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Abstract
Detection of autoantibodies associated with neurological disease typically involves
immunoprecipitation of radioactively labeled native proteins. We explored whether single receptor
subunits, fused to Renilla luciferase (Ruc), could detect patient autoantibodies in Luciferase
Immunoprecipitation Systems. Myasthenia Gravis patient sera were tested for conformational
autoantibodies to only the α1-subunit of the nicotinic acetylcholine receptor (AChR). Using a
panel of 10 AChR-α1 fragments, AChR-α1-Δ5-Ruc demonstrated the highest immunoreactivity
with a conformational-specific antibody and the highest sensitivity in a pilot cohort. Testing a
larger cohort with AChR-α1-Δ5-Ruc demonstrated 21% sensitivity and 97% specificity. A point
mutation within Ruc increased the diagnostic performance of AChR-α1-Δ5 (32% sensitivity, 97%
specificity). The 125I-α-bungarotoxin multi-subunit AChR assay demonstrated 63% sensitivity and
97% specificity. These findings highlight the difficulty in detecting Myasthenia Gravis
conformational epitopes across assay formats and lay the foundation for detecting autoantibodies
to defined recombinant chains of the AChR and potentially other neurotransmitter receptors.
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Introduction
Autoantibodies directed at neurotransmitter receptors and ion channels are pathogenic and/
or biomarkers in several autoimmune neurological diseases [1]. For example, autoantibodies
directed against voltage-gated potassium channels, the P/Q-type (α1A) voltage-gated
calcium channel and the α3 ganglionic nicotinic acetylcholine receptor (AChR) are found in
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limbic encephalitis, Lambert-Eaton Myasthenic Syndrome (LEMS) and autoimmune
autonomic neuropathy, respectively [2;3;4]. Sensitive detection of autoantibodies to these
neurological receptors is critical to understanding disease pathogenesis, diagnosis and
treatment. Detection of these autoantibodies using recombinant proteins in ELISAs is
usually not useful because these tests miss important conformational epitopes on these
multi-subunit receptors. The most widely used quantitative immunoassay involves using
immunoprecipitation of native receptors labeled with radioactive ligands [5]. Alternatively,
one can test patient serum by immunohistochemistry with cell lines expressing a given
receptor [6;7;8].

In Myasthenia Gravis (MG), approximately 85% of patients produce pathogenic
autoantibodies which bind and cross link muscle endplate derived nicotinic acetylcholine
receptor (AChR). These autoantibodies induce AChR receptor internalization and
degradation [2;9;10;11] and/or can activate complement at the cell membrane resulting in
cell lysis and destruction of the muscle endplate [12;13]. Defining the exact targets of
autoantibodies in MG has been complicated by the fact that the AChR is composed of five
homologous glycoprotein subunits arranged around a central ion pore in the stoichiometry
α2βεδ (adult) or α2βγδ (fetal). The four subunits composing the AChR share the same
topological structure and all have an N-terminal extracellular domain (~200 amino acids),
four transmembrane segments (~20 amino acids each) and a short extracellular tail (~10
amino acids). While the transmembrane segments mediate subunit assembly, the large
extracellular domains of the α1, δ and ε (γ in the fetus) subunits contribute to the formation
of the two acetylcholine binding sites within the receptor [14]. Lindstrom's group generated
a library of monoclonal antibodies derived from animals immunized against the entire
AChR or against chain-specific peptides and used these monoclonal antibodies and
radioiodinated AChR to map antigenic determinates on the receptor [15]. One of the most
immunodominant regions on the receptor was a 10 amino acid peptide sequence within the
extracellular domain of the AChR-α1 subunit, designated the Main Immunogenic Region
(MIR) [15;16]. Competition experiments with these defined monoclonal antibodies also
demonstrated that a significant number of MG patients had autoantibodies against the MIR
[17]. Additionally, passive transfer of antibodies directed at the MIR also induces
experimental autoimmune myasthenia gravis in rats [18]. Although the AChR-α1 subunit
appears to be the major target of autoantibodies in MG, it is possible that other chains alone
or in combination with the α1 chain are required for detecting some MG patient
autoantibodies.

Clinical detection of MG usually involves immunoprecipitation of native receptor labeled
with radioactive α-bungarotoxin (α-BTX), a snake venom-derived toxin that binds the
AChR outside the ligand binding domain with high affinity (KD=2.6 × 10−10M) [19]. In
these immunoassays, native pentameric AChR from human sources is first partially purified,
radioactively labeled with 125I-α-bungarotoxin and then used in radioimmunoprecipitation
assay (RIA) to measure patient autoantibodies [20]. Immunohistochemical analysis using
cell lines expressing the various AChR receptor subunits has been successfully used to
detect patient autoantibodies [8].

Immunoassays using peptides or recombinant AChR proteins have also been tried [21;22].
Recombinant, bacterially-expressed AChR proteins react poorly with MG patient sera,
suggesting that most MG patient autoantibodies recognize conformational rather than linear
epitopes within the extracellular domain of the AChR-α1 subunit. Other assay formats
employing non-radioactive labeling of the receptor require cumbersome purification
methods [23;24].
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Luciferase Immunoprecipitation Systems (LIPS), which utilizes recombinant antigens fused
to the enzyme reporter Renilla luciferase (Ruc) to detect patient antibodies, provides a
unique platform to investigate antibodies directed against a variety of antigenic targets [25].
Previously, LIPS has been used to efficiently evaluate autoantibody responses in several
autoimmune diseases mainly targeting soluble human autoantigens [25]. Here we
investigated whether LIPS could be used to evaluate autoantibodies associated with the
single AChR-α1 chain in MG. Using a series of deletion mutants, the antigenicity of the
AChR-α1 subunit was systematically studied with an anti-AChR-α1 monoclonal antibody,
control and MG patient serum samples. From these studies, statistically significant levels of
autoantibodies against the AChR-α1 subunit were detected in 32% of MG patients. This
approach, employing single subunits of the AChR to detect patient autoantibodies may
provide a potentially useful method of evaluating patient autoantibodies to other
neurotransmitter receptors and ion channels in other autoimmune neurological diseases.

Materials and Methods
Subjects and Samples

Patient sera were obtained from the Neuromuscular Disease Section, Johns Hopkins
Hospital (Baltimore, MD) under IRB-approved protocols. The cohort consisted of 29
controls, 42 disease controls (25 ALS, 4 myositis and 10 neuropathy) and 63 MG patients
previously diagnosed by either radioimmunoassay or EMG. Sera were stored at −80 °C prior
to testing, then diluted 1:10 in buffer A (50 mM Tris, 100 mM NaCl, 50 mM MgCl2 and 1%
Triton X-100).

Antibodies
Mouse monoclonal anti-AChRα1 (D6 clone) was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA), and was used at a 1:100 dilution in each assay.

Generation of Ruc-antigen fusion constructs
pREN3S, a mammalian Ruc expression vector, was used to generate N-terminal antigen
fusions. Human cDNA clones were amplified by PCR specific linker-primer adapters. For
each construct, including deletion mutants, the N-terminal signal sequence was included.
The primer adapter sequences used to clone full length AChR-α1 (457 amino acids) were 5′-
GAGGGATCCATGGAGCCCTGGCCTCTC-3′ and 5′-
GAGGAATTCTCCTTGCTGATTTAATTC-3′. Amino acid 1 in the following deletion
fragment nomenclature refers to the start methionine. The following protein fragments were
tested: AChR-α1-Δ1 (spanning amino acid residues 1–232), AChR-α1-Δ2 (spanning amino
acid residues 1–260), AChR-α1-Δ3 (spanning amino acid residues 1–290), AChR-α1-Δ4
(spanning amino acid residues 1–373), AChR-α1-Δ5 (spanning amino acids 1–384), AChR-
α1-Δ6 (spanning amino acid residues 1–394), AChR-α1-Δ7 (spanning amino acid residues
1–408), AChR-α1-Δ8 (spanning amino acids 1–412), AChR-α1-Δ9 (spanning amino acids
1–428) and AChR-α1-Δ10 (spanning amino acids 1–432). For each of these deletion
mutants, the primer adapter sequences used to clone each fragment were 5′-
GAGGGATCCATGGAGCCCTGGCCTCTC-3′ and one of the following: 5′-
GAGGAATTCGAGGGGCAGGCGCTGCAT-3′ (Δ1), 5′-
GAGGAATTCCCCTGAGTCTGTGGGCAG-3′ (Δ2), 5′-
GAGGAATTCACTGGACGTGGAGGGGAT -3′(Δ3), 5′-
GAGGAATTCTCCAGAAATGTCAGAGAT-3′ (Δ4), 5′-
GAGGAATTCAGAGTGGAAGCCCATGGG-3′ (Δ5), 5′-
GAGGAATTCACTTTTGACCTCGAAATG-3′ (Δ6), 5′-
GAGGAATTCTGACTTCATGGTCTCTGC-3′(Δ7), 5′-
GAGGAATCCAGACTCCTGGTCTGACTT-3′ (Δ8), 5′-
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GAGGAATTCGTGGTCCATCACCATTGC-3′ (Δ9) or 5′-
GAGGAATTCTCCGAGGAGTATGTGGTC-3′ (Δ10). All clones were verified by
sequencing.

Site Directed Mutagenesis
To generate the Ruc-C124A mutant, site-directed mutagenesis was performed by PCR using
the primers 5′-CATGATTGGGGTGCTGCTTTGGCATTTCATTATAG-3′ and 5′-
CTATAATGAAATGCCAAAGCAGCACCCCAATCATG-3′. Phusion High Fidelity DNA
Polymerase (New England Biolabs, Ipswich, MA) was used under the following conditions:
for 20 cycles, denaturation 98 °C, 10 s; annealing 66 °C, 30 s; extension 72 °C, 3 min. The
last cycle was performed under the same conditions except the extension time was increased
to 10 min. PCR products were digested for 1 hr at 37 °C with Dpn1, then used for bacterial
transformation. The correct point mutants were confirmed by DNA sequencing.

Cell culture, transfection and LIPS analysis
Cos1 cells were cultured at 5% CO2, 37°C with DMEM supplemented with 10% FCS and
L-glutamine. Transfections were carried out using FuGene6 according to the manufacturer's
instructions (Roche, Indianapolis, IN). Cell extracts were obtained 48 h post-transfection in
lysis buffer (50 mM Tris (pH 7.5), 100 mM NaCl, 5 mM MgCl2, 1% Triton X-100, a
mixture of protease inhibitors (Complete Mini protease inhibitor cocktail tablets, Roche
Diagnostics, Indianapolis, IN) and 50% glycerol. The lysates were centrifuged twice at
12,500 g, supernatants collected and then stored at −80°C until use. The activities of the
lysates (light units (LU)/μl) were determined using a single tube luminometer (20/20 from
Turner Scientific) with a coelenterazine substrate mix (Promega, Madison, WI).

The LIPS assay was performed in a 96-well plate format as previously described with slight
modification [26]. Briefly, 10 μL diluted patient sera (1μL equivalent) and Ruc-antigen
Cos1 cell extract, both diluted in assay buffer A (20 mM Tris, pH 7.5, 150 mM NaCl, 5 mM
MgCl2, 1% Triton X-100), were added to each well of a polypropylene plate and incubated
for 1 h on an orbital shaker. Note that in the standard LIPS format, an input of 1 × 107 LU is
used, but here because of technical limitations and the less than optimal Ruc activity with
many of the AChR-α1-Ruc fusions, a much lower input was used. Five μL of a 30%
suspension of Ultralink protein A/G beads (Pierce Biotechnology, Rockford, IL) in
phosphate-buffered saline was added to the bottom of each well of a 96-well filter HTS plate
(Millipore, Bedford, MA). To this filter plate, the 100 μL antigen-antibody reaction mixture
was transferred and incubated for 1 h on an orbital shaker. The amount of fusion protein
immunoprecipitated was measured using a Berthold LB 960 Centro microplate luminometer
(Berthold Techonologies, Bad Wilbad, Germany). All LU data represent the average of at
least two independent experiments and are representative of four determinations. For data
analysis, the GraphPad Prism software (San Diego, CA) was used.

Radioimmunoprecipitation
Patient and control sera were tested for anti-AChR autoantibodies using a commercial in
vitro diagnostic Acetylcholine Receptor Antibody radioimmunoassay kit (Kronus, Star, ID),
according to the manufacturer's instructions. In these experiments, 5 μL of sera were
incubated with 100,000 cpm of fetal and adult detergent-solubilized AChR labeled
with 125I-α-BTX for 2 h at room temperature. Next, 50 μL of anti-human IgG was added to
each sample and incubated an additional 2 h at 4°C. Samples were then washed twice with 1
mL of wash buffer (PBS and 0.01% surfactant), centrifuged at 1,500 g at 4°C and the
supernatant decanted. Each tube was counted for 1 min using a gamma counter set for 125I.
Data represent the average of two independent experiments.
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Results
Characteristics of AChR-α1-Ruc fusion proteins

Using the LIPS technology, we evaluated whether the single AChR-α1 subunit could detect
autoantibodies in MG patients. Fusions between the C-terminus of the AChR-α1 chain and
the N-terminus of Renilla luciferase (Ruc) were used [25] because the AChR-α1 chain is a
cell surface receptor and contains an N-terminal signal sequence. Since the fusion of the Ruc
reporter to the C-terminus of AChR-α1 subunit might alter folding and/or solubility, 10
truncation mutants were also generated, each containing the N-terminal extracellular domain
of the AChR-α1 subunit and variable lengths of its C-terminus. Following transfection of
each of these AChR-α1 Ruc constructs into Cos1 cells, cell extracts were prepared and
tested for expression using luciferase activity as a surrogate marker for production of the
AChR-α1 protein. Overall the 10 deletion fragments and full length AChR-α1 showed
significant differences in Ruc activity ranging from 26,000 to 330,000 light units (LU)/μL
cell extract (Fig. 1A). Compared to Ruc-antigen fusions for other proteins, the AChR-α1-
Ruc fusions showed relatively poor expression. Three fusion proteins with the highest Ruc
activity, AChR-α1-Δ4, -Δ5 and -Δ7, all terminated in the cytosolic loop between the third
and fourth transmembrane domains of the AChR-α1 subunit. However, among the other
AChR-α1 truncation mutants, there was no correlation between the size of the truncation
mutant and the level of luciferase activity. The variable recovery of luciferase activity is
likely due to altered folding and/or solubility of the different AChR-α1-Ruc fusion proteins.

Immunoprecipitation by a monoclonal antibody recognizing conformational epitopes
Using a known monoclonal antibody, D6, that recognizes conformational epitopes within
the AChR-α1 subunit [27], we tested the immunoreactivity of each of the 11 different
AChR-α1-Ruc fusion proteins. Due to poor activity of the AChR-α1-Ruc antigens, a lower
input of light units, ranging between 0.8 × 106 and 6.6 × 106 LU, was added per sample
versus the normal activity of 1 × 107 LU typically used in LIPS (See Material and Methods).
Despite the decreased input, several of the fusion proteins were significantly
immunoprecipitated by the D6 monoclonal antibody. In particular, the AChR-α1-Δ4, -Δ5
and -Δ10 Ruc antigen fusion proteins showed 9%, 32% and 10% of the input
immunoprecipitated by this monoclonal antibody, respectively (Fig. 1B). Several other
AChR-α1-Ruc recombinant proteins reacted quite poorly with the D6 monoclonal, including
AChR-α1-Δ3, -Δ6, -Δ8 and -Δ9, (<1% immunoprecipitated) (Fig. 1B). Since each of the
AChR-α1 protein fragments tested contained the N-terminal extracellular region for
immunoreactivity with the D6 monoclonal antibody, these results suggest that
conformational epitopes can differ markedly between these different fusion proteins.

Testing a panel of AChR-α1 Ruc fusion proteins with a pilot serum cohort
Next we tested whether MG patient autoantibodies could be detected using the panel of
AChR-α1-Ruc antigen protein fragments with LIPS. A pilot set of serum samples consisting
of 14 MG patients and 15 controls was used. Despite the less than optimal input, several of
the AChR-α1-Ruc protein extracts showed high levels of immunoreactivity with some of the
MG patient serum samples (Fig. 2). To determine sensitivity and specificity, a cutoff derived
from the mean plus three standard deviations of the controls was used. The AChR-α1-Δ5-
Ruc fusion protein detected autoantibodies in 43% of the MG patients in the pilot cohort and
displayed the greatest sensitivity of the fusion proteins in the panel (Fig. 2). The AChR-α1-
Δ5-Ruc fusion protein also displayed the largest dynamic range of detection, measuring over
320,000 LU in one patient sample versus 4,000 LU in several of the controls. Other protein
fragments corresponding to AChR-α1-Δ7, -Δ8 and -Δ10 demonstrated 36% sensitivity in
detecting MG patient autoantibodies and had a narrower dynamic range (Fig. 2). Even less
immunoreactivity (29% sensitivity) was observed with the AChR-α1-Δ2 and -Δ9 proteins
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(Fig 2). In contrast, full length AChR-α1 and the remaining truncation mutants demonstrated
markedly lower immunoreactivity. AChR-α1-Δ6 demonstrated only 21% sensitivity, while
full length AChR-α1 and AChR-α1-Δ4 demonstrated 14% sensitivity (Fig. 2). AChR-α1-Δ1
demonstrated 7% sensitivity. Lastly, one truncation mutant, AChR-α1-Δ3, which terminated
within the first cytoplasmic loop of the subunit, failed to detect any autoantibodies within
the cohort. The specificity of the panel of recombinant AChR-α1 proteins in the small
number of control serum samples ranged from 93% to 100% (Fig. 2, inset). These findings
demonstrate that the diagnostic performance for detecting autoantibodies to the AChR-α1
subunit can vary greatly within this panel of protein fragments.

Autoantibodies against the AChR-α1-Δ5 protein fragment in a larger cohort of MG patients
Based on the highest diagnostic performance of the AChR-α1-Δ5-Ruc fusion protein in the
pilot serum samples, a larger cohort of 63 MG patients, 39 disease controls (25 ALS, 4
myositis and 10 neuropathy patients), and 29 healthy controls were tested. Based on a cutoff
derived from the mean plus three standard deviations of the controls (9,041 LU), the LIPS
assay using the AChR-α-Δ5 extract demonstrated 21% sensitivity (13/63) and 97%
specificity (Fig. 3) Within the disease controls, one ALS patient and one myositis patient
had autoantibody titers above the cutoff. These findings suggest that the AChR-α1-Δ5 LIPS
assay can detect a number of MG patients with autoantibodies, and that this test is relatively
specific because it generally does not detect seropositivity with samples from healthy and
other disease controls.

A modified Ruc reporter shows enhanced LIPS antibody detection
Due to the less than optimal level of luciferase activity associated with the different AChR-
α1-Ruc fusion proteins, we attempted to increase the luciferase activity by mutagenesis of
the Ruc enzyme. Since previous studies demonstrated enhanced luciferase activity of a Ruc-
C124A point mutant [28;29], site-directed mutagenesis was used to generate this
corresponding mutant in three Ruc-AChR-α1 fusion proteins: full length AChR-α1, AChR-
α1-Δ1 and -Δ5. Although this amino acid substitution had no effect on the enzymatic
activity of the full length AChR-α1-Ruc-C124A protein (data not shown), the luciferase
activity of the AChR-α1-Δ1-Ruc-C124A and AChR-α1-Δ5-Ruc-C124A extracts increased
approximately 5-fold. Testing of the AChR-α1-Δ5-Ruc-C124A protein fragment in the LIPS
assay with MG and control samples demonstrated an increased sensitivity of 32% and still
showed 97% specificity (Fig 4A). A dramatic increase in sensitivity was observed with the
AChR-α1-Δ1-C124A extracellular domain protein fragment, which previously showed 7%
sensitivity when fused to the unmodified Ruc backbone, but now showed 32% sensitivity
with 97% specificity (Fig. 4B). This protein fragment showed the highest dynamic range,
attaining a titer value as high as 760,000 LU in one MG patient compared to the mean
antibody titer in the controls of 803 LU. All of the MG patients detected by AChR-α1-Δ1
and Δ5 fused to the native Ruc reporter fusions were detected by the corresponding
truncations fused to Ruc-C124A. These results demonstrate that this subtle improvement in
enzymatic activity of the Ruc reporter can further increase sensitivity of some AChR-α1
constructs for detecting MG patient autoantibodies. Based on both sensitivity and dynamic
range, these two protein fragments showed the best diagnostic performance for detecting
autoantibodies against the AChR-α1 subunit in MG.

Comparison of LIPS single chain AChR-α1 assay with 125I-α-BTX
radioimmunoprecipitation

The results of the single chain AChR-α1 LIPS assay were compared with the established
clinical immunoprecipitation assay that employs 125I-α-BTX with the native receptor. Based
on a cutoff derived from the mean plus three standard deviations of the control group (1,844
LU), the 125I-BTX assay had 63% sensitivity (40/63) and 97% specificity for detection of
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MG autoantibodies in this cohort (Fig. 5A). Comparison of the results from the α-BTX RIA
and LIPS showed several interesting findings. The α-BTX RIA, employing a native
pentameric receptor, had much greater sensitivity (63%), essentially showing two times
better performance than LIPS (32%). In the 20 MG patients copositive in the 125I- BTX
assay and LIPS, we were interested if the values from the two assays correlated with each
other. Comparison of the AChR-α1-Δ5-C124A antibody titer values with the results from
the α-BTX RIA, as shown in Fig. 5B, revealed that the antibody titers in these selected
samples tracked each other well (Spearman Rank coefficient=0.53; P=0.02). Of note, all of
the MG patients detected by LIPS using the AChR-α1-Δ5 or AChR-α1-Δ1 protein fragments
were also detected by the 125I-α-BTX immunoprecipitation assay. While LIPS had a greater
dynamic range of detection, it still missed many of the samples detected by the α-BTX RIA.
The present results identify a subpopulation of patients who display prominent
autoimmunity to the single chain AChR-α1 subunit and suggest further possibilities for
clinical evaluation. These results using LIPS are promising, and suggest that further
improvements are needed to match the overall performance of the α-BTX RIA.

Discussion
Antibodies directed at neurotransmitter receptors and ion channels have been recognized in
several autoimmune channelopathies, including LEMS, paraneoplastic cerebellar ataxia,
limbic encephalitis and MG [1]. To date, immunoprecipitation assays using native receptor
or ion channels, radiolabeled with specific ligands, remain the primary sensitive method of
detecting patient autoantibodies in the clinical setting. Here we have used the LIPS assay,
employing single chain receptor antigen fusions, to study autoantibodies in MG. From
screening a panel of recombinant Ruc-AChR-α1 fusions, the different AChR fusion extracts
showed a large range of immunoreactivity (0–43%), despite the fact that they all contained
the immunogenic extracellular domain. The findings that some AChR-Ruc fusions showed
high levels of MG patient immunoreactivity while other did not, highlight the variable and
unpredictable nature of recapitulating the needed conformational epitopes associated with
this receptor chain. This reductionistic approach provides a route to isolating important
factors that shape the immune responses in MG and possibly the clinical course of disease.

Comparison of the single AChR-α1 chain LIPS assay with the established RIA
employing 125I-α-BTX-labeled native receptor revealed that the RIA showed 63%
sensitivity, while LIPS showed 32% sensitivity. One possible reason for the markedly higher
sensitivity of the RIA compared to LIPS is that RIA uses the native receptor containing three
additional subunits (β, δ, and γ/ε subunits) besides the alpha chain. It is likely that these
other AChR subunits are required for optimal folding and detection of conformational
autoantibodies that are missed by LIPS. Consistent with this idea, a chimera in which the
MIR of the AChR-α1 subunit was incorporated into the AChR-α7 subunit and which was
immunoprecipitated by monoclonal antibodies directed at the MIR, failed to directly bind
autoantibodies in MG patient sera, suggesting the importance of specific contributions from
the other subunits of the muscle derived AChR in the detection of autoantibodies in some
patients [30]. Another possibility accounting for the lower sensitivity of the LIPS assay
compared to the α-BTX RIA is that the AChR-α1 protein fusions expressed in the LIPS
assay may still not fold optimally. This may be because the AChR-α1 chain is normally a
transmembrane protein and its artificial expression as a fusion with Ruc may disrupt its
native conformation. Along these lines, autoantibody immunoreactivity toward the NMDA
receptor was originally thought to involve multiple receptor subunits, but was later shown to
be directed toward a single subunit [6;7;31]. These studies of the AChR and NMDAR
highlight the complexity in identifying and recapitulating conformational epitopes directed
at neurotransmitter receptors to detect patient autoantibodies and give further incentive to
develop a method to systematically evaluate epitopes to specific receptor subunits.
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Comparatively, cell-based assays appear to be the most sensitive method to detect patient
autoantibodies directed at neurotransmitter receptors. Leite et al. demonstrated that many α-
BTX RIA seronegative myasthenic patients do have autoantibodies against the AChR when
a highly sensitive immunofluorescence-based assay was used for detection [8]. In this
immunofluorescence-based assay, all four AChR subunits, along with rapsyn, are
coexpressed in HEK cells to mimic the tightly clustered pentameric receptor found
embedded in the plasma membrane at the neuromuscular junction. Although the specific
antigenic epitopes on these other AChR chains have not been extensively investigated, it is
possible that the β, δ, ε/γ subunits of AChR are direct targets of MG autoantibodies [21;22].
Future LIPS studies using co-expression of other AChR subunits and/or additional proteins
(e.g. rapsyn) may also be helpful for improving the sensitivity of detection of MG patient
autoantibodies and understanding the relative contribution in immunoreactivity regarding
these other subunits.

Despite our inability to directly predict in advance which subunit fragment might be the
most useful in LIPS for detecting autoantibodies to the AChR-α1 chain, these studies yield
some important insights. Based on this empirical data using multiple protein fragments,
LIPS detection of AChR-α1 autoantibodies is strongly influenced by protein folding.
Nevertheless, once established for AChR-α1 chain or likely other receptors, LIPS could be a
powerful, reproducible tool for evaluating patient autoantibodies. Another finding that
emerged from these studies was that the single amino acid change (C124A) in the Ruc
reporter resulted in increased detection of immunoreactivity from 7% to 32% for the AChR-
α1-Δ1 fragment. There are two possible explanations for the increased sensitivity of the
Ruc-C124A fusion proteins. First, the Ruc-C124A fusions demonstrated increased
enzymatic activity compared to the native Ruc-antigen fusions, providing an increased input
for the assay. Second, it is possible that subtle amino acid changes within Ruc outside the
target antigen can alter conformational folding of the antigen. Since this enhanced Ruc
enzyme contains a substitution of alanine for cysteine, it is also possible that intramolecular
disulfide bonds between the single cysteine in the extracellular domain of the AChR and
Ruc are now minimized, thereby enhancing the native conformation of the receptor. Further
modification of the Ruc reporter may also enhance immunoreactivity of some of the AChR-
α1 fusion proteins.

While the clinical α-BTX RIA demonstrates markedly greater sensitivity than the LIPS
assay described here, LIPS still provides highly quantitative detection of autoantibodies to
the AChR in a subset of MG patients. For many of the samples, a much wider dynamic
range of antibody titers was found by LIPS compared to the RIA. For example, by the LIPS
assay, one MG patient showed titers 88-fold higher than the cutoff compared to only 22-fold
for the α-BTX RIA. The ability to detect a larger dynamic range by LIPS assay may be
clinically useful for determining whether MG patient autoantibody titers change in response
to treatment. The studies outlined here lay the groundwork for additional diagnostic
improvements and for evaluating immunoreactivity to likely other neurotransmitter
receptors.
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Figure 1. Recombinant AChR-α1 proteins used in LIPS
(A) The full length and 10 deletion mutants of the α1 subunit of the AChR were cloned into
the pREN3S vector to generate N-terminal fusions with Renilla luciferase. SP: signal
peptide; ECD: extracellular domain; T: transmembrane segment. Typical recoverable Ruc
activity for each construct is shown to the right as LU/μL extract. (B) The D6 monoclonal
antibody, directed at the AChR-α1 subunit was used to immunoprecipitate the AChR-α1-
Ruc fusion proteins. The amount of protein immunoprecipitated is expressed as a percentage
of the total input for each assay. The inset shows a schematic of the AChR-α1 subunit within
the plasma membrane; the dots on the figure denote the approximate location of each
truncation mutant.
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Figure 2. Detection of MG patient autoantibodies by a panel of AChR-α1 truncation mutants
A cohort of MG patients (N=14) and controls (N=15) was screened for autoantibodies using
full length AChR-α1 and 10 deletion mutants. Each point represents the average amount of
fusion protein immunoprecipitated in two independent experiments by each patient in LU.
The long solid line in each graph represents the cutoff derived from the average plus three
standard deviations of the control group.
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Figure 3. Detection of MG patient autoantibodies using AChR-α1-Δ5
A larger cohort of MG patients (N=63) and controls (N=29) and disease controls (N=39)
were screened using AChR-α1-Δ5. Each point represents the average amount of fusion
protein immunoprecipitated in two independent experiments by each patient in LU. In each
panel, the long solid line shows a cutoff based on the average of the control group plus three
standard deviations. The shorter solid lines indicate the average of each group.
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Figure 4. Effect of Ruc-C124A reporter on the detection of patient autoantibodies
The larger cohort of MG patients (N=63) and controls (N=29) was revaluated using (A)
AChR-α1-Δ5 and (B) AChR-α1-Δ1 fused to the Ruc-C124A mutant reporter. Each point
represents the average amount of fusion protein immunoprecipitated in two independent
experiments by each patient in LU. The long solid line shows a cutoff based on the average
plus three standard deviations of the controls. The shorter solid lines indicate the average of
each group.
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Figure 5. Measurement of MG patient autoantibodies by 125I-α-BTX RIA
(A) MG patients and normal controls were also evaluated for anti-AChR autoantibodies
using the standard RIA. Each point represents the average amount of 125I-α-BTX
immunoprecipitated (cpm) by each serum in two independent experiments. The long solid
line represents the cutoff (1,728 cpm) based on the average plus three standard deviations of
the controls. (B) The correlation of antibody titers for the 20 MG patients who were co-
positive in the AChR-α1-Δ5-Ruc-C124A LIPS assay and the α-BTX RIA were analyzed.
LU data for each patient sample screened by AChR-α1-Δ5-Ruc-C124A was log10-
transformed and plotted on the y-axis. Each sample's corresponding RIA result is plotted on
the x-axis in cpm. The solid horizontal line represents the log10-transformed cutoff for the
LIPS data (3.7 LU), and the solid vertical line represents the RIA cutoff (1,728 cpm).
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