Hence, thesei@mgpperties enable Q-body to be used in
a range of applications in many fields such asditection of illegal drugs, food inspection,
and point-of-care testing. However, widespread iappbn has been hindered by the
difficulty in obtaining suitable Q-bodies for thegdred targets in a timely manner.

To overcome this problem, we developed a methadguBrotein M to make and/or select
Q-bodies with practical utility. The response reeei from the PM Q-probe with KTM219
Fab was superior to that of the AG Q-probe, propaing to its higher affinity. More
importantly, it also works in combination with wieolgG, showing better sensitivity in terms
of EGsp for BGP-C7 and cortisol. This is probably becalgge has a more stable structure
and higher affinity than recombinant antibodiesthAlgh the maximum response of the
KTM219 1gG/Q-probe complex was lower than that bé tcorresponding conventional
Q-bodies, this may be due to the difference inldgation, which is attached near the L chain
rather than the N-terminus of the H chain, in cotmal Q-bodies. However, higher
sensitivity and low reduction in response, compavétl recombinant Q-body, was observed
for the anti-CS 1gG/Q-probe, which suggests thempidl widespread utility of the method.

There is another antibody light-chain-binding pnoteProtein L (PL) from
Peptostreptococcus magnus, which binds to certain classes of kappa lightirclieom some
human, mouse, and rat antibodies at theegion with high Kq~ nM) affinity. However, not
all kappa chains and no lambda chains can bind_t(Bforck 1988). Specifically, only one
subtype (VkI) of the mouse kappa chain can bind.tm theory, PL-based Q-probe, if any,
can also convert some IgGs posessing kappa lighihehHowever, considering its limited
binding repertoire and two kappa binding siteshia lomain (Graille et al. 2001), PL is not
expected to have applications similar to the PMrQbp.
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When we tested six commercially available mAbs &nd anti-CS mAbs, two each of
them did not show detectable fluorescence quenchikg reported previously, the
fluorescence quenching is mostly attributable te photoinduced electron transfer from
tryptophan (Trp) residues of the antibody V regiorthe fluorescent dye (Abe et al. 2011).
However, the quenching efficiency depends on thibady and the dye used, not the antigen,
probably due to the interaction strength of the dyt& the antigen-binding pocket. Possibly,
the antibodies with weak WV interaction (Ueda et al. 1996) can accept theignn of the
dye into the pocket, while those with strong int&in cannot. It is difficult to gauge the
structural plasticity of the V region based on theerior structure of full-sized antibodies.
Our PM Q-probe is the first to measure the “quehihg’ of many antibody-dye pairs just
by mixing them.

In this study, we successfully prepared a PM (erthat can quickly find an antibody
suitable for use as a Q-body, and also quickly ednthe antibody to a Q-body. For the first
time, the testing and conversion of a small amdless than microgram) of many full-sized
IgGs to a sensitive fluorescent immunosensor isiptes which has never been achieved by
the AG Q-probe. It is also worth mentioning thaée tAM Q-probe/lgG complexes show
similar or higher sensitivity compared with thegetbinant Q-body, while PM was reported
to hinder antigen binding. It seems that the PMrQbp does not affect antigen binding in the
cases of small haptens and peptides, which allas®esignal-on detection of these antigens
that usually need competitive (signal-off) immursms to quantify. The upper limit of
detectable antigen size for the PM Q-probe is nadeu investigation, but full-length BGP
(5.8 kD) has already been successfully detectetutime, detection of larger antigens might
be possible by introducing appropriate mutationdedetions to PM.

In conclusion, we believe that this work will cabtrte to further development of Q-body
technology and its wider application in the anaysi biological, environmental, industrial,

and clinical samples.
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Figure legends

Fig. 1. Preparation of PM Q-probe. A.The 3D structure of Protein M-Fab complex based
on PDB entry - 4NZR. The C-terminal Arg of PM TDrgdage) and Trp residues in the
variable region of the antibody (blue for H chamdanagenta for L chain) are shown as a
space-filling model.B: Scheme of the expression vector for the PM prob@AAC:
Thioredoxin A devoid of Cys residues; His: Ktag; ST: Twin-Strep-tag; Cys: a flexible tag
containing C-terminal Cy<C: Coomassie Brilliant Blue staining of the gel af8DS-PAGE

of the purified PM probe before (lane 1) and aftanes 2 and 3) dye labeling. M: Precision
Plus protein unstained standards (Bio-Rad) to wiicé fiftieth of Dual Color marker was
mixed. D: The red fluorescence image of the same [gellgG-binding activity of the PM
probe measured by ELISA. higG: human IgG immobdizethe wells. Error bars represent a

standard deviation (SD) of triplicate samples.

Fig. 2. Quenching of the PM Q-probe upon Fab bindig. A: SDS-PAGE analysis of
purified anti-osteocalcin KTM219 Fab. M: Precisigaius protein unstained standards
(Bio-Rad); B: Scheme of PM Q-probe assay. BGP-C7:. C-terminaher- peptide of
osteocalcin;C: Fluorescence spectra showing the Fab dose-depewrgenching of PM
Q-probe.D: Dose-response curve for KTM219 Fab. Emission 81 Bm was plottedE:
Dose-response curves for BGP-C7 and full-length daunBGP obtained with PM

Q-probe/Fab complex. Mean values with error bark D are shown.

Fig. 3. Conversion of IgG to an osteocalcin sensby PM Q-probe. A: Schematic image
for PM Q-probes converting IgG to a biosen&irDose-response curves for BGP-C7 antigen

and Flag negative control peptides. Mean valuels &itor bars of 1 SD are shown.

Fig. 4. Testing of a panel of monoclonal antibodiesA: Quenching of a panel of
commercially available anti-hapten mAl&. Quenching of an anti-thyroxine (T4) I1gG clone
22G8A2. C-E: Normalized dequenching dose-response curve for estegpne (C),

testosteroné€D), andT4 using the clone 22G8AE). Mean values with error bars of 1 SD
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are shown.

Fig. 5. Comparison of the responses obtained with -Qrobe/lgG complex and
recombinant Q-bodies A: Dose-response curve for cortisol obtained with rixture of 1
nM Q-probe/500 pM CS4-6 1gGB: Scheme of sortagging-based Q-body as<ay.
Dose-response curves for cortisol obtained witlomdzinant CS4-6 scFv Q-bodies (0.5 nM)
with and without GGGS linker between the sortag tn@d\Viy N-terminus.D: Dose-response
curve for cortisol in the presence of 50% humarursepbtained with recombinant scFv

Q-body with GGGS linker (2 nM). Mean values withagrbars of 1 SD are shown.
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A fluorescent probe that transforms antibodies to an immunosensor is made
Protein M from mycoplasmawas C-terminaly labeled with TAMRA

The resultant Q-probe showed quenching upon binding with many antibodies
The quenched complex showed small antigen-dependent fluorescence recovery

Biomarkers including thyroxine extracted from human serum was readily detected
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