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A B S T R A C T   

Neuron–specific enolase (NSE) is a promising small–cell lung cancer (SCLC) biomarker composed of αγ and γγ 
isozyme dimers. As the conventional immunoassays are prone to interferences and cannot differentiate between 
the isozymes, we developed a multiplex immunoaffinity (IA) liquid chromatography–tandem mass spectrometry 
(LC–MS/MS) assay for the quantification of NSEα and NSEγ in human serum. A calibrator was prepared by 
performing cold denaturation of recombinantly expressed αα and γγ enolase dimers to induce a new dimer 
equilibrium that was determined to be approximately 1αγ:1γγ:1αα. Selective sample purification was achieved by 
performing IA extraction using an antibody specific towards NSEγ. The isolated αγ and γγ dimers were denatured 
and trypsin digested to allow quantification of the selected signature peptides and their corresponding isotopi
cally labelled peptide internal standard. The obtained linear dynamic ranges were determined to be 1.5–56 ng/ 
mL and 0.64–167 ng/mL for NSEα and NSEγ (R2 

= 0.88 and 0.97 respectively). Validation of the assay showed 
acceptable accuracy and precision for NSEα and NSEγ. The method was successfully applied to patient serum in 
which both isozymes were detected. Compared to the conventional immunoassay, substantially lower total NSE 
concentrations were measured in IA LC–MS/MS. With this multiplex IA LC-MS/MS assay, the clinical value of 
quantifying the individual isozymes can be explored. In addition, together with the calibrator described here, it 
may be applied to standardize NSE immunoassays across different platforms.   

1. Introduction 

Neuron–specific enolase (NSE) is a glycolytic metalloenzyme that is 
composed of αγ and γγ dimers and was originally discovered in the ex
tracts of brain tissue [1,2]. NSE is part of the enolase family, which 
comprises three enolase isozymes, forming five dimeric combinations: 
αα, αβ, ββ, αγ and γγ [3–5]. The αγ and γγ dimers are predominantly 
expressed in neurons and neuroendocrine cells, including neuroendo
crine tumors like small–cell lung cancer (SCLC). The αγ heterodimer and 
low concentrations of the γγ homodimer are also found in erythrocytes 
and platelets [6,7]. 

In recent years, NSE has been reported to be a promising tumor 
marker for the diagnosis and follow–up of SCLC, as elevated serum NSE 
concentrations correlated with disease progression [6]. Improved 
diagnostic value was observed by combining NSE detection with the 
assessment of other protein tumor markers such as cytokeratin fragment 
21–1 [8–12]. Nevertheless, the clinical applicability of NSE quantifica
tion using the traditional sandwich immunoassays is hampered by the 
lack of concordance between assays and the falsely elevated concen
trations caused by hemolysis [13–16]. Above all, the inability to sepa
rately quantify the αγ and γγ dimers limits the opportunity to investigate 
their individual added value in lung cancer diagnostics. 
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Immunoaffinity-liquid chromatography–tandem mass spectrometry 
(IA LC–MS/MS) is a relatively new approach that has confirmed its 
potential in clinical diagnostics [17]. This hybrid method combines el
ements of a ligand binding assay and MS, therewith ensuring maximum 
selectivity enabling protein quantification in complex matrices in the 
low ng/mL range. The number of IA LC–MS/MS methods for peptide and 
protein biomarker quantification significantly increased during the past 
decade [17], including thyroglobulin [18] and parathyroid hormone- 
related peptide [19] assays, which are now used by laboratories in 
clinical practice. LC–MS/MS approaches pose multiple advantages 
compared to immunoassays alone, as they offer the opportunity to 
quantify multiple biomarkers in a single run (multiplexing) and to 
obtain additional molecular information such as isoform differentiation 
and identification of post–translational modification. An example of this 
is prostate–specific antigen, where quantification of its isoforms was 
shown to improve the specificity of prostate cancer diagnostics [20]. 
Likewise, a NSEγ quantification approach based on IA LC–MS/MS was 
described by Torsetnes et al., showing potential for the quantification of 
NSE in a multiplex format, although quantitative analysis of the NSEα 
isoform was not achieved due to the lack of commercially available 
NSEαγ calibrators [21,22]. There is thus need to develop NSEαγ cali
brators that could support the quantitative analysis of the two NSE 
isoforms simultaneously using IA LC–MS/MS. 

In this study, NSEαγ heterodimers were formed via reversible disso
ciation using cold denaturation of recombinantly expressed NSEα and 
NSEγ. The obtained calibrator was used to confirm successful and se
lective purification, separation and quantification of NSEαγ and NSEγγ 
in a newly developed multiplex IA LC–MS/MS assay. The applicability of 
the method in patient samples and correlation with a conventional 
immunoassay were shown. The standards and multiplex IA LC–MS/MS 
assay therefore set the foundation to further study the role of the 
different NSE isozymes in lung cancer diagnostics. 

2. Experimental 

2.1. Chemicals and reagents 

Stable isotopically labeled internal standard (IS) peptides ELPLY 
[R_13C6_15N4] (99.9% purity) and TIAPALVS[K_13C6_15N2] (95% purity) 
were obtained from Pepscan BV (Lelystad, The Netherlands), diluted in 
MilliQ (MQ) with 10% acetonitrile (ACN) and 0.1% formic acid (FA) and 
stored in aliquots at − 80 ◦C. 

Anti–h NSE 9601 SPTN-5 monoclonal mouse antibody was obtained 
from Medix Biochemica (Espoo, Finland). Protein G Dynabeads and BS 
(PEG)5 were purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). Sequencing grade modified trypsin was purchased from Promega 
(Madison, WI, USA), diluted in 50 mM acetic acid to a concentration of 
30 ng/µL, aliquoted and stored at − 80 ◦C. LC-MS grade mobile phase 
solvents were obtained from Biosolve (Valkenswaard, The Netherlands). 
14–3-3 Tobacco was kindly supplied by Thijs van Veldhuisen (Eind
hoven University of Technology, The Netherlands). Adult bovine serum 
and all other reagents were purchased from Sigma-Aldrich (Saint Louis, 
MO, USA). 

2.2. Protein expression 

His-tagged NSEα and NSEγ were expressed in E. coli BL21 (DE3) cells 
with a pET28a(+) plasmid (Genscript Biotech, Leiden, The Netherlands) 
and pJL-H10-ENO2 plasmid (MD Anderson Cancer Center, Houston, 
TX), respectively. Both proteins were purified following standard pro
cedures using nickel column purification and size exclusion chroma
tography. Sequence identity and purity was confirmed using high 
resolution (HR) Q–TOF LC-MS and sodium dodecyl sulfa
te–polyacrylamide gel electrophoresis (Supplementary Fig. 1 &2). Pu
rified proteins were dissolved in 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 
0.5 mM TCEP and stored at − 80 ◦C until use. 

2.3. Signature peptide selection 

Signature peptide (SP) selection was performed by evaluating the 
tryptic peptides of NSEα and NSEγ based on the uniqueness in the human 
genome using BlastP software (https://blast.ncbi.nlm.nih.gov/Blast. 
cgi), number of amino acids (6 < n < 25), the presence of potentially 
unstable amino acids (M, C, N, Q), signal intensity and chromatographic 
interference. The latter was evaluated by separately dissolving 5 µg of 
NSEα and NSEγ in 50 mM Tris-HCl + 1 mM CaCl2 pH 7.6 followed by 
denaturation at 95 ◦C at 1200 rpm for 10 min and overnight digestion at 
37 ◦C and 600 rpm using a 1:20 trypsin:protein ratio (w/w). The reac
tion was stopped by adding 2% formic acid (FA). Samples were then 
analyzed using HR Q–TOF-LC–MSe (Waters, Milford, MA) to confirm the 
sequence identity of the precursor and product ions. This is a data 
acquisition mode that alternates low-energy and high-energy collision 
energies (CE), enabling the measurement of precursor and product-ions 
within one chromatographic run. 

2.4. Antibody coupling to protein G functionalized magnetic beads 

The coupling procedure was performed multiple times using LoBind 
Eppendorf/Falcon tubes, according to the following general procedure: 
8.33 µL protein G Dynabeads were washed twice in 250 µL conjugation 
buffer (100 mM sodium phosphate, 70 mM NaCl, 0.05% Tween–20 (v/ 
v), pH 8.0). The supernatant was removed and 250 µL of 8 µg/mL Anti-h 
NSE 9601 dissolved in conjugation buffer was added to the beads. After 
30 min incubation with rotation, 1.25 µL of 5 mM BS(PEG) 5 dissolved in 
cold conjugation buffer was added (final concentration 25 µM) and 
incubated for 30 min with rotation. The reaction was quenched by 
adding 25 µL of 1 M Tris–HCl, pH 7.5 for 15 min with rotation. The 
supernatant was removed and unbound antibody was eluted by adding 
50 µL (elution 1) and 200 µL (elution 2) elution buffer (1 M NaSCN in 
100 mM Tris–HCl, pH 7.5) for 5 min with rotation. The beads were then 
washed twice with 250 µL PBS, 0.1% Tween–20, pH 7.4 and subse
quently stored in this buffer at 4 ◦C until further use. For large–scale 
experiments, volumes were multiplied by the number of equivalents. 

2.5. Immunoaffinity extraction of NSE 

For all samples described in this study, either dissolved in 5% BSA in 
PBS or in different types of serum, 250 µL of the Anti–h NSE 9601 coated 
magnetic beads was transferred into a LoBind Eppendorf tube and the 
supernatant was removed. The beads were washed twice with 200 µL 
PBS 0.1% Tween–20, pH 7.4 after which the supernatant was removed 
and 1 mL sample was added to the beads. Samples were incubated for 2 h 
at room temperature with rotation and after removal of the supernatant, 
the beads were successively washed two times with 200 µL PBS 0.1% 
Tween–20, pH 7.4 and two times with 200 µL PBS, pH 7.4. The beads 
were then resuspended in 80 µL digestion buffer (50 mM Tris-HCl, 1 mM 
CaCl2, pH 8.0) containing 0.46 ng TIAPALVS[K_13C6, 15N2] and 0.42 ng 
ELPLY[R_13C6, 15N4]. 

2.6. Tryptic digestion 

The sample was denatured for 10 min at 95 ◦C and 1200 rpm after 
which the mixture was cooled down and shortly centrifuged. Digestion 
was initiated by incubating with 300 ng trypsin for 2 h at 37 ◦C and 
1200 rpm. To stop the reaction, the sample was put on ice and a mixture 
of ACN and FA (final composition 10% ACN, 2% FA) was added. The 
supernatant was transferred to a new LoBind Eppendorf tube, centri
fuged for 10 min at 13400 rpm and transferred into a LC–MS vial. 

2.7. Instrumentation and chromatographic conditions 

Analysis of the recombinantly expressed proteins and evaluation of 
potential SPs were performed using a Xevo G2 HR Q–TOF coupled to an 
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Acquity UPLC I class binary solvent manager and Acuity UPLC Sample 
Manager-FL (Waters, Milford, MA). An Agilent Polaris C8–A 
(2.0x150mm, 3 µm) column was used for chromatographic separation 
with a flow of 0.3 mL/min and a column temperature of 60 ◦C. The 
mobile phases consisted of (A) 0.1% FA in MQ and (B) 0.1% FA in ACN. 
The gradient in minutes per percentage of mobile phase B was 0.0 min/ 
15%, 7.5/75, 8.0/75, 8.1/15 and 10/15. The tryptic peptides were 
evaluated with the same conditions using an Agilent Polaris C18-A 
(2.0x100 mm, 3 µm) column and a gradient in minutes per percentage 
of mobile phase B of 0.0 min/5%, 23.5/80, 23.6/90, 25.0/90, 25.1/5 
and 30/5. Electrospray ionization (ESI) was operated in positive mode. 
In case of the tryptic peptide evaluation, mass spectra were collected in 
MSe mode with a ramped CE from 20 to 50 V over the range of 
100–2000 m/z. Peptide sequencing was performed using the BioLynx 
application within the software (Waters, Milford, MA). 

Quantitative analysis was done on a LCMS–8045 triple quadrupole 
coupled to a Nexera–I LC–2040C 3D Plus (Shimadzu, Kyoto, Japan) and 
Shimadzu LabSolutions software (version 5.93). Chromatographic sep
aration was carried out using an Agilent Polaris C18-A (2.0x100 mm, 3 
µm) column with a gradient of 0.0 min/5%, 11.0/20, 15.3/80, 15.5/90, 
16.0/90, 16.1/5 and 21/5. The flow was directed to waste the first 8.6 
min and after 9.5 min. The flow rate was set to 0.3 mL/min, the column 
temperature to 50 ◦C and the sample temperature to 15 ◦C. The injection 
volume was determined to be 15 µL. The ESI was operated in positive 
mode with the optimized transition settings of the SP and IS listed in 
Table 1. The TIAPALVSK transitions were measured from 8.6 until 9.1 
min and the ELPLYR transitions were measured from 9.0 until 9.5 min. 

2.8. Preparation of NSE depleted serum 

Whole blood of 10 healthy volunteers was collected in 8.5 mL BD 
Vacutainer SSTII Advance Plus Blood Collection Tubes during routine 
venipuncture. The sera were obtained within one hour after collection 
by centrifugation for 10 min at 2683 g at 20 ◦C and subsequently pooled. 
Depletion of NSE was performed in 6 incubation steps using the mag
netic bead constructs and 1 mL sample volume. After incubation, the 
supernatant was collected and the captured NSE was eluted using 1 M 
NaSCN. The beads were re-equilibrated prior to renewed addition of the 
supernatant. The remaining NSE concentration was checked 4 times 
using the bottom-up LC-MS/MS procedure described above. 

2.9. Heterodimerization 

To confirm spontaneous homodimerization of self-expressed NSEα 
and NSEγ, Dynamic Light Scattering (DLS) was performed using 14–3-3 
Tobacco as a reference protein. NSEα, NSEγ and 14–3-3 Tobacco were 
each dissolved at 16.2 µM in 10 mM Tris-HCl, 150 mM NaCl at pH 7.4 
and filtered using a Whatman 0.2 µm syringe filter. A Malvern instru
ment Zetasizer (model Nano ZSP) and Zetasizer software were used to 
analyze and process the data. DLS measurements were conducted at 
25 ◦C with 100 µL sample volume. 

NSE heterodimerization was assessed by spiking solutions of 100 and 
200 µg/mL NSEα and NSEγ in PBS. The samples were individually snap 
frozen and stored at − 70 ◦C for 2 days to achieve heterodimerization. 

The samples were then diluted in native loading buffer (62.5 mM Tris- 
HCl, pH 6.8 [40% (v/v) glycerol, 0.01% (w/v) bromophenol blue]). 
Native polyacrylamide gel electrophoresis (PAGE) was performed by 
loading 1 and 2 µg protein of the 100 and 200 µg/mL samples respec
tively (n = 2) into pre-casted polyacrylamide gels (Bio-Rad Laboratories, 
Hercules, CA USA), which were submerged in native running buffer (25 
mM Tris-HCl, 192 mM glycine, pH 8.3). The gels were ran for 160 min at 
100 V at 4 ◦C, stained using Coomassie G250 staining for 30 min and 
destained in MilliQ overnight. 

In gel digestion was performed by adding 100 mM ammonium bi
carbonate/ACN (1:1, v/v) to gel pieces followed by incubation for 30 
min. Neat ACN was added and the samples were incubated at room 
temperature until the gel pieces became colorless and shrunk. The dry 
gel pieces were submerged in trypsin buffer (7.5 ng/µL trypsin, 50 mM 
ammonium bicarbonate [10% (v/v) ACN]) and incubated for 2 h at 4 ◦C. 
Digestion was performed in a thermomixer at 37 ◦C and 1200 rpm 
overnight. Extraction of the digest was facilitated by addition of 100 µL 
extraction buffer (5% FA / ACN [1:2, v/v]) and subsequent incubation at 
37 ◦C for 15 min. The digest was collected after addition of 20 µL MilliQ 
(0.1% [v/v] FA). 

2.10. Assay validation 

The NSE calibrator was made by adding 100 µg/mL NSEα and 100 
µg/mL NSEγ to PBS, which was then stored for 2 days at − 70 ◦C. Cali
bration standards were prepared in NSE depleted serum (NDS) by serial 
dilutions starting with 500 ng/mL and subsequently stored at –70 ◦C. 
Calibration curves were constructed using a sample volume of 1.0 mL (n 
= 3, at 2 different days). Background subtraction was applied. For each 
analytical run, peak area ratios of the SP and IS were plotted versus the 
nominal concentrations of the calibration standards using linear 
least–squares regression with a weighing factor of 1/x2. The lower limit 
of quantification (LLoQ) was calculated using the formula: 10•(standard 
error of y–intercept/slope). The regression equation of the calibration 
curve was used to back–calculate the measured concentrations for the 
standards and the results were compared to nominal concentrations to 
obtain accuracy, expressed as a percent deviation (%) from the nominal 
value, and precision, expressed as coefficient of variation (CV, %). The 
results were compared to European Medicines Agency (EMA) guidelines, 
which recommend acceptance criteria of < 15% and < 20% for chro
matographic methods and ligand binding assays respectively and < 20% 
and < 25% for LLoQ thereof. Carry-over was assessed by measuring 
blank samples after the highest calibration standard. Specificity towards 
NSEαγ and NSEγγ was evaluated by comparing the peak area ratio of 
blank samples to samples containing 25 ng/mL NSEα (in the absence of 
NSEγ). 

2.11. Comparative study 

Residual serum samples were pooled to obtain nine independent 
serum pools. A commercially available electrochemiluminescent assay 
(ECLIA) was used for the quantification of NSE. The test was validated 
and performed on a Cobas platform (e801, Roche Diagnostics, Rotkreuz, 
Switzerland). 

Table 1 
Optimized MRM transitions for the NSEα and NSEγ SPs (TIAPALVSK: 450.282+>685.45+ and 450.282+>614.40+, ELPLYR: 395.722+>274.752+ and 
395.722+

>548.35+ respectively) and their corresponding IS (TIAPALVS[K_13C6, 15N2]: 454.282+
>693.45+, ELPLY[R_13C6, 15N4]: 400.732+

>279.802+). MRM: mul
tiple reaction monitoring, SP: signature peptide, IS: internal standard, CE: collision energy.  

Protein Peptide sequence Precursor (m/z) Product (m/z) Product ion type Q1 pre-bias (V) CE (V) Q3 pre-bias (V) 

NSEα TIAPALVSK (quantifier, SP)  450.28  685.45 y7+ − 13 − 14 − 28  
TIAPALVSK (qualifier, SP)  450.28  614.40 y6+ − 13 − 15 − 24  
TIAPALVS[K_13C6, 15N2], (IS)  454.28  693.45 y7+ − 13 − 14 − 28 

NSEγ ELPLYR (quantifier, SP)  395.72  274.75 y42+ − 20 − 13 − 21  
ELPLYR (qualifier, SP)  395.72  548.35 y4+ − 20 − 14 –22  
ELPLY[R_13C6, 15N4], (IS)  400.73  279.80 y42+ − 20 − 14 –22  
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2.12. Study design and participants 

Clinical samples of lung cancer patients were pooled and used for 
assay comparison. The samples were selected from a clinical study (lung 
marker study NL9146, ICTRP Search Portal (who.int)) described else
where [16,23–25], ethically approved by the Medical Research Ethics 
Committees United (NL58985.100.16). 

3. Results and discussion 

3.1. Signature peptide selection 

The tryptic peptides of recombinantly expressed NSEα and NSEγ 
were assessed based on their uniqueness in the human genome, peptide 
length, the absence of unstable amino acids and detectability. The pre
viously described [21] TIAPALVSK (NSEα) and ELPLYR (NSEγ) peptides 
met all criteria (Supplementary Fig. 3) and were therefore selected as 
SPs for their respective isozymes. Corresponding stable isotopically 
labeled peptides TIAPALVS[K_13C6, 15N2] and ELPLY[R_13C6, 15N4] were 
chosen as IS to correct for experimental variation after tryptic digestion. 
Multiple reaction monitoring (MRM) optimization resulted in optimized 
transitions and CE for all peptides (Table 1). The qualifier/quantifier 
ratio was used for quality control. To obtain good chromatographic 
separation of the two SPs, a gentle gradient for the separation and 

elution of both SPs was used, a subsequent steeper gradient for the 
elution of remaining substances followed by an equilibration phase to 
prepare the column for the next run. The final LC method yielded suit
able values for the retention factor (k ≥ 3) and chromatographic reso
lution (Rs ≥ 1.5) and both SPs co–eluted with their corresponding IS 
(Fig. 1). 

3.2. Immunoaffinity purification using protein G functionalized magnetic 
beads 

Preanalytical sample purification was performed using an IA purifi
cation step with Anti–h NSE 9601, which is described to be a high af
finity antibody towards NSEαγ and NSEγγ without cross–reactivity with 
αα–homodimers [26]. The antibody was covalently coupled to protein G 
functionalized magnetic beads using a BS(PEG)5 linker [27]. First, assay 
conditions including the antibody–bead–linker concentration, incuba
tion time, digestion time (Supplementary Fig. 4A) and number of 
washing steps were optimized, revealing no significant differences be
tween the optimal isolation conditions of NSEγ and NSEα (data not 
shown). Due to the presence of endogenous NSE in human serum, the 
use of surrogate matrices was investigated for calibration and validation 
purposes. A 5% BSA solution appeared to be insufficient as a surrogate 
matrix, as the peak area ratio significantly increased compared to bovine 
serum and diluted samples thereof (illustrated for NSEγ in 

Fig. 1. MRM chromatogram of the NSEα and NSEγ SPs (TIAPALVSK: 450.282+>685.45+ and 450.282+>614.40+, ELPLYR: 395.722+>274.752+ and 
395.722+>548.35+ respectively) and their corresponding IS (TIAPALVS[K_13C6, 15N2]: 454.282+>693.45+, ELPLY[R_13C6, 15N4]: 400.732+>279.802+). MRM: 
multiple reaction monitoring, SP: signature peptide, IS: internal standard. 

Fig. 2. Formation of NSEαγ heterodimers. A) Native PAGE of αα, γγ and the freeze–thawed αγ samples, revealing an additional αγ band in the freeze–thawed αγ 
samples compared to γγ solely. No band was seen in case of αα as is was not negatively charged and therefore not attracted towards the positive pole. B) In gel 
digestion and LC–MS/MS quantification of the two bands appearing in the NSEαγ samples, showing an NSEγ signal for the lower band and an NSEα and NSEγ signal 
for the upper band. PAGE: polyacrylamide gel electrophoresis. 
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Supplementary Fig. 4B), which is a known phenomenon most probably 
caused by non–specific binding of other serum proteins [28]. To obtain a 
surrogate matrix, NSE depleted serum (NDS) was made by performing 
multiple NSE depletion cycles in pooled human serum using the anti
body–bead constructs until the signal stagnated, resulting in minor 
background NSE signal that was subtracted from the overall signal 
(Supplementary Fig. 5). 

3.3. NSEα and NSEγ heterodimerization 

Enolases are dimeric in structure, where γγ is known to have the 
highest binding affinity (15 nM), αα is the least stable and the hetero
dimer has intermediate stability [29,30]. DLS was performed to confirm 
that the expressed αα and γγ enolases were present in a dimeric state 
(Supplementary Fig. 6). The experiments on αα and γγ enolase showed 
hydrodynamic diameters of 7.2 ± 2.0 nm and 5.9 ± 1.6 nm respectively. 
This theoretically corresponds to a spherical particle/protein of around 
210 ± 106 kDa and 106 ± 46 kDa respectively, which is in line with the 
calculated masses of ~ 97 kDa of the dimers. The mass calculations were 
based on a spherical model, which is not expected to match the actual 
shape of the protein dimers exactly. The well–known homodimeric 
protein 14–3-3 Tobacco (~58 kDa in dimeric state) was used as a 
reference, showing comparable results. 

Previous studies showed that reversible dissociation techniques 
including pressure–, temperature– and salt induced denaturation 
resulted in successful dissociation of the homodimers and formation of 
the NSEαγ heterodimer. It was assumed that the recombinantly 
expressed proteins were also present as homodimers and so several 
reversible dissociation techniques were evaluated via native poly
acrylamide gel electrophoresis (PAGE). As shown in Fig. 2A, a single 
band was visible for a sample containing NSEγγ solely, whereas no 
protein band was visible for a sample containing αα enolase alone. The 
absence of a band in case of αα could be explained by the large difference 
in isoelectric point of 7.38 (γ) and 4.75 (α) [31]. Consequently, γγ carries 
a net negative charge while αα does not, resulting in stronger attraction 
of γγ towards the positive pole, while αα will not be attracted. Neither 
incubation of a 1:1 equimolar ratio of α:γ in PBS at room temperature 
nor heat (40 ◦C) or salt (KBr) induced denaturation resulted in successful 
heterodimerization (data not shown). However, incubation of a 1:1 ratio 
of α:γ in PBS followed by a freeze–thaw cycle did result in an additional 
protein band compared to the individual γγ homodimer (Fig. 2A). This 
dissociation technique is called cold denaturation and has previously 
been applied for reversible dissociation of other protein complexes 
[32–34]. In–gel digestion revealed a NSEγ signal for the lower protein 
band and a NSEα and NSEγ signal for the new upper band, which con
firms the successful heterodimerization (Fig. 2B). Comparable in
tensities of the NSEαγ and NSEγγ protein bands in both the 1 and 2 µg 
samples demonstrates a roughly 1:1 ratio of both dimers and therewith a 
final composition of roughly 1αγ:1γγ:1αα. The mixture of homo– and 

heterodimers was used as calibrator in further quantitative experiments. 

3.4. Further characterization of the calibrator 

To allow for the use of the heterodimerized NSE calibrator for vali
dation of the IA LC–MS/MS assay, the exact dimer composition should 
be quantified. To this end, the signals obtained after performing the IA 
LC–MS/MS assay were compared to direct digestion of the calibrator 
without performing IA purification. During direct digestion, all dimeric 
isozymes in the mixture are digested including αα enolase, while this 
homodimer is not detected during IA purification as only NSE dimers 
containing the γ isozyme are captured by the antibody. Therefore, direct 
digestion of the standard containing equimolar amounts of NSEα and 
NSEγ will represent the maximum NSEα:NSEγ peak area ratio that can 
be obtained when performing the IA LC–MS/MS assay with a sample 
that contains the NSEαγ heterodimer solely. The NSEα:NSEγ peak area 
ratio (SP/IS of NSEα divided by SP/IS of NSEγ) in direct digestion was 
determined to be 1.08 ± 0.15 (mean + standard deviation). If the NSEα 
signal obtained after performing IA LC–MS/MS is lower, and therefore 
also the NSEα:NSEγ peak area ratio, it is expected that the calibrator is 
composed of the αγ heterodimer and γγ and αα homodimers. To confirm 
this, increasing concentrations of the calibrator were spiked in NDS and 
measured using the IA LC–MS/MS assay (Fig. 3A). By dividing the slope 
of NSEα by the slope of NSEγ, the NSEα:NSEγ peak area ratio was 
calculated to be 0.36. Compared to the peak area ratio of 1.08 in case of 
direct digestion, this indicates a ratio of approximately 1NSEα:3NSEγ. 
This implies an overall 1:1:1 M ratio of αγ:γγ:αα dimers in the calibrator, 
which is confirmed by the native PAGE results (Fig. 2A). 

3.5. Assay validation 

During IA purification, only αγ and γγ are captured by the antibody, 
while the irrelevant αα dimer is not isolated. To this end, a NSEγ cali
bration curve can be constructed by plotting the spiked NSEγ concen
tration in the calibrator against the detected signal, while the total NSEα 
concentration in the calibrator should be divided by 3 to construct a 
NSEα calibration curve, as the dimer ratio (1αγ:1γγ:1αα) indicates that 
only 1 out of 3 α monomers is detected during the IA LC–MS/MS assay, i. 
e. the NSEα monomers in the αγ heterodimer. As shown in Fig. 3B, 
linearity was achieved for both NSEα and NSEγ (R2 = 0.88 and 0.97 
respectively) up to a NSEγ concentration of 167 ng/mL respectively, 
above which curve flattening was observed caused by saturation of the 
beads. The LLoQ of NSEα and NSEγ were calculated to be 1.5 ng/mL and 
0.64 ng/mL respectively and so final detection ranges of 1.5–56 ng/mL 
for NSEα and 0.64–167 ng/mL for NSEγ were achieved. Until to date, no 
differentiation between both isozymes in healthy nor SCLC patients has 
been established. As such, the exact relevant concentration range for 
both isozymes is unknown. Notwithstanding, we previously reported 
total serum NSE concentrations ranging from 4.59 to 370 ng/mL 

Fig. 3. Characterization and calibration using the 
NSE calibrator (NSEα: green dots, NSEγ: red tri
angles). A) Spiking of the calibrator in NDS revealed a 
NSEα:NSEγ slope ratio of 0.36, indicating a 1:3 NSEα: 
NSEγ ratio. B) Constructed calibration curves after 
correction of the NSEα concentration by dividing the 
NSEα concentration by 3 based on the 1:1:1 ratio of 
αγ:γγ:αα (n = 3, 2 days). NDS: NSE depleted serum, 
SP: signature peptide, IS: internal standard. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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measured with ECLIA (NSEαγ + NSEγγ) in 683 patients suspected of 
having lung cancer, with a median concentration of 62 ng/mL in the 
SCLC patients [25]. As the total NSE concentration is expected to be 
dominated by NSEγ which is present in both NSEαγ and NSEγγ, the 
detection ranges of both isozymes are expected to be sufficient for most 
of the SCLC patient samples. 

The differences between the back–calculated concentrations of the 
isozyme calibration curves and the nominal values were used to calcu
late accuracy and precision, as shown in Table 2. The accuracy and 
precision levels of NSEγ were all < 20%, including the lowest calibration 
standard close to the LLoQ. For NSEα nearly all levels were < 20%, 
except for the mean accuracy at 19 ng/mL (34%) and the mean precision 
at 0.69 ng/mL (46%). For conventional ligand binding assays and 
chromatographic methods, the EMA guidelines describe tolerance levels 
< 20% and < 15% respectively, and < 25% and < 20% for the LLoQ. As 
yet, there are no guidelines for complex IA LC–MS/MS quantification 
assays of endogenous proteins, which contain more pretreatment steps 
including digestion. The described performances are therefore assumed 
to be acceptable, although a full–protein IS prior to sample purification 
is expected to lower variation. 

No carry–over was observed for both the NSEα and NSEγ SP and their 
corresponding IS. Specificity towards NSEαγ and NSEγγ was confirmed, 
as no significant cross–reactivity towards αα enolase was observed when 
blank samples were compared to αα samples (<15%). 

3.6. Detection in human serum samples 

Nine independent human serum pools were used to test the appli
cability of the newly developed IA LC–MS/MS assay in patient samples. 
In addition, the NSE concentrations were quantified using a conven
tional ECLIA and the results were compared to IA LC–MS/MS (Fig. 4A). 
Both isozymes were successfully detected in all patient serum pools 
when using the IA LC-MS/MS assay, where all NSEγ concentrations were 
higher compared to NSEα. Comparison of the absolute concentrations 
quantified in both assays showed good correlation, although the total 
NSE concentration measured in IA LC–MS/MS was lower than in ECLIA 

with a mean bias of − 122% (Fig. 4B). The reported concentrations are 
not directly interchangeable due to the different capturing antibody 
clones and potential interference components in ECLIA. This illustrates 
the need for extensive clinical validation before IA LC–MS/MS meth
odology is to be used in a clinical setting to allow interpretation of 
concentration differences and diagnostic cut-off values. To our knowl
edge, the true concentration of the individual NSE isozymes have never 
been established. The respective concentrations of NSE homo- and 
heterodimers therefore need to be studied in healthy subjects as well as 
SCLC patients. Such novel insights could also aid in improved hemolysis 
correction, as the predominant dimer in erythrocytes is NSEαγ, which is 
currently not discriminated from NSEγγ in ECLIA. 

4. Conclusion 

The combination of IA purification and LC–MS/MS quantification 
was, for the first time, shown to enable selective quantification of both 
NSEα and NSEγ isozymes in a multiplex format. Formation of NSEαγ 
heterodimers was achieved using cold denaturation, which induced 
reversible dissociation of the recombinantly expressed homodimers and 
provided a suitable calibrator containing both homo–and heterodimers. 
The IA LC–MS/MS assay provided sufficient LLoQs and showed corre
lation with the currently used immunoassay when measuring both NSE 
isozymes in patient serum. This multiplex IA LC–MS/MS assay sets the 
analytical foundation for NSE isozyme quantification that, after exten
sive clinical validation, may be a valuable tool to standardize immu
nological NSE assays and to obtain insights into the concentrations of 
NSE isozymes in patient cohorts. Potentially, this assay may better 
identify lung cancer compared to current immunoassays. Moreover, the 
multiplex IA LC–MS/MS assay has potential for the assessment of mul
tiple lung cancer biomarkers in a more extended multiplex format, 
which requires different capturing antibodies and optimization of the 
isolation and LC–MS/MS parameters. 
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Table 2 
Statistics of the back–calculated concentrations of the isozyme calibration 
curves analyzed over two days (n = 3).  

NSEα Concentration (ng/ 
mL) 

56 19 6.2 2.1 0.69   

Mean accuracy (% bias) − 15 34 − 6.5 19 5.8 N.A. 
Mean precision (% CV) 11 19 5.7 11 46 N.A. 

NSEγ Concentration (ng/ 
mL) 

167 56 19 6.2 2.1 0.69  

Mean accuracy (% bias) 1.2 17 − 2.4 − 10 − 9.7 4.2 
Mean precision (% CV) 3.8 7.4 13 15 12 15  

Fig. 4. Comparative study of the IA LC–MS/MS assay 
and ECLIA. A) Concentrations of NSEα (green dots), 
NSEγ (red triangles) and total NSE (NSEα + NSEγ, 
blue squares) in nine patient serum pools measured 
with the IA LC–MS/MS assay and ECLIA. B) The total 
NSE concentration (NSEα + NSEγ) quantified in IA 
LC–MS/MS compared to the total NSE concentration 
measured in ECLIA, showing significantly lower con
centrations measured in IA LC–MS/MS compared to 
ECLIA with a mean bias of − 122%. The y-axis of the 
Bland-Altman plot shows the %Difference: 100(IA LC- 
MS/MS – ECLIA) /average). ECLIA: electro
chemiluminescent assay. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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