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Zusammenfassung  

Die quantitative Proteomik ist ein wachsendes Forschungsgebiet und eine der zentralen 

Herausforderungen der Biowissenschaften. Um eine genaue, zuverla ssige und 

vergleichbare Proteinquantifizierung zu erreichen sind gut charakterisierte und 

quantifizierte Proteinstandards erforderlich. Derzeit ist jedoch nur eine begrenzte Anzahl 

ausreichend charakterisierter Standards verfu gbar.  

Ein Forschungsfeld, das enorm von quantitativen Daten profitieren wu rde, ist die 

Erforschung von Demenzerkrankungen, zu denen auch die sogenannten „Tauopathien“ 

geho ren. Tauopathien sind eine Gruppe neurodegenerativer Krankheiten, die die 

Alzheimer-Krankheit (AD) und die frontotemporale Demenz (FTD) einschließen. Ein 

Biomarker fu r diese Erkrankungen ist das Tau-Protein, das in dieser Arbeit untersucht 

wurde. Fu r die absolute Quantifizierung von Tau im Gehirn transgener Ma use wurde ein 

genau definierter Kalibrierstandard beno tigt.  

Daher wurde ein Verfahren zur ru ckfu hrbaren Proteinquantifizierung unter Verwendung 

von Schwefelisotopenverdu nnung mit induktiv gekoppelter Plasmamassenspektrometrie 

(ID-ICP-MS) entwickelt. Die Methode dient zur zuverla ssigen Quantifizierung 

laborinterner Proteinstandards. Sie eignet sich nur zur Analyse reiner Proteine, deren 

Sto chiometrie bekannt ist, da die Proteinkonzentration aus dem Schwefelgehalt bestimmt 

wird. Nicht proteingebundener Schwefel wird durch Membranfiltration von der 

Proteinfraktion abgetrennt und mit ID-ICP-MS quantifiziert. Der Gesamtschwefelgehalt in 

der Probe wird ebenfalls mittels ID-ICP-MS quantifiziert und um die Menge an 

ungebundenem Schwefel korrigiert. Die Optimierung der Probenvorbereitung zeigte, dass 

ein Aufschluss die Unsicherheit des Ergebnisses verbessert.  

Fu r die Methodenentwicklung wurden ein zertifiziertes Rinderserumalbumin-

Referenzmaterial (BSA), sowie ein kommerzielles Avidin verwendet. Die Bestimmung der 

Proteinmassenfraktionen und Unsicherheitsbudgets erfolgte nach Korrektur fu r den 

ungebundenen Schwefel (0,4 % fu r BSA, 30 % fu r Avidin). Die Anwendung des 

entwickelten Verfahrens auf das Tau-Protein ergab ein Massenanteil von (0,328 ± 

0,036) g kg-1, welchen eine Aminosa ureanalyse besta tigt hat. Durch Verwendung eines 

isotopenangereicherten Spikes, der an das SI-System angebunden ist, wurde die 

metrologische Ru ckfu hrbarkeit fu r den Massenanteil des Tau-Proteins erreicht. Dieser 

Tau-Standard wurde zur absoluten Quantifizierung toxischer transgener Tau-Spezies in 
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der lo slichen Hirnfraktion transgener Ma use verwendet, die (20,0 ± 7,7) ng Tau pro µg 

Gesamtprotein enthielt.  

Die entwickelte Methode ist fu r die ru ckfu hrbare Quantifizierung von Proteinen zur 

Verwendung als Standards in der biologischen und medizinischen Forschung anwendbar. 

Sie zeigte eine a hnliche Pra zision wie etablierte Verfahren, erforderte jedoch weniger 

Probenvorbereitung und keine spezies-spezifischen Standards. 
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Abstract  

Quantitative proteomics is a growing research area and one of the key challenges of the 

life sciences. To achieve accurate, reliable, and comparable protein quantification, well-

characterised and quantified protein standards are needed. However, only a limited 

number of sufficiently characterised standards are currently available. An example of a 

study field which would benefit from quantitative data is research on dementia. One group 

of neurodegenerative diseases, which include Alzheimer’s disease (AD) and 

Frontotemporal dementia (FTD), are the so-called ‘tauopathies’.  A biomarker for this class 

of diseases is the tau protein. For the absolute quantification of tau in the brain of 

transgenic mice overexpressing human tau, a well-defined calibrant was needed. 

Therefore, a method for traceable protein quantification using sulphur isotope dilution 

inductively coupled plasma mass spectrometry (ID-ICP-MS) was developed. The method 

is intended for the reliable quantification of in-house protein standards. It is only suited 

for pure protein formulations for proteins of known stoichiometry because the protein 

concentration is determined from the sulphur content. Non-protein bound sulphur is 

separated from the protein fraction by membrane filtration and is quantified by ID-ICP-

MS. The total sulphur content in the sample is as well quantified by ID-ICP-MS and 

corrected for the amount of non-protein bound sulphur. Optimisation of the sample 

preparation showed that digestion improves the uncertainty of the result.  

For method development, a certified reference material bovine serum albumin (BSA) and 

a commercial avidin were used. The protein mass fractions with full uncertainty budgets 

were determined after correction for unbound sulphur (0.4 % unbound S for BSA, 30 % 

for avidin). The developed procedure was applied to the tau protein and a mass fraction 

of (0.328 ± 0.036) g kg-1 was determined and confirmed by amino acid analysis. By 

employing an isotopically enriched spike, which is linked to the SI system, full metrological 

traceability was achieved for the tau mass fraction. This tau standard was used for the 

absolute quantification of toxic transgenic tau species in the soluble brain fraction of 

transgenic mice, which was found to contain (20.0 ± 7.7) ng tau per µg total protein.  

The developed method is applicable for the traceable quantification of proteins for use as 

standards in biological and medical research. The precision of the method was similar to 

established absolute protein quantification procedures while requiring less sample 

preparation and no species-specific standards. 
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1 Introduction 

Proteins are the basis for all life. In humans, about 18,000 different proteins and 27,000 

different protein isoforms exist [1]. Understanding the proteome is fundamental to 

understand biological processes and diseases. Proteomics studies are needed to identify 

protein function, regulation, and protein-protein interactions. Not only the processes in 

which a protein is involved must be understood but also the quantity of the protein 

producing these effects. In a multitude of biological and medical research fields, it is highly 

desirable to analyse absolute protein abundances. Quantitative proteomics is therefore a 

continuously growing research area. Absolute quantitative proteomics data are beneficial 

for studies of protein expression and degradation, protein activation in networks, enzyme 

kinetics, biomarker validation and their suitability for clinical application, potential 

therapeutic proteins and their stability, drug delivery, pharmacokinetics and many more 

[2]. Diagnostics, in particular, have a demand for reliable and comparable quantitative 

data as these affect health-related decisions of the whole society [3]. Comparability of 

clinical data is critical due to the globalisation of production and distribution of 

pharmaceuticals and diagnostic tools [3]. To achieve comparability of diagnostic 

procedures and research in different laboratories, well-characterised and quantified 

protein standards are needed. Routine protein quantification methods rely on protein 

standards for calibration, but also for validation and verification high-quality standards 

are needed. However, there is still a distinct lack of appropriately characterised protein 

standards and only a handful of metrologically traceable certified reference proteins are 

available [2].  

Traditionally, protein quantification is based on UV absorption or immunochemistry 

techniques with radioactive, luminescence or fluorescence detection, e.g. enzyme-linked 

immunosorbent assays (ELISA) or immunoblotting which require suitable protein 

standards for calibration [2]. Nowadays, many high-quality protein quantification 

methods, mainly based on molecular mass spectrometry, are available. However, most of 

these techniques also require protein or peptide standards specific to the analyte or are 

based on stable-isotope labelling [4]. In molecular mass spectrometry, absolute 

quantification without the need for protein or peptide standards is possible using a label-

free computational approach or amino acid analysis (AAA). In AAA, the protein is 

hydrolysed into its amino acids and quantified using an amino acid calibrator. AAA is the 
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gold standard in accurate and traceable protein quantification, but the optimisation of 

hydrolysis conditions is not trivial and can strongly impact the accuracy of the result [5]. 

In the last decade, elemental mass spectrometry emerged as a method for absolute protein 

quantification. It can be used for direct quantification via the heteroatoms in a protein or 

after elemental tagging of the protein [2]. The ‘hard’ ionisation in inductively-coupled 

plasma mass spectrometry (ICP-MS) is robust, species-independent and, thereby, enables 

absolute quantification of proteins using inorganic compounds as standards [2]. 

Moreover, isotope dilution ICP-MS (ID-ICP-MS) is a high-quality primary method which 

can be used for traceable protein quantification, e.g. for the certification of reference 

materials.  

Lee et al. developed a highly sophisticated ID-ICP-MS method for traceable protein 

quantification [5]. They employed ID-ICP-MS for protein quantification via the sulphur 

content and size exclusion chromatography coupled to ICP-MS for the separation and 

quantification of sulphur-containing impurities. The developed method is very accurate 

but also quite elaborate and time-consuming.  

Therefore, the goal of this work is to develop a simple and comparatively inexpensive ID-

ICP-MS-based protein quantification method, which can be easily applied in every ICP-MS 

laboratory for the traceable quantification of protein calibrators. Additionally, the aim is 

to use the standard for the quantification of a disease biomarker in biological samples, the 

tau protein. The tau protein plays a role in a group of neurodegenerative diseases called 

‘tauopathies’, which also include Alzheimer’s disease (AD) and frontotemporal dementia 

(FTD) [6, 7]. Pathological tau causes disintegration of the neural cytoskeleton, intraneural 

signalling disorder, synapse loss, death of nerve cells and ultimately brain degradation 

leading to clinical dementia [8-10]. In the scope of this work, tau is investigated in the 

brains of a transgenic tauopathy mouse model to gain new insights into the molecular 

behaviour of tau and the absolute quantities accumulated in the brain.  

Not only extending the understanding of disease mechanisms but also connecting 

qualitative and quantitative data is the future of biomedical and clinical research.  
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2 Theoretical 

2.1 Metrology 

Whenever something is measured, from the speed of a driving car, the heart rate of a 

patient, the length of beams needed to build a bridge, the amount of carbon dioxide 

emitted from an industrial plant or the amount of wastewater we produce, we assume we 

obtain the same result as someone on the other end of the world. We assume that a metre 

is a metre and a second is a second, no matter when or where we measure. Metrology 

ensures this comparability and guarantees internationally accepted measurements. The 

international bureau of weights and measures (Bureau International des Poids et 

Mesures, BIPM) defines metrology as “the science of measurement and its application”, 

and it encompasses all theoretical and practical elements of measurements including 

uncertainties [11]. Every part of society is affected by metrology as it plays a role in 

international trade, global mobility, healthcare, manufacturing, innovation, and a 

multitude of other areas of life. By ensuring a high quality of measurements, quantitative 

results can be compared and accepted worldwide. For comparison of measurements, a 

worldwide acknowledged and applied system of reference is needed, the international 

system of units (SI, Syste me International d'Unite s). Seven defining constants are the base 

for the SI. From the fixed values of these constants, the complete system of units can be 

derived [12] and from these also the other units needed in measuring [13].  

Metrology encompasses three main activities: (i) the definition of measurement units 

which are internationally accepted, (ii) the realisation of these units by scientific methods, 

and (iii) providing traceability for measurement results [14]. This work focuses on the 

third activity by establishing a method for traceable protein quantification. 

2.1.1 Metrological traceability 

The BIPM defines metrological traceability as “the property of a measurement result” 

which allows relating the result to a reference “through a documented unbroken chain of 

calibrations, each contributing to the measurement uncertainty” [15]. By ensuring 

traceability via calibration with higher-order standards, measurement results are linked 

to the unit definition, as shown in Figure 1. 

Standards higher in the calibration hierarchy have higher accuracy and lower 

uncertainties, whereas lower-order standards are often cheaper and still accurate enough 
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for routine applications. By conserving traceability, a routine measurement is linked to the 

SI unit definition via calibration measurements performed at accredited and national 

laboratories. When all results measured at different time points, by different operators 

and in different laboratories are traceable to the same reference, the comparability and 

reliability of these results are guaranteed. Traceability can only be achieved if the 

uncertainty for each calibration step is determined, documented and used for calculation 

of the measurement uncertainty [16].  

 

Figure 1: Traceability pyramid relating a measurement to the SI via an unbroken chain of calibrations using 

traceable standards. Modified from [17]. 

2.1.2 Measurement uncertainty 

Measuring is a procedure used to estimate the ‘true’ value of a quantity. The true value is 

unknown, so measuring can only approximate this value. The measurement uncertainty 

defines an interval around the measured value in which the true value lies with a certain 

probability. Moreover, the measurement uncertainty characterises the variations of the 

values determined for a measurand and, hence, the accuracy of a measurement result [15, 

18]. Uncertainties originate from all parameters influencing the measurement result. 

These might include the measuring instrument and its calibration, instabilities in the 

measured object, the sampling, the sample preparation and measurement process, the 

skill of the operator and the environment [19]. The uncertainty encompasses systematic 

and random errors. An error is “the difference between the measured value and the ‘true’ 

value” [19]. Replicate measurements can reduce random effects because each 
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measurement will give a randomly different result and the mean will be closer to the true 

value. Systematic errors show the same effect in each repeated measurement and can be 

reduced by systematic corrections. Both kinds of errors can be reduced but not eliminated. 

Therefore, every measured result has an uncertainty larger than 0.  

When a measurement result is obtained from several quantities, the standard uncertainty 

of this result is the combined standard uncertainty uc. The combined uncertainty is 

determined according to the ‘law of propagation of uncertainty’ from the uncertainties of 

all contributing quantities [18]. For many applications, a broader uncertainty is needed to 

provide an interval which includes a large fraction of the distribution of possible values 

[18]. For this purpose, the expanded uncertainty U shown in Equation (1) is used. 

(1) 𝑈 =  𝑢𝑐 ∙ 𝑘 

The coverage factor k is based on the level of confidence required. Usually, k = 2 is used to 

obtain a confidence interval of 95 %, which means that the true value lies with 95 % 

probability within the uncertainty interval. To evaluate the influencing parameters on the 

combined uncertainty, an uncertainty budget is calculated. The budget lists all 

contributors and their influence on the uncertainty and can, thereby, be used to improve 

the measurement method.  

2.1.3 Primary method 

In metrology, the first link in the traceability chain from the unit definition to its practical 

use is the so-called ‘primary method of measurement’ [20]. The Consultative Committee 

for Amount of Substance (CCQM) defined the term ‘primary method’ as “a method having 

the highest metrological qualities whose model (mathematical equation) and realization 

are completely described and understood in terms of SI units.” [21]. The results of a 

primary method must have a high metrological quality and include a complete uncertainty 

statement [21]. Primary methods can either be direct or ratio methods. The primary ratio 

method measures the ratio of an unknown value to a standard of the same quantity [20]. 

In this work, ID-ICP-MS was used. ID-ICP-MS is a primary ratio method which allows 

determining the amount of substance in a sample. However, ID-ICP-MS can only establish 

a link to the SI unit definition if a reference traceable to the SI is used [20]. Moreover, the 

use of a primary method does not automatically ensure the traceability of the 
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measurement result, and the practical realisation of the method is crucial for reliable 

results [22]. 

2.1.4 Protein calibrators 

Quantitative proteomics is an enormously growing field and proteins are important 

analytes in biological and clinical research [23]. However, most protein quantification 

methods require well-characterised protein standards for calibration. For most high-

accuracy methods, species-specific calibrators of the same kind of protein or peptide as 

the analyte are needed. Therefore, finding suitable calibration standards is one of the key 

challenges in medical, chemical and biological measurements to ensure comparability 

over time and between different laboratories [13]. Ideally, a protein calibrator would be a 

purified protein which is very accurately characterised and traceably quantified with 

given uncertainties. The highest order calibrators are certified reference materials. But 

even though the need for protein calibrators is high, there is still a distinct lack of protein 

reference materials. For instance, the National Institute of Standard and Technology (NIST, 

the metrological institute of the USA) offers only two pure protein reference materials, 

bovine serum albumin (BSA) [24] and human cardiac troponin [25], which is currently 

out of stock. Protein reference materials available from other sources are human growth 

hormone [26], cystatin C [27], aspartate transaminase [28] and possibly few others, 

limiting accurate protein quantification via established methods to a handful of target 

proteins. This lack needs to be addressed by quantification of new protein standards and 

by the development of methods for accurate, traceable protein quantification. Only by 

these means, quantitative proteomics will become widely enough available to broaden our 

understanding of diseases on a quantitative level and enable comparability in clinical 

research.   

2.2 Inductively coupled plasma mass spectrometry 

Inductively coupled plasma mass spectrometry (ICP-MS) is an element-specific method 

for detection and quantification of target elements. Developed by Houk and Gray in the 

1980s [29-31], ICP-MS is one of the most sensitive methods in trace analysis with 

detection limits of 0.1 to 1000 pg g-1 depending on the element. Due to the wide linear 

dynamic range covering up to 12 orders of magnitude, excellent precision, and its 

simultaneous or rapid sequential multielement detection enabling multiplexing [32], 
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atomic mass spectrometry is widely applied in chemistry, geology, biology, medicine, as 

well as environmental and industrial studies.  

 

Figure 2: Schematic setup of an ICP-MS system. Modified from [33]. 

Figure 2 shows the basic components of an ICP-MS. The sample introduction system for 

liquid samples usually consists of a nebulizer, which generates a fine aerosol, and a spray 

chamber transferring the aerosol into the injector of an ICP-torch. Inside the torch, the 

sample is dried, vaporised, atomised, and ionised within the different zones of an argon 

plasma [33]. The 6,000 to 7,000 K hot plasma draws its energy from an RF generator via 

electromagnetic interaction with an induction coil. After initiation of the plasma by a 

spark, electrons collide with neutral gas atoms to create ionised argon, and a cascade 

effect called ‘inductive coupling’ sustains the plasma [34]. The energy in the argon plasma 

is 15.8 eV and elements are ionised within the plasma according to their first ionisation 

potential. Most elements have first ionisation potentials lower than argon and are well 

ionised [33].  Elements with first ionisation potentials close to that of argon, e.g. sulphur 

or phosphorus, are ionised incompletely. The ions generated in the plasma are 

transported into the mass analyser via the interface, which couples the plasma region at 

atmospheric pressure with the mass analyser region with a vacuum below 5 x 10-5 bar 

[32]. The ions are then focused into an ion beam and separated according to their mass-

to-charge ratio by the mass analyser. The detector converts ions quantitatively into 

electrical pulses, which are amplified to a measurable current. By calibration against 

known standards, this signal can be converted into the mass fraction of the analyte.  
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2.2.1 Double-focusing sector field ICP-MS 

In the mass analyser, the ions are filtered depending on their mass-to-charge ratio (m/z) 

to separate analyte and non-analyte ions, e.g. matrix, solvent and argon-based ions. The 

performance of the mass analyser depends on its capability to separate two neighbouring 

ions, i.e. the analyte of interest and a non-analyte ion, from each other in the spectrum. 

The separation power is described by the mass resolution R as given in Equation (2). 

(2) 𝑅 =
𝑚

∆𝑚
 

Here, m is the mass of the analyte ion and Δm is the mass difference between the adjacent 

ion peaks, which is necessary to obtain a 10 % valley between peaks with the same 

intensities [35]. 

The most common mass separation devices are quadrupole, magnetic sector field and 

time-of-flight instruments. The main advantages of each technique are the ease of use and 

robustness of the quadrupole, the high resolution power of the sector field and the 

simultaneous detection of all masses by the time-of-flight device. In this work, a good 

resolution was necessary for the separation of analyte ions from spectral interferences. 

Therefore, a high-resolution double-focusing magnetic sector field mass spectrometer, the 

Element 2 from Thermo Fisher Scientific, was used. In double-focusing sector field mass 

spectrometers, the higher mass resolution is achieved by using two analysers, a magnetic 

and an electric field. Ions generated in the plasma are accelerated in the ion optic region, 

after which they enter the mass analyser through the entrance slit. Within the mass 

analyser, the electromagnet is used for mass separation. The electrostatic analyser 

compensates for the energy dispersion of the magnet. Use of both analysers results in a 

double-focusing of angle and energy of the ion beam within the flight tube of the 

instrument and onto the exit slit [33, 35]. The instrument used herein has a reverse Nier-

Johnson geometry, in which the electrostatic analyser is located behind the magnet [35]. 

The mass resolution of the instrument is determined by the slit widths. In low resolution, 

both slits are fully open. Decreasing the slit width results in increased resolution, but also 

lowered ion transmission and, consequently, in decreased sensitivity. The Element 2 has 

three fixed resolution settings (low resolution R ≈ 300, medium R ≈ 4,000 and high R ≈ 

10,000), with each increase in resolution resulting in a considerable loss of signal 

intensity. After focusing of the ion beam through the exit slit, the ions enter the detector, a 

secondary electron multiplier (SEM). In the SEM, the signal is amplified by multiple 
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dynodes and finally detected as an electrical pulse. Counting of electric pulses gives signal 

intensity in ‘counts per second’ (cps). At very high rates of the arrival of ions, the time 

between signals is in the range of the pulse length of a detected event. This period is 

denoted the multiplier dead time because ions arriving during the output pulse of the 

previous ion are not detected [32]. The deadtime, typically 30 to 50 ns, is compensated by 

dead time correction to conserve the linearity of signal detection [32, 33]. 

2.2.2 Isotope dilution ICP-MS 

ID-ICP-MS is one of the most accurate and powerful analytical methods for the 

quantitative determination of element or isotope concentrations [16]. In ID-ICP-MS, the 

ratio of two stable isotopes of the same element is used to quantify the amount of element 

in the sample. The technique can be used with every kind of ICP-MS and is suited for every 

element with at least two stable isotopes or long-lived radionuclides [36]. Nowadays, ID-

ICP-MS is used for trace and ultra-trace analysis. It is especially popular for reference 

material certification due to its potential as a primary measurement method yielding very 

accurate results and small uncertainties. Moreover, the determination of a wide 

concentration range, from major (%) to ultra-trace concentrations (below ng kg-1) is 

possible [37]. 

Figure 3 shows the isotope dilution principle as applied in elemental mass spectrometry. 

The isotope dilution method can also be used in molecular mass spectrometry. However, 

as this work focuses on elemental mass spectrometry, the term isotope dilution will only 

be used for ID-ICP-MS. 

 

Figure 3: Single ID-ICP-MS principle, illustrated for sulphur. Rx, Ry, Rxy: isotopic ion abundance ratios of 

sample, spike, and blend.  
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As shown in Figure 3, an isotopically enriched ‘spike’ y is added to an unknown sample x. 

The spike contains a known quantity of stable isotopes of the analyte element and serves 

as an isotopic internal standard. After isotopic equilibration of the blend, the modified 

isotopic ion abundance ratio, from now on called ‘isotope ratio’, is measured directly using 

ICP-MS. The isotopic composition of the analyte element and spike, the amount content of 

the spike, and the masses of sample and spike are known [37]. Using these quantities and 

the measured isotope ratio of the sample-spike blend (𝑅𝑥𝑦), the mass fraction of analyte 

in the sample (wx) is then calculated according to Equation (3).  

(3) 𝑤𝑥 = 𝑤𝑦,𝑏
𝑀𝑥𝑚𝑦

ℎ𝑥,𝑏𝑀𝑏𝑚𝑥
(

𝑅𝑦−𝑅𝑥𝑦

𝑅𝑥𝑦−𝑅𝑥
) 

The quantities used in the equation are shown in Table 1. Besides the measured isotope 

ratios and the weighed masses of sample and spike, all quantities are known or tabulated.  

Table 1: Quantities used in the single ID-ICP-MS equation. Isotope b: isotope enriched in the spike, here 34S. 

Symbol Explanation 
𝑤𝑥 mass fraction of the element in the sample  

𝑤𝑦,𝑏 mass fraction of isotope b in the spike 

ℎ𝑥,𝑏 amount fraction of isotope b in the sample 

𝑀𝑥 atomic weight of the element in the sample 

𝑀𝑏 atomic weight of isotope b  

𝑚𝑦 mass of spike solution in the ID-ICP-MS mixture 

𝑚𝑥 mass of sample solution in the ID-ICP-MS mixture 

𝑅𝑦 isotope ratio in the spike 

𝑅𝑥 isotope ratio in the sample 

𝑅𝑥𝑦 isotope ratio in the sample-spike mixture 

The approach shown here is called ‘single ID-ICP-MS’ and is the simplest ID-ICP-MS 

calibration strategy because only the spike is used as a reference. Using a certified spike 

or a spike calibrated against a reference material ensures traceability.  

The main advantage of ID-ICP-MS is that sample losses after the equilibration of sample 

and spike are compensated. After equilibration, the isotope ratio of the blend will be the 

same in all sub-samples of the blend and no quantitative recovery is needed [37]. 

Therefore, sample preparation steps like matrix-separation do not influence the result if 

both isotopes are present in the same chemical species. Moreover, differences in chemical 
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behaviour are negligible because isotopes of the same element are measured. Hence, ID-

ICP-MS shows very stable results and low errors during further preparative steps.  

However, differences between isotopes play a role in the isotope ratio measurements. Ions 

with different mass-to-charge ratios show different transmission efficiencies within the 

ICP-MS instrument. This effect, called mass discrimination, also applies for isotopes of the 

same element. Mass discrimination is caused by variations in the ionisation efficiency, the 

transmission efficiency through the interface and ion optics, the mass separation and the 

detection of ions.  This effect influences all measured isotope ratios. If all isotope ratios, 

i.e. the isotope ratio of sample, spike and blend, are measured within the same sequence, 

no correction for mass discrimination is needed because the correction factors cancel out. 

However, the isotope ratios of the sample (Rx) and the spike (Ry) do not have to be 

measured directly because published data can be used. When only the blend isotope ratio 

(Rxy) is measured, e.g. due to limited sample, a correction factor is necessary. The 

correction factor K is determined by measuring a well-characterised isotopic reference 

material and comparing the measured ratio (Robserved) to the certified true isotope ratio 

(Rtrue) of the standard as shown in Equation (4). 

(4) 𝐾 =  
𝑅𝑡𝑟𝑢𝑒

𝑅𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
 

Multiplying the K-factor with the measured isotope ratio yields the true isotope ratio, 

which can be inserted into the ID-ICP-MS equation. In addition to mass discrimination 

effects, the K-factor also includes detector efficiency and amplifier gain [37]. 

2.2.3 Species-specific and species-unspecific ID-ICP-MS 

ID-ICP-MS can be divided into species-specific and species-unspecific ID-ICP-MS. In 

species-specific ID-ICP-MS, the spike in the same molecular form as the analyte, e.g. a 

protein, would be spiked with an isotopically enriched protein of the same kind.  In 

species-unspecific ID-ICP-MS, the spike can consist of another molecular species than the 

analyte. For example, a protein can be spiked by isotopically enriched inorganic sulphate 

as was done in this work. Species-specific ID-ICP-MS has the advantage that spike and 

sample behave the same in sample preparation and chromatographic separation. 

However, isotopically enriched species-specific spikes are often not available, or it is very 

expensive and laborious to produce them. Species-unspecific spikes are commercially 

available and can be obtained in very high quality. These well characterised spike 
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materials usually have low uncertainties and can be used to achieve very accurate results. 

However, the same behaviour of analyte and spike during sample preparation and 

measurements needs to be ensured, e.g. by complete digestion of the sample or thorough 

recovery testing.  

2.2.4 Measuring sulphur by ICP-MS 

Measuring sulphur with the ICP-MS is more challenging than other elements. Sulphur has 

a high first ionisation potential of 10.4 eV resulting in incomplete ionisation in an argon 

plasma. Additionally, sulphur is a comparatively light element, and its transmission 

through the instrumental ion optics is not as effective as for heavier elements [38]. These 

effects reduce the sensitivity for sulphur and result in detection limits as high as a few 

µg kg-1. Moreover, as sulphur is abundant in the environment, high sulphur blanks and a 

high risk of sulphur contaminations are additionally challenging.  

Sulphur has four stable isotopes at the nominal masses 32, 33, 34 and 36. It shows 

pronounced fractionation behaviour in the biological sulphur cycle [39, 40]. The 

fractionation is, among other things, caused by bacterial reduction of sulphate, resulting 

in an enrichment of heavier isotopes in sulphate and depletion in sulphide [41, 42]. The 

enrichment of different sulphur isotopes in certain materials caused by biological, 

chemical and physical processes results in the high natural variability of the atomic weight 

of sulphur [43]. Therefore, the Commission on Isotopic Abundances and Atomic Weights 

(CIAAW) decided to express the atomic weight and isotopic abundances of sulphur only 

as intervals [43]. The CIAAW states the atomic weight for sulphur as [32.059, 32.076] [44] 

and the isotopic abundances as shown in Table 2. 

Table 2: Isotopic abundances of sulphur, adapted from [45]. 

Isotope Representative isotopic abundance 
32S [0.9441, 0.9529] 
33S [0.00729, 0.00797] 
34S [0.0396, 0.0477]  
36S [0.000129, 0.000187] 

The isotopes 32S (~ 95 %) and 34S (~4 %) have the highest abundance, and hence, are 

most suited for isotope dilution analysis. Spectral interferences of molecular ions formed 

in the plasma obstruct the detection of these isotopes. The main interferences on the 

analytes 32S+ and 34S+ are oxygen dimers, molecular ions containing nitrogen, oxygen and 

hydrogen, as shown in Table 3.  
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Table 3: Selection of spectral interferences on most abundant sulphur isotope ions, adapted from [38]. 

Resolution: R = m/Δm needed to distinguish analyte and interference signal.  

Analyte ion Spectral interference Resolution  
32S+ 16O16O+ 1801  

14N18O+ 1061  
15N16O1H+ 1040  
14N16O1H2+ 770 

34S+ 33S1H+ 2977  
32S1H2+ 1711  
16O18O+ 1297  
16O17O1H+ 1000  
16O16O1H2+ 904 

  15N18O1H+ 866 

In the case of 34S+, molecular ions containing a lighter sulphur isotope can also interfere. 

Moreover, double-charged ions like 64Ni2+, 64Zn2+ and 68Zn2+ may interfere if these isotopes 

occur in the matrix. All these polyatomic interferences can be resolved in medium 

resolution (m/Δm ≈ 4,000) in the double-focusing sector field ICP-MS, which was used in 

this work. However, the use of medium resolution has also drawbacks. For better 

resolution, the ion beam is focused through a smaller slit. This focusing results in a 10-

fold decrease of the ion transmission and, consequently, the signal intensity.  Nonetheless, 

the sector field ICP-MS achieves an excellent compromise between accurate isotope ratio 

measurements, robustness, and sufficient signal intensities, which are necessary for 

isotope dilution analysis.  

2.2.5 Protein quantification by ID-ICP-MS 

Currently, many different ICP-MS strategies for protein quantification are employed. These 

methods comprise either direct measuring of pure protein solutions or hyphenated 

techniques, e.g. gel electrophoresis, liquid chromatography, capillary electrophoresis or 

laser ablation. The quantification of proteins can be achieved via heteroatoms used as 

internal standards or labelling of the protein [2, 4, 46, 47].  

In this work, sulphur ID-ICP-MS was chosen for traceable protein quantification. The 

heteroatom sulphur is present in over 98 % of all proteins because two of the twenty 

native amino acids, namely cysteine and methionine, contain sulphur [46]. Therefore, the 

protein mass fraction in a sample can be determined by ID-ICP-MS if the stoichiometry 

and molar mass of the protein are known. The herein used approach is species-unspecific 

ID-ICP-MS, in which the spike (inorganic sulphate) has not the same molecular 
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composition as the sample (protein). As no spike specific to a certain protein needs to be 

produced, the method is easily applicable to every protein.  

2.3 Tau protein 

The tau protein plays a role in a class of neurodegenerative disorders denoted 

‘tauopathies’, which include AD and FTD [6, 7]. Tauopathies are characterised by the 

aggregation of abnormal tau protein resulting in insoluble neuronal depositions [48].  

The tau protein is part of the microtubule-associated protein (MAP) family and is mainly 

expressed in neurons of the central nervous system [49]. Tau belongs to the class of 

intrinsically disordered proteins that have no defined tertiary structure under native 

conditions [50, 51]. Hence, tau exists in a very heterogeneous population of equilibrium 

structures without assuming a total random coil formation [50, 51]. The tau protein is 

very mobile and flexible, has many binding partners and plays a role in various signalling 

processes and regulatory pathways [49, 52, 53]. It promotes self-assembly of tubulin 

monomers into microtubules and conserves the stability of microtubules and, thereby, the 

stability of the neural cytoskeleton [49, 54-56]. The protein is present in an equilibrium 

of soluble and microtubule bound tau, and the microtubule binding is regulated via its 

phosphorylation status [8, 52]. Tau occurs in axons, dendrites and synapses, suggesting 

the existence of different compartmentalised tau pools located in the neuron [57-59].  

In 1907, Alois Alzheimer first identified fibrillary aggregates in degenerating neurons in a 

patient suffering from memory loss and paranoia [60]. The intra-neuronal protein 

aggregates were later called neurofibrillary tangles (NFT) and are composed of abnormal 

filaments wound around each other, which were denoted paired helical filaments. These 

filaments were discovered to mainly consist of a tau protein fragment found in AD and 

other tauopathies [61, 62]. In AD, the tau aggregate brain load correlates with the mental 

capabilities of patients [63, 64]. In the pathological case, tau proteins detach from 

microtubules, aggregate to oligomers and form beta-sheet like structures as shown in 

Figure 4. After further aggregation and cleavage of the C- and N-termini, degradation 

resistant tau fibrils emerge [49].  

In the last century, neurofibrillary tangles were believed to be the pathological tau species, 

but recent evidence shows that small soluble oligomeric and granular tau aggregates are 

rather more toxic and precede filament formation [6, 65-67]. Some evidence even suggests 
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that formation of tau tangles is a neuroprotective strategy to reduce the amount of 

oligomeric tau [8, 68]. These oligomeric tau species induce synapse and neuron loss and 

spread tau pathology in a prion-like manner between connected neurons. This process 

called ‘seeding’ might be facilitated through synaptic mechanisms [9, 62, 69]. 

 

Figure 4: Suggested stages of tau pathology. Detached tau monomers aggregate to small soluble and 

insoluble granular tau oligomers and form paired helical filaments, which further aggregate into 

neurofibrillary tangles (NFT). Image from Mietelska-Porowska et al. with permission according to MDPI 

guidelines [8]. 

2.3.1 Tau transgenic mice 

Animal models are used to understand and study biological processes and are an essential 

part of medical research. Transgenic animal models are used to mimic human diseases or 

certain aspects of diseases to understand underlying mechanisms or test drugs. In this 



  

 

26 

 

work, the tau transgenic mouse line 66 (L66) was used. L66 is a tauopathy model 

mimicking FTD with parkinsonism and was used here to investigate the tau protein under 

pathological conditions. The L66 mice overexpress the full-length human tau isoform 

htau40 with the mutations P301S and G335D* in the brain [70]. Previously, Bugiani et al. 

reported mutation P301S to cause hyperphosphorylation of tau and extensive filamentous 

tau pathology in humans [71]. Moreover, rapidly progressive FTD with various 

pathological phenotypes was observed in patients carrying this mutation [71, 72]. 

Therefore, P301S mutant mice could shed light onto the onset of tauopathies [59]. The 

G335D mutation was reported to enhance tau aggregation in vitro [70]. Melis et al. 

described the L66 mouse model in detail and found an early onset of tau pathology in 

these mice [70]. The overexpressed tau resulted in the formation of cytoplasmic tau 

aggregates and loss of neurons. Mainly cortical and hippocampal neurons were affected, 

causing a strong motor and sensorimotor phenotype but no cognitive impairment [70]. 

 
* P301S: amino acid proline on position 301 exchanged to serine 

G335D: glycine on position 335 exchanged to aspartic acid 
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3 Scope of the work 

This work is a cooperative research project between BAM and Charite  within the ReMiND 

EU project, aiming to connect analytical chemistry and medical research to enable the 

absolute quantification of proteins in biological samples. Therefore, this work consists of 

three main parts: 

 

1. Development of a method for traceable protein quantification, based on 

species-unspecific ID-ICP-MS. 

First, the requirements for protein quantification via sulphur ID-ICP-MS and 

the quantification procedure are shown. Two methods for the separation of 

sulphur-containing impurities are evaluated and compared. The optimised 

workflow for traceable protein quantification is applied on BSA and avidin, 

and the expanded uncertainties for the protein mass fraction are 

determined. The highest uncertainty contributors are identified using the 

full uncertainty budget. Then, the method is evaluated and compared to 

existing high-quality protein quantification methods. 

 

2. Application of the developed method on a commercially available tau standard 

for use as a calibrator. 

Secondly, a pure tau protein in solution is traceably quantified by the 

developed ID-ICP-MS method and a full uncertainty budget is calculated. 

The results are compared with the tau concentration determined by AAA.  

 

3. Quantification and characterisation of the tau protein in a transgenic tauopathy 

mouse model. 

Finally, the enrichment behaviour and the intracellular distribution of tau 

are characterised in a transgenic mouse model. By using the previously 

quantified tau standard as a calibrator, tau is quantified in mouse brain via 

its immunoblotting signal. Moreover, tau extracted from mouse brain is 

probed by immunoblotting to characterise its biochemical properties.  
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4 Results and discussion 

4.1 Sulphur ID-ICP-MS for traceable protein quantification 

ID-ICP-MS, when applied properly, is a primary method of measurement that allows 

linking of measured quantities to certified standards or directly to the SI. The small 

achievable measurement uncertainties and the established SI-traceability provide 

comparability and ensure reliability of measurement results. As nearly all proteins 

contain the amino acids methionine and cysteine, in which the heteroatom sulphur is 

present, sulphur ID-ICP-MS was chosen as a technique for traceable protein 

quantification. The method was developed for application on pure proteins of known 

stoichiometry. Additionally, a method for separation and quantification of sulphur 

contaminations in the protein solution was developed for the correction of the protein 

content in solution and applied on three different proteins. The results shown in sections 

4.1 and 4.2 are also reported in Lemke et al. [73]. 

4.1.1 ID-ICP-MS of proteins 

In the following, some factors of importance for sulphur measurements of proteins are 

discussed, and the optimised workflow for the protein quantification by sulphur ID-ICP-

MS is presented.  

4.1.1.1 Sample preparation 

For accurate ID-ICP-MS measurements, inorganic sample and spike solutions are usually 

allowed to adjust at least overnight after dilution or mixing. As proteins behave differently 

than inorganic sulphate and might aggregate or adsorb to container walls, the sample 

preparation parameters need to be optimised. Figure 5 shows the impact of equilibration 

times and digestion on the fraction of sulphur determined in the sample.  

Only 80 % of the nominal sulphur mass fraction was determined when using long 

equilibration periods of 12 to 24 h after dilution and mixing. Possible reasons are 

adsorption, degradation or aggregation and sedimentation of the protein. Proteins were 

diluted only in water to avoid additional sulphur contamination by salt buffer or other 

reagents which are typically only available with high sulphur blank levels. However, most 

proteins are not stable for prolonged times in water and might aggregate and precipitate. 

Moreover, in first protein quantification experiments, protein solution and diluting agent 
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or spike were thoroughly mixed by fast shaking. The strong mixing resulted in the 

formation of foam containing proteins which reduced the amount of protein available in 

solution. Therefore, short equilibration periods of 1 to 3 h and gentle mixing were used 

further on. These conditions resulted in much higher mass fractions of sulphur 

determined in the protein solution, though still below 100 % of the nominal value. This 

discrepancy might be due to the adsorption of proteins to the walls of plastic labware and 

containers.  

 

Figure 5: Recovery of sulphur in BSA samples (~500 ng g-1 S) depending on sample preparation. ↑: long 

dilution or mixing time, ↓: short dilution or mixing time. Error bars: combined uncertainty of the relative 

standard deviation (RSD) of three replicate measurements and the relative uncertainty of each sample 

measurement. 

Using digestion after spiking showed a further increase of the quantified sulphur mass 

fraction. Digestion decomposes proteins into inorganic sulphate, avoiding the problem of 

adsorption. Only then a complete mixing between spike and analyte sulphur is enabled. 

Moreover, if spike and sample are in the same form, both will behave equally in subsequent 

preparation steps and within the ICP-MS plasma. Hence, the best method to prepare 

proteins for ID-ICP-MS is dissolution or dilution of the protein by gentle shaking for only 

1 to 3 h followed by spiking of the protein solution and digestion directly afterwards.  

4.1.1.2 Procedure blank and limit of detection 

Even after extensive cleaning of the ICP-MS system, blank values between 40,000 and 

60,000 cps were measured in Milli-Q water, corresponding to 6 to 8 ng g-1 of sulphur 
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determined by external calibration. Signal stability slightly varied between different 

measurement sequences, resulting in limits of detection (LOD) between 0.2 and 1 ng g-1 

and limits of quantification (LOQ) between 0.6 and 3.5 ng g-1 determined from the 3-fold 

and 10-fold standard deviation of the blank, respectively. However, over long 

measurement sequences, a higher blank variation was observed because of instrumental 

drift. Therefore, sample intensities were blank corrected with blanks measured directly 

before each sample and drift correction was done by bracketing with sulphur standards.  

As discussed above, digestion is advantageous when quantifying proteins. 

However, the amount of concentrated acid used for digestion needs to be minimised 

because the HNO3 contributes to the sulphur blank. Cleaning the acid before use by sub-

boiling does not decrease the sulphur blank [74]. For concentrated HNO3, a sulphur blank 

of (25.5 ± 0.4) ng g-1 was found in six replicate blank digests using the high pressure asher 

with quartz vessels. Hence, for analysis of a minuscule amount of sample close to the 

detection limit, direct measuring of the samples without digestion might be more 

favourable. Here, short times between sample preparation and measurement are crucial 

to avoid sample losses due to adsorption, which are especially pronounced at low sample 

concentrations. In such dilute samples, the interference of the surrounding molecule 

matrix and its effect on the plasma response is almost negligible and it is acceptable to use 

a spike of different molecular structure than the sample [75]. However, at low 

concentrations close to the detection limit the blank contribution is proportionally higher 

and the measurement uncertainty will increase.  

4.1.1.3 Necessary amount of sample 

For reliable quantification, the amount of sulphur in the sample must be above the LOQ 

and should be moderately higher than the instrumental background to enable adequate 

isotope ratio measurements. In ID-ICP-MS, the ratio measurements compensate for all 

handling steps after blending of sample and spike. The dilution of the blend should have 

no influence on the mass fraction determined in the sample, provided a complete mixing 

is ensured. However, at low concentrations the intensity of the low abundant isotope is 

close to the instrumental blank, which might have an influence on the correctness of the 

result. Therefore, the performance of the ID-ICP-MS at different concentrations was tested 

by quantifying differently diluted samples. Three replicate protein-spike blends were 
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digested and diluted to different concentrations before quantification by ID-ICP-MS. 

Figure 6 shows the results. 

 

Figure 6: Recovery of sulphur in different dilutions of BSA determined by ID-ICP-MS. Three replicate 

sample-spike mixtures of a BSA sample were digested, and each was diluted to 5 different dilutions between 

20 ng g-1 (light grey) and 500 ng g-1 (dark grey) of 32S. Error bars: standard deviation of 3 replicates. 

Even at only 20 ng g-1, the mass fraction of sulphur in the sample was quantified reliably 

with a recovery of approximately 100 % and without any difference to less diluted 

samples. The ID-ICP-MS approach shows good reproducibility at all measured 

concentrations and is suited for measuring in the tested concentration range. Hence, ID-

ICP-MS can be used for the quantification of proteins even when only a low amount of 

sample is available. However, weighing of very low sample masses increases the relative 

uncertainty of the sample mass considerably and increases the impact of small sample 

losses during preparative steps, e.g. by protein powder sticking to labware. Hence, using 

at least 200 ng g-1 of sulphur for reliable quantification of the protein concentration is 

suggested as a compromise between ensuring the accuracy of the result and minimising 

the consumption of precious sample.  

The amount of protein needed depends on the fraction of sulphur in the protein. In this 

work, proteins with sulphur contents varying from 0.6 to 1.9 % were used (see section 

6.1.2). Hence, 10 to 35 µg of protein are needed for 1 mL of a sample solution containing 

200 ng g-1 of sulphur. Therefore, 30 to 100 µg of protein are needed for three replicate 

measurements for protein quantification. Additionally, approximately the same amount of 

protein is necessary for the quantification of sulphur contaminations, increasing the total 

0

20

40

60

80

100

20 50 150 300 500

R
e

co
ve

ry
 [

%
]

Mass fraction of diluted sample [ng g-1 32S]



  

 

32 

 

amount of protein needed for the analysis to 200 µg. If a very low amount of non-protein 

bound sulphur is expected, the amount of protein needed to correct for contaminations 

can increase two- or threefold. For example, if only 2 % of the total sulphur is non-protein 

bound sulphur, 500 ng g-1 S in the protein solution is needed to obtain approximately 

10 ng g-1 of non-protein bound sulphur and measure above the LOQ. Since the herein 

developed method is mainly intended for characterising pure proteins to be used as 

calibration standards, sufficient material should be available.  

4.1.1.4 Workflow of protein quantification  

After the determination of optimised sample preparation conditions, procedure blanks 

and suitable dilutions, the workflow shown in Figure 7 was applied on BSA and avidin.  

 

Figure 7: Workflow of protein quantification by isotope dilution ICP-MS.  

The diluted protein solution was spiked with isotopically enriched sulphur 34S and the 

blend (A) was digested and measured using a sector field ICP-MS instrument. The total 

sulphur mass fraction in the sample was determined by ID-ICP-MS.  Non-protein bound 

sulphur species were separated and quantified using ID-ICP-MS (B). The protein 

concentration was determined after correcting for non-protein bound sulphur. Total 

sulphur quantification (A) and quantification of non-protein bound sulphur (B) were done 

in parallel. However, the separation and quantification of non-protein bound sulphur will 

be discussed first because the amount of non-protein bound sulphur is needed for the 

correction of the quantified protein mass fraction. 

4.1.1.5 Consideration of sulphur isotope fractionation 

Sulphur quantification by ID-ICP-MS requires directly measured quantities and tabulated 

quantities. Measured quantities comprise the masses of sample and spike weighed into 

the blend and the isotope ratio of the mixture. The isotope ratios of spike and sample, the 

molar masses of S in the sample and 34S in the spike and the abundance of 34S in the sample 
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were taken from tabulated data. These quantities strongly depend on the isotopic 

composition of the sample. However, the sulphur isotopes show pronounced fractionation 

behaviour in the biological sulphur cycle [39, 40]. The isotopic fractionation is, among 

other things, caused by bacterial reduction of sulphate, resulting in an enrichment of 34S 

in sulphate and depletion in sulphide [41, 42].  The fractionation results in differences in 

the isotopic mass fractions and molar masses of sulphur in different sample types, e.g. 

proteins, organic sulphur compounds and inorganic sulphuric acid.  

Therefore, different intervals of isotopic abundance, molar masses and isotopic ratios 

from tabulated data had to be used for the ID-ICP-MS calculation of sulphur in protein 

samples or samples containing sulphur from unknown sources (see section 6.2.5.4). Using 

intervals for the calculation increases the uncertainty of the overall method. The 

experimental determination of these quantities is usually not possible for proteins due to 

the low amount of sample available. Hence, only the isotope ratio of the sample-spike 

blend was measured, and the presumed isotope ratio of the sample was calculated from 

tabulated delta values. For highly abundant NIST BSA, the isotope ratios were calculated 

from tabulated delta values and directly measured, and the resulting uncertainties were 

compared (see section 4.1.5).  

The delta value is calculated from the measured isotope ratios of an analyte and a 

reference and expresses the variation of isotopic abundances, i.e. the degree of 

fractionation. Therefore, the delta values of the used sulphur backspike and the proteins 

BSA and avidin were determined and compared to tabulated data. From the known 

abundance of 34S in the SRM3154 backspike used as a standard in all sequences, a delta 

value of 4 ‰ was calculated. This sulphur standard is in the form of diluted sulphuric acid, 

and the delta value of 4 ‰ is in line with the tabulated value of sulphuric acid of (4.5 ± 

7.5) ‰ (see Table 26). Protein delta values were calculated by comparing the measured 

isotope ratios of the sample to the isotope ratio of the backspike measured in the same 

sequence (see section 6.2.5.4, Equation (8) and (9)). Delta values of 6 ‰ for BSA and 2 ‰ 

for avidin were found. Compared to the tabulated value for organic sulphur from animal 

products of (5.5 ± 15.5) ‰, these values are well in range. However, delta values differed 

considerably between measurements, resulting in high uncertainties. Hence, tabulated 

values were used further on to conserve protein sample and avoid relying on isotope delta 

measurements, which are challenging using sector field ICP-MS.   
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4.1.2 Quantification of non-protein bound sulphur species  

Commercially available proteins might have been purified in sulphur-containing buffers 

or might contain sulphur from various contamination sources, which are usually not 

described in datasheets. Even in well-characterised biological reference materials, usually, 

no data for sulphur content are given. Moreover, sulphur-containing salts, buffers, 

chemicals and organic compounds, as well as column material, are commonly used in 

protein production and purification. ICP-MS is a species-unspecific method and cannot 

distinguish between protein-bound sulphur and contaminations. Therefore, it is crucial 

for protein quantification via ICP-MS to correct for non-protein bound sulphur species. 

For the separation of low molecular weight species, filtration methods were applied 

because the expected sulphur contaminants and proteins differ significantly in size. The 

pure proteins BSA and avidin were quantified by ID-ICP-MS, and the amount of non-

protein bound sulphur in the solutions was determined after separation. A low amount of 

sulphate, methionine or CAPS was added to the BSA solution for validation of the 

developed separation procedures. These compounds serve as example substances for 

different possible contaminant groups occurring in commercially available proteins. Only 

low amounts of added sulphur species were used in these experiments to mimic real 

conditions. 

4.1.2.1 Separation by gel filtration 

First, separation of non-protein bound sulphur species by gel filtration was optimised and 

tested. Gel filtration columns apply the size exclusion principle by allowing small 

molecules below the exclusion limit to enter the pores of the gel and elute according to 

their size. Larger molecules cannot penetrate the pores and are eluted directly in the dead 

volume of the column. If both fractions are baseline separated, gel filtration can be used 

for separation of the high molecular mass protein fraction and a low molecular mass 

fraction containing the non-protein bound sulphur species. Therefore, gel filtration has 

the advantage that both fractions, the protein-bound and non-protein bound sulphur 

fractions, can be collected, quantified and directly compared within one experiment. 

4.1.2.1.1 Selection of gel filtration columns 

Two different gel filtration columns, PD-10 Desalting columns with a cut-off of 5,000 Da 

and PD Mini-Trap G-10 columns with a cut-off of 700 Da, were tested for the separation of 
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proteins and sulphate. Concentrated protein or sulphate solution was applied to either 

column type (PD-10 or G-10 gel filtration column) and was eluted using Milli-Q water as 

mobile phase. Using G-10 columns, protein and sulphate peak eluted in the same elution 

volume (data not shown), while the use of PD-10 columns resulted in partial peak 

separation (Figure 8, left panel). The PD-10 gel filtration column was chosen for further 

separation experiments, as it showed better initial separation power and had a higher 

desalting capacity. 

4.1.2.1.2 Optimization of the mobile phase 

The incomplete separation of BSA and sulphate on PD-10 columns was attributed to the 

mobile phase and the amount of sample used. The Sephadex G-25 material in the PD-10 

columns is composed of cross-linked polysaccharides, which should be completely non-

ionised. However, small amounts of ionised groups within the resin were reported in the 

literature [76] and might cause ionic interactions between charged compounds, e.g. 

sulphate, and the resin. By using salt in the mobile phase, ionic interactions, charge 

exclusion effects, and the influence of the charge of the protein is reduced, and both peaks 

are better separated. However, too high salt concentrations cause matrix effects and signal 

suppression of the ICP-MS measurement. Olivares and Houk reported pronounced signal 

suppression starting at 0.01 mol L-1 salt introduced into the ICP-MS [77]. Moreover, even 

ultrapure commercial salts contain sulphur and contaminate the sample, because the term 

“ultrapure” is usually used to characterise certain analytes with no regard for the sulphur 

content. Therefore, the amount of ultrapure commercial NaCl was gradually optimised as 

shown in Figure 8. An amount of 0.025 mol L-1 NaCl in the mobile phase was found 

sufficient to obtain separate elution volumes of the protein and sulphate or methionine 

peaks. For ICP-MS measurements, fractions were 10- to 15-fold diluted in Milli-Q water to 

minimise signal suppression.  

The separation power of the column is also strongly influenced by the amount of sample 

loaded onto the column. The PD-10 column is specified for up to 2.5 mL of sample. 

However, applying this amount of sample can overload the column. To avoid overloading 

and improve the separation, the amount of sample used was reduced to 200 to 250 µL.  
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Figure 8: Elution profiles of sulphur from PD-10 gel filtration columns after addition of BSA solution (grey 

squares), sulphate solution (red circles) or methionine solution (blue triangles) using Milli-Q water (left), 

10 mmol L-1 NaCl (middle) or 25 mmol L-1 NaCl (right) as mobile phase. Each sulphur-containing solution 

(20 mg L-1 S) was applied to a separate gel column for optimization of the elution parameters. Eluted 

fractions were diluted in Milli-Q water and directly measured by ICP-MS using external calibration (c(S) of 

dilution shown here).  

The separation efficiency of the optimised gel filtration protocol was tested by the 

addition of sulphate or methionine to the BSA solution. Only a minimal amount of sulphate 

or methionine, corresponding to 0.75 % of total sulphur, was added to mimic the 

conditions expected in real samples. Figure 9 displays the elution profiles of BSA with 

added non-protein bound sulphur species. Protein and non-protein bound sulphur were 

completely baseline separated by using low sample volumes and moderate salt content in 

the mobile phase. The amount of sulphur in both peaks was determined by external 

calibration and the non-protein bound sulphur was found to comprise 0.63 % of the total 

sulphur for sulphate and 0.61 % for methionine. These values agree sufficiently well with 

the theoretically determined amount of 0.75 %. Especially, considering that the 

concentration of sulphur in the second peak was in the concentration range of 0.5 to 

1.8 µg L-1, which is close to the LOD. After the tests were completed, both fractions were 

quantified using ID-ICP-MS instead of external calibration for more accurate 

quantification and validation of the method.  
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Figure 9: Elution profile of BSA solution (1 g L-1, containing 20 mg L-1 S) with 0.75 % of added sulphate (left) 

or methionine (right), 220 µL sample. Blue: magnification of second peak containing low molecular mass 

sulphur species. Mobile phase: 0.025 mol L-1 NaCl; fractions were diluted 1:10 in Milli-Q water to 

0.0025 mol L-1 NaCl (~150 µg L-1 NaCl) and measured by ICP-MS (c(S) of dilution shown here). 

The optimization of the gel filtration procedure was done using the ultrapure, well-

characterised NIST BSA. Commercially available avidin was chosen to test the developed 

procedure. Figure 10 shows the separation of the protein peak and non-protein bound 

sulphur contaminations. The separation of avidin and small molecular mass sulphur 

species was successful, and two distinct baseline-separated peaks were observed, defining 

the elution volumes for both fractions. The second peak amounted to 29 % of the total 

sulphur measured in both fractions, underlining the necessity to separate and correct for 

non-protein bound sulphur.  

 

Figure 10: Elution profile of avidin (2 g L-1, containing 20 mg L-1 S) from a PD-10 column, 220 µL sample. 

Mobile phase: 0.025 mol L-1 NaCl; fractions were diluted 1:10 in Milli-Q water and measured by ICP-MS (c(S) 

of dilution shown here). 
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BSA and avidin showed similar elution behaviour on the column. However, the elution 

volumes differ slightly, possibly due to the different isoelectric points of both proteins. BSA 

has an isoelectric point of 4.7 and avidin of 10 [78, 79]. Therefore, BSA is negatively and 

avidin positively charged in the neutral salt buffer used as the mobile phase. These 

differently charged proteins were both well separated on the gel filtration column. This 

shows that the gel filtration procedure is generally suited for different proteins. However, 

the elution profile needs to be recorded before the ID-ICP-MS measurements for a correct 

estimation of the fraction volumes.  

4.1.2.1.3 Quantification of non-protein bound sulphur 

After optimization, the gel filtration procedure was used for separation of the protein and 

non-protein bound sulphur fractions, and both fractions were quantified by ID-ICP-MS. 

After separation, each fraction was spiked with a 34S-enriched spike followed by digestion, 

matrix separation, and the ID-ICP-MS measurement. Due to the use of NaCl 

(0.025 mol L-1), matrix separation was necessary to remove the accumulated salt load 

from both fractions. However, only sulphate shows complete retention on the anion 

exchange resin used for matrix removal. Therefore, samples had to be digested before 

matrix separation to completely oxidise all sulphur species to sulphate. Table 4 shows the 

resulting procedure blank. The sulphur blank and the variations between replicates were 

quite high, resulting in LOD of over 340 ng for both fractions. 

Table 4: Limits of detection (LOD) and quantification (LOQ) of S in fractions separated by gel filtration. 

Fraction 1: protein-bound S, fraction 2: non-protein bound sulphur species. m(S): amount of S in the 

procedure blank (n = 3), uc: combined uncertainty of the standard deviation (σ) and the uncertainties of 

every single measurement. U: expanded uncertainty with k=2. LOD and LOQ: blank added to 3-fold or 10-

fold σ, respectively.   

 m(S) Blank [ng] LOD [ng] LOQ [ng]  
value σ uc U 

  

Fraction 1 136.1 85.5 49.5 99.1 393 991 

Fraction 2 141.7 68.5 39.8 79.6 347 827 

Reasons for the high LOD are the unknown sulphur background of the gel columns, the 

additional handling steps due to digestion and matrix separation, the sulphur blank from 

the salt buffer used for separation, and the sulphur blank from the concentrated acid used 

for digestion.  
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Table 5 shows the amount of sulphur m(S)Filtrate quantified in the protein peak (Fraction 1) 

and in the non-protein bound sulphur peak (Fraction 2).  

Table 5: Total amounts of S determined by ID-ICP-MS in fractions separated by gel filtration. Fraction 1: 

protein peak, fraction 2: low molecular mass non-protein bound sulphur. Blank, Avidin, BSA: n=3. BSA + 

SO42-/Met/CAPS: 30 ng of sulphate/methionine/CAPS were added to BSA (n=1). Theoretical values were 

calculated from the mass of sample applied to the column and the mass fraction in the sample determined 

by ID-ICP-MS. U: expanded uncertainties with k=2.  
 

Sample m(S)Filtrate 

[ng] 
m(S)Filtrate Blk corr. 

[ng] 
m(S)theoretical 

[ng] 
  

value U value U value U 

Fraction 1 Blank 136.1 99.1 - - - - 

Avidin 3156 107.0 3020 150 3978 154 

BSA 3660 177.4 3520 200 3877 103 

BSA + SO4
2− 3507 66 3370 120 3756 63 

BSA + Met 3589 67 3450 120 3777 64 

BSA + CAPS 3607 68 3470 120 3784 64 

Fraction 2 Blank 141.7 79.6 - 
 

- - 

Avidin 1367 70.9 1230 110 - - 

BSA 84.5 33.9 -57 87 - - 

BSA + SO4
2− 82.0 2.8 -60 80 29.6 0.2 

BSA + Met 90.0 3.1 -52 80 29.4 5.9 

BSA + CAPS 231.9 8.0 90 80 30.9 0.3 

The blank corrected amount of sulphur m(S)Filtrate Blk corr. in the protein peak of the BSA 

samples was 10 % lower than the theoretically expected value, possibly due to retention 

of the protein on the column. The amount of sulphur found in the protein fraction of the 

avidin solution was considerably lower than the theoretical value, which was calculated 

from the mass fraction of sulphur determined in the avidin solution before separation. The 

remaining amount of sulphur eluted in the second fraction, indicating a large amount of 

non-protein bound sulphur contamination. This non-protein bound fraction 

corresponded to 28.9 % of the total sulphur determined in both fractions, which is in line 

with the results obtained by external calibration (see Figure 10).   

Only very low amounts of non-protein bound sulphur were added to the BSA solution to 

mimic conditions in real samples. However, the amount of unbound sulphur in pure BSA 

as well as in BSA with added compounds was below the detection limit and could not be 

determined after separation by gel filtration. Hence, sulphur-containing compounds in 

BSA solution after gel filtration could not be quantified by ID-ICP-MS even though 

promising first results were seen by external calibration.  
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In summary, gel filtration is suited for separation of non-protein bound sulphur from 

proteins independent of protein charge if enough salt is used in the mobile phase. The 

method is not suited for quantification of a very small amount of non-protein bound 

sulphur because of high procedure blank levels, a high LOD and dilution of a scarce 

sample.  

4.1.2.2 Separation by membrane filtration 

Membrane filtration as a second method for the offline separation of non-protein bound 

sulphur was tested to find a more practical separation procedure with reduced procedure 

blank levels. In this method, the protein solution is applied onto a centrifugal filter 

containing a membrane through which molecules smaller than the cut-off of the 

membrane can pass. 

4.1.2.2.1 Selection of membrane filters 

Centrifugal filter inserts for Eppendorf tubes for sample volumes up to 0.5 mL were used 

because proteins are often only available in small quantities. A cut-off of 3 kDa was chosen 

to ensure protein retention in the filter. The commercially available centrifugal filters 

contain either a polyethersulphone (PES) membrane or cellulose membrane. Testing of 

both filters showed that PES membranes strongly leach sulphur even after thorough 

rinsing, resulting in sulphur blanks of several hundred ng. Filtration using cellulose 

membranes only resulted in a few ng of sulphur procedure blank. Hence, cellulose 

membrane filters were used for all following experiments.  

4.1.2.2.2 Optimization of the mobile phase 

First filtration tests were carried out using ultrapure water as the mobile phase to avoid 

increasing the sulphur blank. To test the separation of non-protein bound sulphur from 

the protein, 0.7 % of the total protein-bound sulphur was added in the form of sulphate, 

methionine (Met) or CAPS, corresponding to approximately 70 ng sulphur. After 

separation of these compounds by membrane filtration, the amount of sulphur in the 

filtrate was quantified. The recovery of the non-protein bound sulphur species was 

determined by comparison to the theoretical amount of non-protein sulphur applied to 

the filter. The amount of sulphur found in the filtrate of pure BSA was subtracted from the 

amount determined in the mixture before calculation of recoveries. For comparison, 
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diluted pure sulphate was also filtered and quantified, and the recovery was determined 

after correction for the procedure blank. Figure 11 shows the determined recoveries. 

 

Figure 11: Recovery of sulphur-containing compounds in the filtrate after membrane filtration using 

ultrapure water as mobile phase. Error bars: standard deviation of the recoveries (n=7 for BSA + sulphate, 

n=4 for BSA + methionine, n=3 for BSA + CAPS and sulphate). 

Membrane filtration completely recovered CAPS added to BSA in the filtrate but only 70 % 

of methionine and less than 30 % of sulphate. Even rinsing with four times the sample 

volume did not transfer the sulphate from the retentate to the filtrate, indicating that it 

cannot pass the membrane. This presumably is either due to interaction with the protein, 

i.e. binding to BSA, charge effects on the membrane or blockage of membrane pores by 

sedimented or adsorbed protein. To minimise blocking of pores, membrane filters with 

rinsing solution were gently shaken before the next centrifugation step to detach 

sedimented protein. As even pure sulphate showed poor recoveries, blocking of pores by 

protein seems not to be a crucial factor while charge effects seems to play a major role.  

During filtration, the ion-containing solution passes the semi-permeable 

membrane and a thin layer of solution forms at the filtrate side of the membrane before 

the solution drops into the collection tube. Now, an equilibrium of ions across the 

membrane can form, because both sides of the membrane are driven to electroneutrality 

and equal chemical potentials for each counterion pair [80]. Two different processes 

govern the transfer of ions across the membrane: the membrane charge [81] and the 

Donnan effect [82]. Studies have shown that the charge of the permeating molecule affects 

membrane permeability in mobile phases of low ionic strength if the membrane is 
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(partially) charged [83]. When molecules have the same polarity as the membrane, they 

are rejected from entering the membrane, even if those molecules are much smaller than 

the membrane pore size [83, 84]. Additionally, the transfer of molecules through the 

membrane is influenced by the Donnan effect. The Donnan effect describes the 

distribution of ions over a semi-permeable membrane, particularly the fact that a 

membrane-impermeable ion can affect the transport of co-ions through the membrane. 

This also applies to pressurised systems and is independent from the type and charge of 

the membrane [82]. As charged proteins cannot pass the membrane, ions of opposite 

charge are kept from passing the membrane to conserve electroneutrality on both sides 

of the membrane [80].  

Using a salt solution as the mobile phase can improve separation because 

membrane charge and Donnan effect are positively influenced. By using solutions of 

higher ionic strength, charge effects can be eliminated because electrostatic interactions 

are shielded [83]. The ionic strength needed depends on the initial charge of the 

membrane. Neutral cellulose membranes require lower ionic strength in the solution than 

negatively charged membranes [83]. Moreover, increasing the total amount of ions in 

solution allows sulphur-containing ions to pass the membrane, because counterions from 

the salt solution maintain the Donnan equilibrium.  

Figure 11 shows that pure sulphate solution was only recovered to 50 % in the filtrate 

using water as the mobile phase. This observation indicates that the repulsion of charged 

compounds by the (partially) charged membrane is a reason for the incomplete transfer. 

However, the recovered fraction of sulphate in water was considerably higher than the 

fraction of sulphate in the BSA solution. This suggests that the protein additionally 

influences the transfer of sulphate through the membrane. This influence can be either 

indirect through the Donnan effect or by direct interaction with the protein. Especially if 

minuscule amounts of added compounds are used, binding of charged compounds by the 

protein should not be neglected.   

As electrostatic and charge effects were identified as the largest influence on the recovery 

of sulphate, the use of salt in the mobile phase was tested. Previously, commercial NaCl 

was used as mobile phase for gel filtration, which required subsequent digestion and 

matrix separation (see section 4.1.2.1.3). As the sulphur content is not of interest for most 

commercial applications, vendors give no information regarding the sulphur impurities 
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and even using ultrapure chemicals can introduce significant blank levels. Moreover, the 

need for matrix separation increases the sample preparation time and the number of 

handling steps which in turn introduce additional sulphur contaminations. Therefore, an 

ultrapure salt was needed that could directly be introduced into the ICP-MS system 

without introducing unwanted matrix and without introducing additional sulphur. An 

ultrapure ammonium hydrogen carbonate (NH4HCO3) solution can be produced from 

pure reagents. The use of NH4HCO3 has the advantage that moderate amounts can be 

directly introduced into the ICP-MS without the need for matrix separation because it 

decomposes to ammonia and carbon dioxide at temperatures above 60°C [85]. Hence, a 

dilution of NH4HCO3 (0.005 mol L-1) was chosen as a compromise between the minimum 

ionic strength needed for the separation and the salt load which could be introduced into 

the plasma. Moreover, the NH4HCO3 solution had a negligible sulphur blank. 

Therefore, another recovery experiment was conducted using NH4HCO3 (0.005 mol L-1) as 

mobile phase and sulphate or CAPS added to BSA as well as pure sulphate and CAPS 

solutions as samples. Here, 1.4 % of the total sulphur was added to BSA in the form of 

sulphate or CAPS, corresponding to approximately 140 ng sulphur. After the first 

centrifugation of the sample solution, the filters were rinsed with NH4HCO3 

(0.005 mol L-1) solution corresponding to four times the sample volume to transfer all 

non-protein bound sulphur to the filtrate. The sulphur content in the filtrates was 

quantified by IDMS.  Figure 12 shows that a considerably higher recovery for sulphate 

added to BSA and pure sulphate was achieved using salt solution then only water for 

rinsing (compare Figure 11). Three replicates were filtered and quantified, but in both 

BSA mixtures one replicate of considerably higher sulphur concentration was excluded 

because it was assumed to be a contamination. If these outliers are included, recoveries 

change to (118 ± 51) % for ‘BSA + Sulphate’ and (156 ± 132) % for ‘BSA + CAPS’.  

Filtration of pure compounds showed recoveries close to 100 %. The nearly complete 

recovery of pure compounds after rinsing with salt solution indicates that charge effects 

were the main reason for the incomplete transfer of sulphate through the membrane. The 

small amount of compounds missing to achieve 100 % recovery might be due to 

adsorption of sulphate and CAPS on the filter membrane or the container walls. 
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Figure 12: Recovery of sulphur-containing compounds in the filtrate after membrane filtration determined 

by ID-ICP-MS using NH4HCO3 (0.005 mol L-1) as mobile phase. Error bars: expanded uncertainty U of the 

recoveries (n=2 for BSA mixtures, n=3 for pure compounds). 

The differences in recoveries between pure compounds and compounds added to BSA are 

presumably due to the binding behaviour of BSA. BSA is a serum protein with high non-

specific binding affinities because it serves as a transporter for a multitude of different 

molecules [86-88]. Less sulphate or CAPS was recovered when added to BSA, suggesting 

that some of these compounds were captured by the protein.  

Moreover, besides specific ligand binding, non-specific interactions between proteins and 

small solutes are also possible [89]. The interaction effects between proteins and other 

solutes are especially pronounced when only small amounts of added compounds are 

used, as done here. This effect will be greatly reduced in more dilute protein solutions or 

when using more inert proteins. Controlled testing of these effects with another protein 

was not possible because no other protein reference material with a well-characterised 

concentration and without sulphur contaminations is currently available. Therefore, the 

effect of salt on the separation of non-protein bound sulphur species was tested using 

commercial avidin. Figure 13 shows that the use of a salt solution for rinsing is crucial for 

the successful separation of non-protein bound sulphur.  
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Figure 13: Fraction of non-protein bound sulphur quantified in avidin solution after separation using gel 

filtration or membrane filtration with ultrapure water or NH4HCO3 (0.005 mol L-1) as mobile phase. Error 

bars: standard deviation (n=3) 

In section 4.1.2.1.3, the fraction of non-protein bound sulphur separated by gel filtration 

was quantified to comprise 29 % of the total sulphur in the avidin solution. Separation by 

membrane filtration with water as rinsing agent resulted in an amount of sulphur below 

1 % in the filtrate compared to total sulphur in the sample, whereas rinsing with salt 

solution yielded 30 % of non-protein bound sulphur. This highlights not only the 

importance of salt for reliable transfer of small molecules to the filtrate but also the use of 

gel filtration for validation of the obtained results. 

4.1.2.2.3 Quantification of non-protein bound sulphur 

Using the optimised filtration procedure, the amount of non-protein bound sulphur in 

BSA, avidin and procedure blanks was determined. The blanks and resulting detection and 

quantification limits are shown in Table 6. The procedure blank amounts to only 11 ng of 

sulphur, due to the use of the ultrapure salt solution as mobile phase and extensive rinsing 

of the filters before sample filtration. This blank is less than 10 % of the blank values 

obtained in gel filtration using commercial NaCl as mobile phase followed by digestion 

and matrix removal. Membrane filtrates were spiked and measured directly after a 

comparatively short equilibration time. Digestion was not carried out because no 

subsequent matrix removal was required. 
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Table 6: LOD and LOQ of sulphur in membrane filtrate. Blank 1 and 2: the amount of sulphur m(S) in the 

procedure blank determined on two different days (n=3). Total: mean values of all six replicates. Expanded 

uncertainty U with k=2. LOD and LOQ:  blank added to 3-fold or 10-fold σ, respectively.   
 

m(S)Filtrate ± U [ng] 𝛔(m(S)Filtrate)  LOD LOQ 
 

replicates mean [ng] [ng] [ng] 

Blank 1 7.8 ± 0.4 9.4 ± 2.9 2.4 16.7 33.7  
8.1 ± 0.5 

    

 
12.2 ± 0.7 

    

Blank 2 10.4 ± 0.6 12.8 ± 2.6 2.2 19.4 34.8  
14.8 ± 0.8 

    

 
13.2 ± 0.8 

    

Total - 11.1 ± 2.4 2.8 19.5 39.0 

The average blank values 1 and 2 were subtracted from the amounts of sulphur 

determined in BSA and avidin filtrates, respectively. Table 7 shows the resulting sulphur 

masses in the filtrate. Fractions of non-protein bound sulphur were determined from the 

amount of sulphur in the filtrate m(S)Filtrate Blk corr. and the amount of sulphur in the sample 

before filtration m(S)Sample. The amount of sulphur in the sample was calculated from the 

sulphur mass fraction of the protein solution and the mass of the sample applied to the 

filter. 

Table 7: Fractions of non-protein bound sulphur determined in BSA and avidin after separation by 

membrane filtration. Amounts of sulphur in BSA were corrected for Blank 1 and avidin for Blank 2 (Table 

6). Expanded uncertainty U with k=2. 

  m(S)Filtrate Blk corr. ± U [ng] m(S)Sample ± U [ng] Non-protein bound S ± U [%] 

  replicates mean replicates mean replicates mean 

BSA 63.7 ± 4.8 37.0 ± 27.9 10020 ± 250 10047 ± 261 0.64 ± 0.05 0.37 ± 0.28  
29.8 ± 3.5 

 
10010 ± 250 

 
0.30 ± 0.04 

 

 
17.4 ± 3.2 

 
10110 ± 260 

 
0.17 ± 0.03 

 

Avidin 109.7 ± 6.9 112.0 ± 8.3 373 ± 15 375 ± 15 29.4 ± 2.2 29.8 ± 2.5  
109.9 ± 6.9 

 
376 ± 15 

 
29.2 ± 2.2 

 

  116.4 ± 7.2 
 

377 ± 15 
 

30.8 ± 2.3 
 

In the BSA solution, only 0.37 % of the total sulphur is non-protein bound sulphur, 

corresponding to 37 ng of sulphur. This is slightly above the LOQ of 33.7 ng determined in 

Blank 1, which was the procedure blank prepared in parallel with the BSA. In avidin, 

29.8 % of non-protein bound sulphur was found, which corresponds to 112 ng and is well 

above the LOQ. The avidin solution prepared for this filtration experiment was diluted to 

only 0.2 g kg-1 of protein, which resembles the amount of protein used in real samples of 
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limited supply. However, when a lower amount of sulphur contamination is expected, a 

higher amount of protein must be used to yield enough non-protein bound sulphur for 

quantification (see section 4.1.1.3).  

4.1.2.3 Conclusion: Separation procedures 

Non-protein bound sulphur-containing molecules were separated from the protein 

fraction by gel filtration and membrane filtration. For good separation using Sephadex gel 

columns, sufficient amounts of salt, low sample volume and slow application of the sample 

solution to the frit on top of the column are necessary. Gel filtration has the advantage that 

protein and contaminant peaks can be collected, quantified, and compared. However, in 

this work separation by gel filtration showed high procedure blanks, presumably due to 

the sulphur blank of the gel column, the sulphur blank of NaCl used as the mobile phase, 

and contaminations introduced during digestion and matrix separation. Moreover, gel 

filtration strongly dilutes the sample, which makes measuring of a scarce sample very 

difficult and might require pre-concentration of the sample prior to the ID-ICP-MS 

measurement, thus, increasing the influence of the salt blank. For future studies, using 

pure NH4HCO3 as the mobile phase is highly recommended as this enables the direct 

measurement of fractions without the need for digestion and matrix separation. Thus, the 

method becomes faster, the risk of contamination is lower, and lower LODs are expected. 

Although gel filtration was not optimised further in the scope of this work, it proved to be 

a suitable method for the validation of the membrane filtration results as shown on the 

example of avidin.  

Membrane filtration was chosen for further use because it is cheaper, faster and less 

laborious than gel filtration because no digestion is necessary.  Moreover, separation by 

membrane filtration needed lower amounts of salt in the mobile phase, showed lower 

sulphur blanks and thus lower LOD values. The low detection limit allowed for accurate 

quantification of only 40 ng non-protein bound sulphur. However, thorough rinsing of the 

filter before use is crucial for low blanks. Moreover, the filter must be kept wet afterwards 

because drying may change the pore sizes of the membrane. After filtration of the sample, 

the retentate in the filter needs to be rinsed with salt solution several times to transfer all 

non-protein bound sulphur to the filtrate. Gentle shaking of the filter containing sample 
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And rinsing solution detaches spun down protein from the membrane and allows small 

molecules to pass through the membrane.  

In the membrane filtration experiments, compounds added to BSA showed lower 

recoveries in the filtrate than pure compounds. The low recoveries were attributed to the 

strong binding affinity of BSA to many different substances. Unfortunately, no other pure, 

sulphur-free and well-quantified protein reference material is available yet, which 

emphasises the need for accurate quantification methods. When quantifying proteins with 

high binding affinities for other molecules, binding of sulphur-containing compounds may 

occur, and separation methods cannot recover these compounds. Therefore, accurate 

quantification of such proteins might require validation using another protein 

quantification method, e.g. amino acid analysis.  

The herein developed method is suitable for the separation of unbound sulphur 

compounds and enables the correction of the sulphur content in the protein solution. The 

need for a reliable separation and quantification method was shown on avidin as an 

example for a commercially available protein, which contains 30 % of non-protein bound 

sulphur.   

4.1.3 Quantification of sulphur in proteins by ID-ICP-MS 

Table 8 shows the quantified amount of sulphur in the protein solution before and after 

correction for non-protein bound sulphur in diluted protein samples and stock solution.  

Table 8: Sulphur mass fractions wx(S)Stock in BSA stock solution and lyophilised avidin powder. Results with 

expanded uncertainties (k=2).  

  Replicate wx(S) ± U wx(S)corr. ± U Dilution  wx(S)Stock ± U [g kg-1] 

  [ng g-1] [ng g-1] factor replicates mean 

BSA 1-1 99800 ± 2600 99400 ± 2600 12.6 1.253 ± 0.033 1.24 ± 0.038  
1-2 97000 ± 2500 96600 ± 2500 

 
1.218 ± 0.032 

 

 
1-3 99500 ± 2600 99100 ± 2600 

 
1.249 ± 0.033 

 

 
2-1 20960 ± 540 20880 ± 540 61.1 1.277 ± 0.033 

 

 
2-2 20990 ± 540 20910 ± 540 

 
1.279 ± 0.033 

 

 
3-1 18690 ± 480 18620 ± 480 65.5 1.218 ± 0.031 

 

  4-1 20340 ± 520 20270 ± 520 60.2 1.219 ± 0.031   

Avidin 1 20750 ± 530 14570 ± 590 477.7 6.99 ± 0.40 6.76 ± 0.32  
2 19680 ± 500 13810 ± 560 476.1 6.52 ± 0.44 

 

  3 16150 ± 410 11340 ± 460 601.3 6.76 ± 0.48 
 

First, the amount of sulphur in the diluted protein solution was quantified (wx(S), 1st 

column) and then corrected for non-protein bound sulphur (wx(S)corr., 2nd column). Here, 
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the mean value for the fraction of non-protein bound sulphur (Table 7) was used for the 

correction. The corrected mass fractions and dilution factors of the protein solutions were 

used for calculation of the sulphur mass fractions in the BSA stock solution and lyophilised 

avidin powder (wx(S)Stock). The measured and corrected sulphur mass fractions of BSA 

overlap within their expanded uncertainties because the amount of non-protein bound 

sulphur in the NIST BSA is only 0.37 % (see Table 7) and below the uncertainty of one 

measurement. This verifies the high purity of the reference protein BSA and makes it a 

suitable standard for recovery testing of sulphur-based quantification approaches as it 

can be directly used without separation of unbound sulphur species. 

In avidin, however, 29.8 % of total sulphur is not bound to protein and correction for this 

is crucial. The RSD of 7 BSA measurements is 2.2 % and of 3 avidin measurements 3.5 %. 

The sample preparation method has the highest impact on the variability between 

samples because slight handling errors during weighing or blending can influence the 

final results. Moreover, a low amount of sample makes weighing more difficult. For avidin, 

few mg of protein powder had to be weighed in, which is challenging because electrostatic 

interactions make the powder stick to plastic labware. The expanded uncertainties of the 

sulphur mass fractions, which include the variability of sample preparation and which are 

determined in the stock solution of BSA and the crystalline avidin powder, also reflect this 

problem. The final relative expanded uncertainty of BSA amounts to 3.1 %, whereas the 

quantified value for avidin has a relative expanded uncertainty of 4.7 %. Section 4.1.5  

shows the uncertainty contributors and their influence on the combined uncertainty in 

detail. 

4.1.4 Determination of the protein mass fraction 

Protein mass fractions were calculated from the sulphur mass fraction by using the known 

molar masses of the proteins and the number of sulphur atoms in each protein (see 

section 6.1.2). Table 9 shows the protein mass fractions determined for all replicate 

measurements and the mean mass fractions. The BSA mass fraction in the stock solution 

was determined to (66.1 ± 2.0) g kg-1, and the mass fraction of avidin in the crystalline 

powder was (707 ± 65) g kg-1, corresponding to 70.7 % protein content in the solid avidin 

formulation. 
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Table 9: Protein mass fraction in BSA stock solution and lyophilised avidin powder. Results with expanded 

uncertainties U with k=2.  

  Replicate wx(S)Stock ± U 
[g kg-1] 

wx(Protein)Stock ± U 

[g kg-1] 
wx(Protein)theoret. ± U   

[g kg-1] 

BSA 1-1 1.253 ± 0.033 66.5 ± 1.8 66.1 ± 2.0 66.2 ± 1.4  
1-2 1.218 ± 0.032 64.7 ± 1.7 

  

 
1-3 1.249 ± 0.033 66.3 ± 1.8 

  

 
2-1 1.277 ± 0.033 67.8 ± 1.7 

  

 
2-2 1.279 ± 0.033 67.9 ± 1.8 

  

 
3 1.218 ± 0.031 64.7 ± 1.7 

  

  4 1.219 ± 0.031 64.8 ± 1.7     

Avidin 1 6.99 ± 0.40 731 ± 56 707 ± 65 866 ± 86  
2 6.52 ± 0.44 682 ± 57 

  

  3 6.76 ± 0.48 707 ± 62     

The theoretical protein mass fraction of BSA was calculated from the concentration and 

density of the BSA stock solution stated in the NIST certificate. The uncertainty of the 

theoretical value is slightly lower than the uncertainty of an individual ID-ICP-MS 

measurement and one third lower than the combined uncertainty of all measurements. To 

compare the measured and theoretical value, the so-called normalised error En value† was 

calculated [90]. The En value can be used to determine whether data are metrologically 

compatible, i.e. whether they agree within their uncertainties. Two values are 

metrologically compatible when their En value is ≤ 1 [90]. The En value of the theoretical 

and measured BSA mass fraction was determined to be 0.02, implying that the difference 

between the values is only 2 % of the associated uncertainty. This means that the mass 

fractions agree within the uncertainties and no differences can be observed.  

The theoretical protein content of avidin of 86.6 % (866 g kg-1) was determined using the 

specifications given by the manufacturer by multiplying an optimal protein mass fraction 

of 100 % (1000 g kg-1) with the purity of ≥ 98 % (0.99 ± 0.01) and the protein fraction of 

80 to 95 % (0.875 ± 0.075). The uncertainties of the theoretical values were interpreted 

as rectangular functions, as only intervals are given. The mass fraction determined by ID-

 
† The En value is calculated as 𝐸𝑛 =  

|𝑑𝑖𝑗|

𝑈(𝑑𝑖𝑗)
 = 

|𝑥𝑖−𝑥𝑗|

𝑘∙𝑢(𝑑𝑖𝑗)
 with 𝑢(𝑑𝑖𝑗) =  √𝑢2(𝑥𝑖) + 𝑢2(𝑥𝑖) − 2 ∙ cov(𝑥𝑖 , 𝑥𝑗) from the 

difference dij between two metrological values xi and xj and the expanded uncertainty U(dij) of the difference. 

U(dij) is determined from the combined uncertainty u(dij) calculated using the uncertainties u(xi) and u(xj) 

of the compared values and their covariance cov(xi,xj). The values xi and xj are metrologically compatible 

when the corresponding En value is ≤ 1.  
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ICP-MS is lower than the theoretical value. However, the theoretical avidin mass fraction 

is very roughly estimated, and this deviation might be explained by lower than expected 

protein or higher salt content.  

For higher stability, many commercially available proteins are freeze-dried (lyophilised), 

which removes the bulk water in the protein solution and the multilayer water 

surrounding the protein molecules [91]. However, a residual monolayer of water is left on 

the protein surface and is even needed for protein stability. The water content of a 

lyophilised protein varies between below 1 % and up to 5 % depending on the drying 

procedure and can increase during storage of the protein  [91, 92]. Moreover, the process 

can impact protein stability and result in protein degradation [93]. Therefore, stabilisers 

are added to commercial proteins, especially to pharmaceuticals [93]. Additionally, 

preparative steps like precipitation and chromatography during purification introduce 

varying amounts of additives like buffers and elution agents into the protein solution. 

Thereby, not only salts, weak acids and bases but also divalent cations (calcium, 

magnesium, iron, zinc), protease inhibitors, chelating or reducing agents might be added 

to the protein [94]. Excessive salts might be removed by dialysis but counter-ions that 

compensate protein net charge or adsorbed compounds remain in the protein solution 

[94]. The amount of these additives can comprise a considerable mass fraction of the solid 

protein sample. For example, Jolivalt et al. found up to 10 % of chloride in a commercial 

lysozyme [94]. Hence, lyophilised proteins cannot be directly used as calibrators because 

weighing of solid proteins without knowing the accurate protein concentration will result 

in incorrect results and thus quantifying the protein concentration in solution is 

necessary. Moreover, the data given by the manufacturer might not include the correct 

amounts of salts and moisture and the theoretical protein content typically is 

overestimated as was the case for avidin.  

The BSA used in this work was supplied in solution with a given certified concentration, 

eliminating the need to consider the moisture content. BSA was applied in this work 

because it is available as certified reference material and because it is a model protein 

used in countless studies. Its sequence and structure are well characterised, it is used in 

immunodiagnostic studies, as a calibrator for biochemical assays and in clinical chemistry 

[95]. Nonetheless, BSA is not the best model protein for the herein developed method due 

to the high binding affinities to a multitude of different compounds. Serum albumins like 



  

 

52 

 

BSA serve as transporters for many different molecules like metabolites, hormones, fatty 

acids, amino acids and ions, e.g. calcium, magnesium and metal ions [86, 87]. Moreover, 

BSA also exhibits unspecific binding to other proteins and small molecules. It was 

reported to bind surfactants, lipids, vesicles, polymers, dendrimers, nanomaterials and 

drugs [88]. BSA can exhibit non-enzymatic modifications and restructuring of disulphide 

bonds during storage, isolation, heating or freezing [96]. Especially the free cysteine 

residue at position 34 can react with sulphur-containing cysteine and glutathione, which 

are highly abundant in blood plasma [96, 97]. As BSA is usually purified from blood 

plasma, these modifications might also be present in the pure protein. All these factors 

might lead to an overestimation of the sulphur and protein content measured in the 

protein solution, which makes BSA somewhat less unsuitable for quantification via its 

sulphur content.  

Nevertheless, due to the lack of other protein reference materials, BSA had to be used for 

method development. To minimise the risk of a restructuring of BSA, the solution was kept 

at 4°C and before each new quantification experiment, a new ampule was opened. 

Moreover, the NIST BSA contains only minuscule amounts of contaminations and the 

determined concentration agrees very well with the reference concentration stated in the 

certificate. The good agreement between measured and theoretical values suggests that 

the error sources mentioned above are under control and do not significantly influence 

the result.  
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4.1.5 Uncertainties contributors 

The relative uncertainties of the protein mass fractions determined from the corrected 

sulphur mass fractions are shown in Table 10. For both, BSA and avidin, the uncertainty 

of every single measurement is higher than the standard deviation of all measurements.  

Table 10: Relative uncertainties of protein mass fractions. U: expanded uncertainty k=2, σ: standard 

deviation, uc: combined uncertainty.  
 

Relative uncertainty of wx(Protein) [%]  
U of single 

measurement 
σ of all 

measurements 
uc of all 

measurements 
U of all 

measurements 

BSA 2.6 2.1 1.5 3.1 

Avidin 8.3 3.5 4.6 9.2 

Figure 14 and Figure 15 show the uncertainty contributors for both proteins. The 

uncertainty of one measurement is considerably lower for BSA than for avidin and 

originates mainly from the isotope ratio of the sample Rx(Protein, CIAAW) and the isotopic 

abundance of 34S in the sample hx,b(Protein, CIAAW), both taken from tabulated data. The 

influence of these factors on the final uncertainty is quite substantial because the 

quantities are given as intervals, and uncertainties were determined as rectangular 

functions of these intervals. 

 

Figure 14: Contributors to the uncertainty of the BSA mass fraction. 

The uncertainty can be reduced by measuring the isotope ratio of the sample, but this is 

only possible when enough protein is available. Table 11 shows the influence of the 

uncertainty of the sample isotope ratio on the overall uncertainty for one BSA sample.  

wy,b

1%

hx,b(Protein, CIAAW)
44%

Rx(Protein, CIAAW)
53%

Rxy

1%

f(non-protein bound S)
1%
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Table 11: Comparison of the uncertainty contributions of tabulated and measured isotope abundance ratios 

on the sulphur mass fraction w(S) on the example of BSA replicate 2-1 (see Table 8). Uncertainty: expanded 

uncertainty U (k=2). Tabulated Rx(Protein, CIAAW): see Table 26. Rx(Protein, measured): Uncertainty on Rx 

given by the RSD of runs within one measurement and replicate measurements.  

Uncertainty 
contributor 

Use of Rx(Protein, CIAAW) Use of Rx(Protein, measured) 

Contribution Contribution 

Rx(Protein) -200 ng g-1 52.8 % -33 ng g-1 3.1 % 

hx,b(Protein) -180 ng g-1 44.0 % -180 ng g-1 90.3 % 

wy,b 35 ng g-1 1.7 % 35 ng g-1 3.5 % 

Rxy 33 ng g-1 1.5 % 33 ng g-1 3.1 % 

w(S) ± U (20960 ± 540) ng g-1 (20980 ± 380) ng g-1 

By measuring the isotope ratio Rx, the uncertainty of the determined sulphur mass 

fraction can be reduced by over 80 %, shifting the contribution of Rx to the uncertainty 

from 53 % to 3 %. The total uncertainty could be decreased further by measuring delta 

values and determining the isotopic abundance of 34S in the sample (hx,b).  

In this work, isotope delta values were determined using the sector field ICP-MS and were 

in line with tabulated data (see section 4.1.1.5). However, the precision of the measured 

data was not markedly higher. Better delta value measurements would have required a 

substantially higher amount of sample and measurement time. Hence, even though the 

isotopic abundance hx,b of BSA was determined experimentally, high uncertainties in the 

same range as tabulated data had to be assigned (see section 6.2.5.4). Reducing this 

uncertainty might be possible using a multi-collector ICP-MS and precise isotopic 

abundance measurements.  

In the case of commercially available proteins, this might not be worthwhile because the 

contribution from other factors is considerably higher, as shown for avidin in Figure 15. 

Here, the uncertainties of the molar mass of the protein M(Avidin, Uniprot) and the mass 

of dissolved protein m(Avidin) highly increase the total uncertainty. The molar mass of the 

protein was not given in the datasheet and had to be taken from available databases. 

Therefore, a high uncertainty of 5 % was estimated for this quantity. This can be reduced 

by measuring the exact mass of the protein with molecular mass spectrometry provided 

a sufficient amount of protein is available. For the reference material BSA, the uncertainty 

of the molar mass of the protein M(BSA) used for calculation was very low. However, this 

uncertainty could have been underestimated. In the certificate, four different molar 

masses for the major molecular forms of BSA were given without the abundances or 
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molecular composition of these forms. For the GUM calculation, only the quantity and 

uncertainty of the most abundant molecular form were used. If the BSA contains a 

substantial amount of the other molecular forms, the uncertainty of the molar mass and 

the total uncertainty increase.  

 

Figure 15: Contributors to the uncertainty of the avidin mass fraction. 

The avidin solution was prepared by weighing in 3 to 5 mg of sample, and the balance has 

a fixed uncertainty of 0.1 mg. The low amount of sample used increases the relative 

uncertainty of the mass and its influence on the total uncertainty. Moreover, the amount 

of non-protein bound sulphur in the avidin solution was much higher than in BSA solution, 

increasing the contribution of f(non-protein bound S) to the total uncertainty to 15 %. The 

last major uncertainty contributor is the uncertainty of the sulphur mass fraction wx(S), 

which mainly consists of the uncertainties of the tabulated sample isotope ratio 

Rx(Protein, CIAAW) and isotopic abundance of 34S hx,b(Protein, CIAAW). These two factors 

are also the main contributors to the overall uncertainty of the BSA mass fraction. Due to 

the influence of the molar mass, the mass of weighed protein powder and the fraction of 

non-protein bound sulphur, the overall influence of these factors on the avidin mass 

fraction is diminished. However, both factors also influence the uncertainty of f(non-

protein bound S). It is composed of the uncertainties of Rx(unknown, CIAAW), 

hx,b(unknown, CIAAW), the mass fraction of sulphur determined in the protein solution 

wx(S),  and the mass of sulphur in the filtration blank m(S)Blank. The isotope ratio 

Rx(unknown, CIAAW) and the isotopic abundance of 34S hx,b(unknown, CIAAW) were used 

for ID-ICP-MS calculations for non-protein bound sulphur species in the filtrate. As the 

origin of these species was not known, mean values were taken from tabulated data (Table 
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25 and Table 26). Breaking down all the uncertainty contributions of wx(S) and f(non-

protein bound S) results in the uncertainty distribution shown in Figure 16. 

 

Figure 16: Final uncertainty contributions of the avidin protein mass fraction after including uncertainty 

contributors for the fraction of non-protein bound sulphur f and the mass fraction of sulphur in the protein 

solution wx(S). 

Besides tabulated data, only the uncertainties of the mass of avidin weighed into the 

solution and, to a lower extent, the amounts of sulphur in the digestion and filtration blank 

influence the uncertainty of the avidin mass fraction. 

4.1.6 Metrological traceability of the sulphur mass fraction 

The metrological traceability of the determined protein mass fractions for all herein 

quantified proteins is achieved by an unbroken chain of calibrations. Figure 17 shows a 

flow chart of the calibration hierarchy for a representative BSA sample. Primary reference 

measurement procedures performed at NIST provide the link between the SI unit system 

and the mass fraction of sulphur in the primary calibrator SRM3154. The primary 

calibrator was then used in reverse ID-ICP-MS at BAM to assign the mass fraction of 34S to 

the spike  [74, 98]. The spike was used as a secondary calibrator for determination of the 

sulphur mass fraction in the protein solution. The protein mass fraction was calculated 

from the sulphur mass fraction and the molar mass of the protein. Here, the molar mass 

was determined from the protein sequence taken from a database and from the average 

element masses factoring in the isotopic abundances. A high uncertainty was estimated 

for the molar mass to allow for slight modifications of the protein in the manufacturing 
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process. Hence, the here determined protein mass fraction can be regarded as traceable, 

establishing the complete traceability chain from the kg to the sample. The relative 

uncertainties increase for every additional calibration step, as shown in Figure 17.  

 

Figure 17: Calibration and metrological traceability chain according to guidelines given by IUPAC [99], 

shown exemplarily for BSA sample 1-1.  

4.1.7 Comparison of protein quantification methods 

In the following, the developed protein quantification method is compared with published 

methods on the example of the reference material BSA. The BSA mass fraction determined 

in this work was converted to the concentration via the density given in the certificate to 

enable a better comparison.  

Table 12 shows a selection of various published methods and the determined BSA 

concentrations. Most of these accurate protein quantification methods are based on AAA. 

AAA is an established method which requires comparatively little sample volume and was 

also used by NIST for traceable quantification of the certified reference material. However, 

for traceable determination of the protein concentration in solution, isotopically labelled 

amino acids are required as internal standards as used by  Phinney [24], Wise [100] and 

Kinumi [101]. 
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Table 12: Comparison of protein quantification methods applied to certified reference materials BSA 927e 

and 927d. U: expanded uncertainty. σ: uncertainty given is only the standard deviation of repeat 

measurements and no uncertainty budget was determined. AAA: amino acid analysis (by molecular mass 

spectrometry), ID: isotope dilution, LC: liquid chromatography, MS: mass spectrometry, ICP: inductively 

coupled plasma (ionisation for elementary mass spectrometry), SF: sector field, QQQ: triple quadrupole, ES-

DMA: electrospray differential mobility analysis, HILIC: hydrophilic interaction liquid chromatography.  

Method BSA conc. 
[g L-1] 

Fraction of 
certified 
value  

Relative 
uncertainty 

Comments Reference 

Reference material NIST BSA 927e quantified 
AAA  
(ID-LC-MS) 

67.38 ± 1.38 100 % 2.0 % 
(U, k=2) 

traceable, certified 
value by NIST, stable 
isotope amino acids as 
internal standards 

Phinney et 
al. [24] 

Biuret method 69.58 ± 1.30 103.3 % 1.9 % 
(U, k=2) 

reference value by NIST,  
NIST 927d used as 
standard 

Phinney et 
al. [24] 

ID-ICP-MS  
(SF-MS) 

67.3 ± 2.0 99.9 % 3.6 % 
(U, k=2) 

traceable this work 

ID-ICP-MS 
(QQQ-MS) 

67.39 ± 0.40 100.0 % 0.6 % 
(σ) 

 Raeve et al. 
[102] 

AAA  
(LC-MS) 

69.11 ± 3.49 102.6 % 5.0 %  
(σ) 

derivatisation free, only 
aromatic amino acids 

Hesse et al. 
[103] 

ES-DMA 65.8 ± 1.6 97.7 % 2.4 % 
(σ)  

analysis of droplet 
entrapped oligomer 
formation 

Li et al. 
[104] 

Reference material NIST BSA 927d quantified 
AAA  
(ID-LC-MS) 

65.41 ± 0.82 100 % 1.3 % 
(U, k=2) 

traceable, certified 
value by NIST, stable 
isotope amino acids as 
internal standards 

Wise et al. 
[100] 

Biuret method 70.10 ± 0.74 107.2 % 1.1 % 
(U, k=2) 

reference value by NIST, 
NIST 927c used as 
standard  

Wise et al. 
[100] 

AAA  
(ID-LC-MS) 

65.4 ± 4.8 
 

100.0 % 7.3 % 
(U, k=2) 

traceable, stable 
isotope amino acids as 
internal standards, with 
pre-column 
derivatisation 

Kinumi et 
al. [101] 

AAA  
(ID-LC-MS) 

66.0 ± 2.4 100.9 % 3.6 % 
(U, k=2) 

derivatisation of 
multiple functional 
groups 

Sakaguchi 
et al. [105] 

AAA  
(ID-HILIC-MS) 

66.19 ± 2.6 
 

101.2 % 4.0 % 
(U, k=2) 

stable isotope amino 
acids as internal 
standards 

Kato et al.  
[106] 

 
In contrast, ICP-MS based protein quantification methods only require an isotopically 

labelled inorganic spike. Moreover, AAA requires specific know-how and usually needs 

more elaborate sample preparation because hydrolysis of the protein is necessary. Many 

methods also require derivatisation of amino acids before analysis. ICP as a mostly matrix 
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independent ionisation procedure needs much less sample preparation than AAA. 

Digestion of samples reduces the uncertainty but is not required, whereas for AAA the 

optimisation of digestion and derivatisation parameters is not trivial. Hence, ICP-MS is a 

viable alternative for traceable protein quantification. However, AAA has the advantage 

regarding sample consumption and measurement duration compared to ICP-MS based 

methods. Table 12 shows that the uncertainty determined in this work for the BSA 

concentration is slightly higher than the uncertainties published by NIST but well in the 

range of the reported uncertainties of other methods.  

Raeve et al. published a similar ICP-MS based protein quantification method as done in 

here [102]. However, no uncertainty budget was calculated, and much higher 

uncertainties are expected if their method is used for traceable protein quantification. 

They used triple quadrupole ID-ICP-MS for protein quantification and measured sulphur 

after reaction with oxygen in a collision cell as 32S16O+ and 34S16O+. They also employed 

membrane filtration for the separation of non-protein bound sulphur species. However, 

the separation was only tested after addition of 5 % of non-protein bound sulphur 

corresponding to 2.4 µg g-1 S. In this work, only 1 to 2 % of the total protein-bound sulphur 

was added to test the separation and measured at concentrations as low as 70 ng g-1. 

Moreover, Raeve et al. used 2.5 mg of BSA for their analysis, whereas in this work dilute 

protein solution was measured corresponding to 500 µg of BSA. For the other proteins 

used in this work, as little as 30 µg of protein was used per analysis, which requires very 

low blanks and detection limits.  

A very sophisticated ICP-MS based protein quantification method for characterisation of 

reference material candidates was developed by Lee et al. at the metrological institute of 

Korea (Korea Research Institute of Standards and Science, KRISS) [5]. They applied a triple 

quadrupole ID-ICP-MS method for protein quantification of the human growth hormone 

protein and separated non-protein bound sulphur contaminations by size exclusion 

chromatography coupled to ICP-MS. These contaminants were then accurately quantified 

by standard addition and Lee et al. were able to quantify only 0.09 % of non-protein bound 

sulphur species. Moreover, they used only 360 µg of protein per analysis and achieved final 

expanded uncertainties of 4 %, which is in the range of the uncertainty of the protein 

quantification method described here. The herein developed method is less elaborate and 

less powerful because the separation of non-protein bound contaminants by offline 
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filtration is limited to molecules smaller than the cut-off of the membrane. However, the 

approach shown here is also cheaper, easier and can be applied in any ICP-MS laboratory 

without the need for expensive columns and coupling of a liquid chromatography system.  

In conclusion, the herein developed method yields accurate protein quantification 

results with similar uncertainty to established methods while requiring less sample 

preparation and no species-specific isotopic standards. For reference material 

characterisation more sophisticated methods might be more promising, but the method 

shown here is easily applicable and well suited for the quantification of calibration 

standards with full SI traceability for use in research projects. 

4.1.8 Conclusion: Protein quantification by ID-ICP-MS 

In summary, a method for the quantification of pure proteins including the separation and 

quantification of non-protein bound sulphur contaminations within the sample was 

developed. The procedure was applied to a certified reference material as well as a 

commercially available protein. The results showed good agreement with the certified 

protein concentration and were also applicable to the commercial protein containing 

considerable amounts of sulphur contaminations. Working in the cleanroom and with 

ultrapure chemicals whenever available was crucial for the reduction of procedure blank 

levels. The protein-spike blend was digested to completely blend sample and spike and to 

avoid protein losses due to adsorption. Non-protein bound sulphur was separated by 

membrane filtration using ultrapure NH4HCO3 (0.005 mol L-1) as mobile phase with 

additional rinsing steps for complete transfer of small contaminant molecules. The 

collected filtrate was spiked, incubated overnight and measured directly without 

digestion to avoid additional blank contribution by digestion acid. Uncertainties of the 

quantified protein mass fraction originated from the variation in the sample preparation, 

from lack of data from the manufacturer, e.g. the molar mass of the protein, and from the 

use of tabulated data for sample isotope ratios and isotopic abundance. The influence of 

the last factor was especially pronounced for the well-characterised SRM BSA with low 

contaminations and can be avoided by measuring the sulphur isotope ratio in the protein. 

However, this is only worthwhile if the spread between independently prepared samples 

is lower than the uncertainty of each sample.   
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The results for the NIST reference material obtained by ID-ICP-MS were metrologically 

compatible with the certified concentration of BSA. The herein developed method is, 

therefore, fully validated and is suitable for the accurate and traceable quantification of 

purified proteins. The method is limited to pure proteins and the results will be inaccurate 

if too high amounts of other proteins or sulphur-containing molecules bound to the 

protein of interest are present. These contaminations should not affect the sulphur 

content in the sample solution by more than the standard uncertainty. This means, in most 

cases the contamination by other proteins needs to be less than 5%, which can be assessed 

by organic mass spectrometry or SDS-PAGE. 

Furthermore, the developed ID-ICP-MS method cannot be applied if the stoichiometry of 

the protein is not known or if only a very low amount of sample is available. However, it is 

very well suited for the intended use, the quantification of an in-house standard. The 

procedure is comparatively fast, cheap and easy to use for an ID-ICP-MS based method. 

Accuracy and uncertainties were comparable to other traceable protein quantification 

methods, which are based on ICP-MS or amino acid analysis.  
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4.2 Application on a tau protein standard 

The developed method was applied to a commercially available tau protein. The protein 

was obtained in 4 aliquots of 100 µg protein. The aliquots were dissolved in 200 mg of 

NH4HCO3 (0.05 mol L-1) each, pooled and allowed to equilibrate. The tau protein stock 

solution was quantified by ID-ICP-MS for use as a calibrant for subsequent biochemical 

analyses.  

No stability tests of the tau protein solution were conducted due to time constraints and 

the low amount of sample available. Therefore, all experiments with this tau solution were 

carried out within a short timespan (7 days) to limit possible sample losses, e.g. due to 

degradation. The purity of the tau protein solution was confirmed by SDS-PAGE and silver 

staining. Tau protein for western blotting, which was used after four weeks latest, was 

diluted in BSA for stabilisation and kept at 4°C in solution.  

4.2.1 Quantification of tau protein by ID-ICP-MS 

The sulphur content in the tau protein solution was quantified in three replicates by the 

optimised ID-ICP-MS procedure, yielding the sulphur mass fraction (wx(S)total) as shown 

in Table 13. The tau solution was separated from sulphur containing impurities by 

membrane filtration to obtain the fraction of non-protein bound sulphur. The total 

amount of sulphur applied to the filter (m(S)total) was determined from the mass of sample 

solution added onto the filter and the total sulphur mass fraction in the sample (wx(S)total). 

The amount of sulphur in the filtrate (m(S)Filtrate) was determined by ID-ICP-MS.  

Table 13: Protein mass fraction in tau protein determined by ID-ICP-MS and corrected for non-protein 

bound sulphur. Results with expanded uncertainties U with k=2. An example calculation of the protein mass 

fraction of the first tau replicate is shown in the appendix (section 7.1).  

  wx(S)total  
± U [ng g-1] 

m(S)total 
± U [ng] 

m(S)Filtrate 
± U [ng] 

Non-protein 
bound S ± U 
[%] 

wx(S)corr.  
± U [ng g-1] 

wx(Protein) 
± U [g kg-1] 

Replicates 4350 ± 160 330 ± 13 196 ± 11 59.3 ± 4.1 1890 ± 190 0.338 ± 0.037  
4180 ± 160 321 ± 12 178 ± 10 55.3 ± 3.8 1820 ± 180 0.325 ± 0.036 

  4120 ± 160 329 ± 13 181 ± 10 55.0 ± 3.8 1790 ± 180 0.320 ± 0.035 

Mean 4217 ± 211 327 ± 14 185 ± 15 56.5 ± 4.8 1833 ± 193 0.328 ± 0.038 

The fraction of sulphur in the filtrate and total sulphur applied on the filter corresponds 

to the amount of non-protein bound sulphur. This fraction was then used to correct the 

total sulphur mass fraction (wx(S)total), yielding a sulphur mass fraction for protein-bound 
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sulphur (wx(S)corr.) from which the protein mass fraction (wx(Protein)) in the tau solution 

was calculated. The expected protein mass fraction was 0.5 g kg-1 according to the 

manufacturer’s information. However, only 0.3 g kg-1 of tau protein were determined in 

the sample by ID-ICP-MS, corresponding to only 60 % of the expected protein 

concentration. The strong deviation between the expected and the measured 

concentration is presumably caused by excess moisture and salts as discussed in section 

4.1.4. This discrepancy emphasises the need for accurate protein quantification of 

standard solutions. Relying on the manufacturer’s information would lead to a high 

overestimation of the protein content. Additionally, more than half of the quantified 

sulphur in the protein solution originated from non-protein bound sulphur, highlighting 

the necessity of separating sulphur contaminations when quantifying proteins.  

The mean protein mass fraction in the tau protein solution determined by ID-ICP-MS was  

(0.328 ± 0.038) g kg-1. The quantified tau protein was subsequently used as a standard for 

the quantification of tau in mouse brain (see section 4.3.2.2). The combined uncertainty 

of the protein mass fraction is mainly determined by the uncertainties of every single 

measurement (0.035 to 0.037 g kg-1) because the standard deviation between 

measurements is considerably lower (0.009 g kg-1). The contributing factors to the 

uncertainty of the protein mass fraction are depicted in Figure 18.  

 

Figure 18: Final uncertainty contributions of the tau protein mass fraction. 

The molar mass of the tau protein has a strong influence on the uncertainty because this 

value was taken from published data and a high uncertainty was estimated. The amount 
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of non-protein bound sulphur f contributed 67 % to the final uncertainty because the total 

amount of non-protein bound sulphur in the tau solution is quite high. In Figure 18, f  is 

not shown because its uncertainty can be broken down into the uncertainties of the 

isotope ratio (Rx) and isotopic abundance of 34S (hx,b) of unknown and protein samples.  

Only 9 % of the uncertainty, stemming from the mass of the blank filtrate, consist of 

measured data. This shows that the measurement procedure is sufficiently optimised and, 

if lower uncertainties are required, other uncertainty contributors need to be in the focus.  

The other uncertainties originate from tabulated data with estimated uncertainties. 

Measuring these values would decrease the final uncertainty of the determined protein 

mass fraction. However, a higher amount of sample is needed for reliable determination 

of these quantities, which is often not available for proteins. Hence, for low abundant 

proteins, the high uncertainties of tabulated intervals for isotope ratios, isotopic 

abundances and molar mass are the limiting factors for the total uncertainty.  

4.2.2 Validation by amino acid analysis 

A part of the tau protein solution was quantified via amino acid analysis (AAA) for 

validation of the protein mass fraction determined by ID-ICP-MS. The aromatic amino acid 

tyrosine was quantified via the area of its UV emission peak after hydrolysis of the tau 

protein samples. In Figure 19, the chromatogram of one tau sample is shown.  

 

Figure 19: Quantification of tyrosine in one tau protein sample by AAA, carried out by Teodor Tchipilov at 

BAM division 1.5. Blue: HPLC chromatogram of fluorescence signal of hydrolysed amino acids. Red: baseline 

set for integration of tyrosine peak.  
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Integrated peak areas were averaged, and the tyrosine concentration was determined by 

external calibration using a commercial amino acid standard. The linear calibration curve 

had a slope of (32.58 ± 0.13) L nmol-1 and a y-intercept of 19.0 ± 24.0, yielding mean 

tyrosine concentrations of (32.4 ± 3.9) nmol L-1 in stock. Recoveries of (96 ± 1) % were 

previously determined for tyrosine, resulting in corrected tyrosine concentrations of 

(33.7 ± 4.3) nmol L-1 in stock, as shown in Table 14. The tau concentration in solution was 

determined as (0.309 ± 0.040) g L-1. 

Table 14: Quantified tau protein concentration by AAA. u: standard deviation of the mean. U: expanded 

uncertainty at 95 % confidence with k=2 calculated by GUM. The concentration of tyrosine (Tyr) in dilution 

was calculated after blank correction.  

  Area ± u [a.u.] c(Tyr) ± U [nM] c(Tyr) ± U [µM] c(Tau) ± U [g L-1] 

  replicates mean in dilution in stock  
 

Tau 30210 32415 ± 1803 930 ± 110 33.7 ± 4.3 0.309 ± 0.040 

 31047     

 35988     

Blank 2246 2241 ± 6 - - - 

  2235         

The main contributors to the uncertainty of the tau concentration are the variation 

between three replicate area measurements (84 %) and the molar mass of tau (15 %). 

The molar mass of the protein was taken from the Uniprot database with an estimated 

high uncertainty of 5 % (k=2), for both the ID-ICP-MS and the AAA calculations. 

For comparison with tau protein mass fraction by ID-ICP-MS, the AAA result had to be 

converted from g L-1 to g kg-1 via the density of the sample solution. The density of mixed 

materials cannot be easily calculated and was, therefore, estimated to (1000 ± 5) g L-1 from 

the densities of the salt, the water, and the protein in the solution‡. Table 15 shows a 

comparison of the tau quantification by ID-ICP-MS and AAA.  

 
‡ Estimation of the tau protein solution density: 

Tau protein with the determined concentration of ~0.3 g kg-1 was diluted in 50 mmol L-1 NH4HCO3. Pure 

water has a density of 997.77 g L-1 at 22°C, the protein contributes roughly 0.3 g L-1 and 0.05 mol L-1 of 

NH4HCO3 with a molar mass of 79 g mol-1 result in an additional density contribution of 3.95 g L-1. By 

adding these factors, a density of 1002 g L-1 is obtained. However, mixing of solution is not a completely 

linear process because effects such as volume contraction might influence the final volume and density 

of the mixture. Therefore, a density of (1000 ± 5) g L-1 was estimated for the protein solution and used 

for calculation of the tau protein mass fraction from the concentration determined by AAA. 
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Table 15: Comparison of tau mass fractions determined by ID-ICP-MS and AAA. 

w(Tau) ± U [g kg-1] 
ID-ICP-MS AAA 

0.328 ± 0.038 0.309 ± 0.040 

The En value, characterising the metrological compatibility of two values, was determined 

for both tau protein mass fractions as shown in section 4.1.4. The En value was found to 

be 0.17, indicating that the difference between the values determined by ID-ICP-MS and 

AAA is less than 20 % of the corresponding uncertainty and that the values agree well.  

This validation shows that the correction for non-protein bound sulphur is crucial for the 

ID-ICP-MS quantification of proteins. Without the correction, a more than twofold 

overestimation of the tau protein concentration would have occurred. Moreover, it was 

shown that commercially available samples can be reliably quantified at comparatively 

low concentrations using both ID-ICP-MS and AAA.  

4.2.3 Conclusion: Quantification of a pure tau protein  

In conclusion, the developed method was successfully applied to a purified commercial 

tau protein. The protein was quantified via ID-ICP-MS, and sulphur-containing impurities 

in the solution were separated by membrane filtration. Quantification of these 

contaminations showed that over 50 % of the sulphur in solution originated from non-

protein bound sulphur. The sulphur mass fraction was corrected, protein mass fraction 

was determined, and the results were successfully validated using AAA. The tau protein 

mass fraction was determined to be (0.328 ± 0.036) g kg-1 by ID-ICP-MS, which is 

approximately 60 % of the amount expected from the manufacturer’s information. A full 

uncertainty budget was calculated for the protein mass fraction determined by ID-ICP-MS 

and SI traceability was established. The budget showed that the highest uncertainty 

contribution stems from uncertainties estimated for tabulated quantities in case of low 

amounts of available protein.  

The quantified pure tau protein solution was then used as a standard for quantification of 

the protein in transgenic mouse brain samples, enabling quantitative western blotting 

(see section 4.3.2.2). In the future, it would be particularly promising to use the standard 

in different quantification approaches e.g. in molecular mass spectrometry or ELISA. For 

quality control of the quantified protein calibrator, more tests regarding the shelf life, 

stability and storage conditions of the protein standard are needed. Moreover, the 
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commutability of the protein needs to be tested, i.e. whether the same relative results are 

obtained for the standard and routine samples using different measurement techniques 

[107]. This ensures that no differences in the behaviour of calibrant and sample are caused 

by matrix effects. 

  



  

 

68 

 

4.3 Analysis of tau protein in a tauopathy mouse model 

This work aims to apply analytical methods on medical research in neurodegenerative 

diseases. Therefore, the developed protein quantification method was applied on the tau 

protein to enable the quantification of tau in the brain of a transgenic mouse model. To 

complement the quantitative data and further our understanding of the underlying 

diseased state, tau in the brain of transgenic mice was also characterised biochemically.  

The tau protein is a biomarker for a group of neurodegenerative diseases denoted 

‘tauopathies’, which include AD and FTD. Various mouse models exist for in vivo 

investigation of these diseases. In this work, the tau protein was investigated in the brain 

of transgenic L66 mice. Mice of the L66 tauopathy model overexpress the longest human 

tau isoform tau-441 carrying two aggregation promoting mutations in their brain which 

induces a diseased state mimicking FTD in the mice. The phenotype of these mice was 

comprehensively examined before [70]. Now, the absolute amounts of tau involved in 

pathology were of interest, because quantitative data might give a first impression on the 

dose of transgenic tau required for a pathological effect and may enable a better 

comparison between different mouse models. Therefore, tau in the soluble brain fraction 

was characterised qualitatively and quantitatively. Furthermore, tau was investigated 

within the synaptic fractions of the transgenic mouse brain to gain a more in depth 

understanding of the intracellular enrichment of tau and its biochemical properties.   

4.3.1 Tau standards 

Prior to the quantification of a metrologically traceable tau standard by ID-ICP-MS (see 

section 4.2), some commercially available tau standards were tested for tau quantification. 

These experiments, shown in the next section, easily demonstrate the need for a reliable 

quantified in-house standard. Another challenge when analysing proteins is the 

adsorption and loss of protein on laboratory materials which was also investigated in the 

following.  

4.3.1.1 Comparability of standards 

Western blotting was chosen as a simple approach for quantification of tau in mouse brain. 

The antibody-based detection is sensitive to small amounts of protein and specific bands 

can be detected. This enables distinction between tau species of different molecular 

masses, e.g. between different isoforms or between human and mouse tau. Hence, the 
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transgenic human tau in L66 mouse brain can be accurately distinguished from inherent 

mouse tau by the higher molecular weight band on the blot. 

Figure 20 shows a comparison of commercial tau standards from the same vendor (A) and 

from different vendors (B) on western blots. The antibody HT7 used for detection of the 

protein is specific to human tau. Although the molecular mass of the longest human tau 

isoform tau-441 is 46 kDa, the tau band detected by HT7 appears at 62 kDa. The delayed 

mobility of tau during electrophoresis is presumably caused by an altered affinity to SDS 

[108]. This ‘gel shifting’ has been reported for tau before and might be a consequence of 

its intrinsically disordered structure and dipole character [109-111].  

 

Figure 20: Western blots of different tau standards from the same supplier (A) and from different suppliers 

(B). Sigma Tau-441: human tau-441, Sigma ladder: Sigma-Aldrich human tau ladder comprising 6 isoforms, 

SC ladder: SignalChem human tau ladder comprising 7 isoforms. Black arrowhead: tau-441. 

The western blots show that the concentrations of different tau standards are not 

comparable, neither between products from the same manufacturer nor between 

products from different suppliers. In Figure 20 (A) both tau standard dilutions start at 

1 ng tau but band intensities for the tau ladder are much higher, implying that very 

different tau contents are present in both products. In Figure 20 (B) it is apparent that the 

50 ng dilution of the SignalChem tau ladder has similar intensities to 5 ng dilution of the 

Sigma tau ladder. Hence, these two tau standards also have very different tau contents and 

are not comparable. As the manufacturer’s information regarding tau content in the 

standards are not reliable and the actual concentration is not known, these standards 

cannot be used for calibration. Therefore, a commercial pure tau protein (Anaspec Tau-
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441) was reliably quantified by isotope dilution ICP-MS (see section 4.2) and used as a 

calibration standard for the quantification of tau in mouse brain.  

4.3.1.2 Stabilisation of standard dilutions 

When preparing dilutions of a protein standard for calibration, the adsorption behaviour 

needs to be considered. Proteins are prone to adsorption on the walls of plastic labware. 

In concentrated solutions, adsorption is not a problem because the percentage of lost 

protein is negligibly small. However, in very dilute solution adsorption might become 

problematic. Figure 21 shows a comparison of standard dilutions directly applied and run 

on a gel (left) and run on the gel after being left standing in a vial for 45 min (middle).  

 

Figure 21: Influence of adsorption on tau standard intensity. Diluted tau standard solution was prepared 

for western blot and applied on the SDS-PAGE gel, directly (left, ‘at start’) or after 45 min (middle & right). 

Pure tau standard shows lower intensities after 45 min (middle) then at the start (left) and than tau diluted 

in wild type (WT) mouse brain extract (right). Black arrowhead: Tau-441. 

Signal intensities were visibly reduced after only 45 min, presumably due to adsorption, 

which can cause substantial protein loss at very low concentrations. When wild type 

extract without Tau-441 was added to the tau standard (right), no loss of intensity 

compared to the initial standard series (left) was observed. Here, adsorption of tau is 

minimised because highly abundant proteins in the brain extract will adsorb to the walls 

of the vial in much higher proportions and block the surfaces. Hence, the previously 

quantified in-house tau standard was diluted in ultra-pure BSA (NIST BSA, analysed in 

section 4.1) for western blotting to avoid losses of tau due to adsorption.  
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4.3.2 Characterisation and quantification of soluble tau  

The tau protein exists in a variety of aggregated states and its toxicity depends on the 

conformation. For a long time, large tau tangles and fibrils were assumed to be the tau 

species facilitating a pathological effect. Nowadays, small soluble tau species, e.g. small 

oligomers, are believed to be the most toxic tau species [6, 67]. Therefore, tau in the 

soluble brain fraction is the focus of this work.  

The Tris-soluble brain fraction was extracted from mouse brain and analysed by western 

blotting. Figure 22 (left) shows specific human tau bands at 62 kDa in transgenic L66 

mouse brain extract. Other bands apparent on the blot are unspecific signals occurring 

due to binding of the secondary antibody to other brain proteins on the membrane as 

evident in the right image.  

 

Figure 22: Western blots of Tris extracted tau protein from transgenic (L66 or L) and wild type (WT or W) 

mice. Pellet (P) and supernatant (S) were extracted at 16,000 x g.  Per lane 15 µg total protein was loaded. 

Left: Human tau (specific band marked by black arrowhead) was probed by antibody HT7. Right: No 

primary antibody (Ab) was used. Bands are unspecific reactions of the secondary antibody.  

The salt-insoluble tau was pulled down in the pellet fraction ‘P’ while the Tris-soluble tau 

species remained in the supernatant. In the following, the soluble tau fraction ‘S’ was 

biochemically characterised and quantified via immunoblotting in a first proof-of-

principle experiment. 

4.3.2.1 Biochemical properties of transgenic tau 

The salt-soluble tau fraction (S) was further investigated by differential extraction at 

100,000 x g and addition of the detergent Triton X-100 (TX). Tau species of various sizes 

can be separated by applying different centrifugation speeds. Moreover, application of 
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harsher extraction conditions by addition of detergents gives further information on the 

solubility of the occurring tau species. 

The additional high-speed centrifugation revealed tau occurring in a high-speed 

supernatant (FS) and a high-speed pellet fraction (FP), as shown in Figure 23 (top). Highly 

soluble tau species are present in the supernatant FS. Some tau pelleted after 

centrifugation with 100,000 x g into FP, suggesting that these are small oligomeric tau 

species. 

 

Figure 23: Western blots of Tris (top) and Tris-Triton X-100 (bottom) extracted tau protein from transgenic 

(L66) and wild type (WT) mice. Low-speed pellet (P) and supernatant (S) were extracted at 16,000 x g, high-

speed supernatant (FS) and pellet (FP) were extracted by centrifugation of S at 100,000 x g. Human tau 

(specific band marked by black arrowhead) was probed by antibody HT7. Per lane 15 µg total protein was 

loaded. In Tris extracted FP only 10 µg total protein were loaded due to reduced concentration of this 

fraction.  

The solubility of the pelleted tau species was then explored by addition of Triton to the 

buffer for increased extraction strength. Triton is a non-denaturing detergent, which 

facilitates the solubility of membrane-bound proteins. The Tris-insoluble tau in fraction P 

was also detergent-insoluble as it remained pelleted after addition of Triton. This hints at 



  

 

73 

 

the presence of larger detergent-resistant tau aggregates because membrane-bound 

species would have been released into the supernatant by Triton.  

Addition of Triton partially released oligomeric tau species from the high-speed pellet and 

increased FS tau. This is apparent in the quantitative analysis of tau bands shown in Figure 

24. Tris-soluble tau (dark bars) was 1.2-fold more enriched in the high-speed pellet FP 

than in the high-speed supernatant FS. Using Triton (light bars) in the extraction buffer 

released pelleted tau into the supernatant and resulted in a 4-fold enrichment of tau in FS 

compared to FP. This hints at the existence of detergent-soluble as well as detergent-

resistant oligomeric tau species occurring in the Tris-soluble tau fraction S.  

 

Figure 24: Relative tau protein levels in Tris (dark grey) and Tris-Triton (light grey) extracted fractions from 

L66 mouse brain probed with antibody HT7 (n=2). Wild type protein levels below 0.01, not shown. 

Normalised to loading and P fraction. Error bars: standard deviation of the mean.  

The centrifugation time and speed in ultracentrifugation determines the size of pelleted 

tau species. Longer and faster centrifugation allows smaller protein species to pellet. The 

minimal hydrodynamic diameter of tau species in FP was determined to be approximately 

17 nm according to the used centrifugation parameters and assuming that the aggregates 

are spherical particles (for calculation see appendix, section 7.2.). This indicates that 

soluble tau species in the supernatant FS are smaller than 17 nm and aggregates pelleted 

at 100,000 x g in FP have a diameter of at least 17 nm but are still small enough to remain 

soluble at 16,000 x g. 

Monomeric proteins are, on average, 3 to 6 nm in diameter [112]. Therefore, the tau 

species pelleted in FP are presumably aggregated tau oligomers. Takashima described 

three tau species as intermediate states before the formation of large tau fibrils: soluble 
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monomeric tau, small detergent-soluble fibrillary tau oligomers and detergent-insoluble 

granular tau oligomers [9]. Monomeric soluble tau is presumed to aggregate into dimers, 

trimers and small fibrillary oligomers, which in turn aggregate into granular tau oligomers 

comprised of approximately 15 to 40 tau molecules [8, 9, 65, 113]. Granular tau then 

aggregates into large fibrils, the NFT tau (see Figure 4). The fibrillary and granular tau 

oligomers are believed to be the most toxic tau species causing synapse loss and neuronal 

death, and formation of NFT tau may be a neuroprotective strategy to reduce the amount 

of oligomeric tau [8, 9]. Tau dimers and trimers were found to be only 4 to 10 nm in 

diameter [69], whereas granular tau was up to 15 to 25 nm in diameter in in vitro 

preparations as well as in human brain extracts [65, 113, 114].  

The tau species pulled down in FP were larger than 17 nm in diameter and some of this 

tau was transferred to the supernatant FS by use of Triton. The size of the tau species in 

FP and their accessibility to detergent indicate that these are small pre-aggregated or 

fibrillary oligomeric tau species. The detergent-soluble subset of tau might be comprised 

of small fibrillary oligomers and the detergent-insoluble tau species might be granular 

tau. A third subset of tau remained in FS under all conditions and these might be soluble 

tau monomers, dimers or oligomers smaller than 17 nm. Tau pelleted after low-speed 

centrifugation in P is presumed to be rather larger tau aggregates like fibrils.  

In conclusion, differential centrifugation revealed the existence of distinct tau pools in L66 

mouse brain comprising tau species of different sizes: large Tris- and Triton-resistant 

aggregates, smaller detergent-resistant oligomers which might be granular tau, small 

detergent-soluble oligomers and soluble tau species. Moreover, the Tris-soluble fraction S 

was shown to contain soluble, pre-aggregated and oligomeric tau species which are 

presumed to be the most toxic forms of tau and was, therefore, chosen for tau 

quantification [115]. The occurrence of these diverse tau pools derived from the same 

transgene suggests that oligomeric tau species are intermediates in the aggregation of 

fibrillary tau, as was observed in vitro and in human brain [65, 114].  
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4.3.2.2 Quantification of tau in L66 mouse brain  

Next, the in-house tau standard (Anaspec Tau-441) was used for quantitative western 

blotting to determine the total amount of soluble transgenic human tau in L66 mouse 

brain. The Tris-soluble tau fraction S containing very small soluble tau species and 

detergent-soluble and -resistant tau species characterised previously (section 4.3.2.1) 

was quantified. Western blotting was carried out using the optimised antibody dilution 

and amount of sample to obtain signal intensities in the linear dynamic range of the 

chemiluminescence detection. The signal was detected by a CCD camera because the 

camera has a better dynamic range than film and saturation can be avoided [116]. For 

calibration, the previously characterised tau standard (see section 4.2.1) was diluted to 

concentrations between 10 and 200 ng. The calibration dilutions and mouse brain 

samples were run on the same gel and probed by antibody HT7, which is specific to human 

tau. Figure 25 (left) shows that transgenic human tau is enriched exclusively in L66 brain 

extract. The chemiluminescence signals of the standard were then used to obtain the 

linear fitted calibration graph, as shown in Figure 25 (right). The uncertainty of the 

amount of tau of each calibration point (± 6 % to 6.4 %) was determined from the relative 

standard uncertainties of the tau standard (± 5.7 %) and standard dilutions (± 0.6 % to 

2 %, depending on the pipetted volume [117]). The standard uncertainty of the intensity 

was estimated from the experimental standard deviation between bands of the same 

concentration.  

        

Figure 25: Left: Blot of Anaspec Tau-441 calibration curve (10 to 200 ng of tau) for quantification of tau in 

L66 mouse brain. 2 µg total protein (Tris-soluble fraction S) were loaded for L66 and wild type (WT). Signals 

were detected by antibody HT7. Black arrowhead: specific human tau-441 signal. Right: Calibration curve 

of Anaspec Tau-441 intensities. Error bars: x-axis: 6 % of amount of protein, y-axis: 0.4. Tau concentration 

in the standard was determined beforehand by ID-ICP-MS. Linear fit (Origin 9.6) with slope (0.135 ± 

0.008) ng-1, intercept (-1.64 ± 0.89) and R2 = 0.9865. 

0 50 100 150 200 250
0

5

10

15

20

25

In
te

n
si

ty
 [

a.
u

.]

Amount of Anaspec Tau-441 [ng]



  

 

76 

 

The amount fraction of tau protein in total brain extract w(Tau) was calculated according 

to Equation (5) from the slope a and intercept b of the calibration curve using the intensity 

of the tau band I and the total amount of protein applied per lane m(Protein). Detailed 

data for each tau band are given in the appendix in Table A.4.  

(5) 𝑤(Tau) =  (𝐼 − 𝑏) / 𝑎 / 𝑚(Protein) 

Table 16 shows the quantities used for the calculation. The combined uncertainty was 

calculated using GUM Workbench. The standard uncertainties for the calibration graph 

were determined in Origin.  

Table 16: Quantities used for determination of the amount of Tau-441 in L66 mouse brain. Intensity signals 

of L66 animals were averaged, uncertainty: standard deviation of the mean, n=6. u: standard uncertainty. 

a.u.: arbitrary units. w(Tau): mass fraction of Tau-441 per total Tris-extracted protein in brain, u with k = 1 

determined by GUM Workbench using the given parameters and Equation (5). 

Quantity Value u Unit 

Intensity L66 (I) 3.77 0.42 a.u. 

Intercept (b) -1.64 0.89 a.u. 

Slope (a) 0.135 0.008 ng-1 

Total protein loaded (m) 2 0.03 µg 

w(Tau) 20.0 3.9 ng µg-1 

The tau content in L66 mouse brain was determined to be (20.0 ± 7.7) ng tau per µg total 

Tris-extracted protein (expanded uncertainty with k = 2). This indicates that the Tris-

soluble, transgenic and presumably pathological tau accounts for 2 % of the total salt-

soluble protein. The uncertainty of the determined tau content originates from the 

deviation between the mouse brain samples and the calibration curve. The deviation 

between samples stems from the variability between the biological samples and the 

sample preparation, e.g. the determination of the total protein content, pipetting and 

dilution.  

A slightly different approach for the calculation of the uncertainty of the tau mass fraction 

is shown in the appendix in section 7.2. That approach incorporates the calibration 

uncertainty and allows to estimate the influence of the uncertainty of the calibration 

standard on the overall uncertainty. Above, a relative expanded uncertainty of 39 % was 

determined for the soluble tau. Using the approach including the calibration uncertainty 

resulted in an uncertainty of the tau mass fraction of 35 %. As this is lower than the above 

determined uncertainty, the uncertainty of the tau standard is not influencing the result 



  

 

77 

 

and is negligible in comparison to the sample preparation. Moreover, the expanded 

uncertainty of 39 % might be slightly overestimated.  

The amount of tau determined in the Tris-soluble fraction of L66 mouse brain agrees well 

with the Tris-extracted tau found in other tau-transgenic mouse models. Acker et al. 

developed a sensitive quantitative ELISA for tau quantification in mouse brain extracts 

[118]. They found (18 ± 4) ng soluble tau per µg total protein in htau mice, which express 

all six human tau isoforms, but no mouse tau and (17 ± 6) ng µg-1 soluble tau in JNPL3 

mice, which express 0N4R (383 amino acid isoform) human tau with the P301L mutation. 

These numbers are in the same range as the amount of full-length human tau with the 

mutations P301S and G335D in L66 mice.  

Besides the work by Acker et al. and few others, there is still a lack of absolute 

quantification of tau in real samples and often only semi-quantitative assays using relative 

quantification are applied, making a comparison between results difficult [119]. 

Moreover, even in total quantification assays, usually commercially available recombinant 

tau is used [120, 121]. This is problematic because the tau concentration in these 

standards is not well characterised, as was shown in section 4.3.1.1. The quality of every 

quantification assay depends on the quality of the used standard and an incorrect 

standard concentration might lead to a high over- or underestimation of the results. 

4.3.2.3 Conclusion: Characterisation and quantification of tau 

Differential centrifugation demonstrated that the salt-soluble transgenic tau in mouse 

brain aggregates into tau species of different sizes. Large aggregated or fibrillary tau 

species were resistant to salt- and detergent-extraction and pulled down at low-speed 

centrifugation. High-speed centrifugation revealed the occurrence of small detergent-

resistant tau oligomers, possibly granular tau, and small detergent-soluble tau aggregates, 

possibly fibrillary tau oligomers. These oligomeric tau species are believed to be the most 

toxic forms of tau and might be intermediates before the formation of larger aggregates 

[8, 115]. Very small tau species, presumably monomers, dimers or trimers, stayed soluble 

in salt buffer even at very high centrifugation speeds.  

Tau was successfully quantified in the soluble brain fraction, showing the applicability of 

the previously quantified tau standard for the quantification of tau in a complex sample 

matrix. The mass fraction of tau was determined to be (20.0 ± 7.7) ng tau per µg total Tris-
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extracted protein. The high abundance of transgenic tau in mouse brain of 2 % was 

confirmed in two other tauopathy mouse models [118]. The expanded uncertainty of 

39 % mainly stems from the variability between samples and the uncertainties of the 

calibration curve parameters. Hence, an optimisation of the sample preparation and 

detection procedure would result in a lower uncertainty. The uncertainty of the standard 

did not have an influence on the mean uncertainty of the mass fraction.  

The sample preparation method strongly influences the overall uncertainty, especially 

when multiple preparative steps and more sophisticated extraction methods are used. 

However, the uncertainties stemming from sample preparation steps cannot be reduced 

easily. Therefore, an optimisation of the detection method is necessary to reduce the 

overall uncertainty. Western blotting was used as a proof-of-principle application, but it 

has several limitations in quantitative analysis. First, western blotting has a comparatively 

small linear range. Secondly, many different sample preparation steps influence the result 

and its uncertainty, e.g. protein loading and separation on SDS-PAGE, protein transfer to 

the membrane, determination of proper dilutions for the antibodies, the optimal detection 

of the chemiluminescence signal and the quantification of densitometric data [116]. In the 

future, using the tau standard as a calibrator for more direct quantification methods than 

western blotting, e.g. molecular mass spectrometry or ELISA, would be favourable. 

Another detection method might enable tau quantification with lower uncertainties. 

Furthermore, establishing quality control procedures for the quantified calibrator would 

be necessary for its application in long term projects. This includes stability testing, the 

examination of possible matrix effects when using the calibrator for protein quantification 

in biological samples and ensuring commutability between different quantification 

methods, such as western blotting, ELISA, and molecular mass spectrometry.  
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4.3.3 Intracellular distribution of transgenic tau in the brain 

Besides the quantitative work, the intracellular distribution and enrichment of tau in L66 

mouse brain was of interest to deepen the understanding of the pathological effect of the 

small oligomeric tau species. This is one example of applied research on tau which would, 

in the future, also greatly benefit from quantitative data. Especially the amount and 

properties of synaptic tau are of concern, as synaptic tau is linked to the progression of 

the disease and spreading of tau pathology between nerve cells.  

In multiple neurodegenerative diseases synapse loss is associated with cognitive and 

motoric degeneration and precedes neuronal loss [9, 122, 123]. In tauopathies, including 

AD and FTD, the cellular redistribution of tau and its interaction with synaptic proteins is 

related to synaptic impairment [124]. As the progression of tau pathology correlates well 

with the cognitive decline seen in AD and synapse loss is correlated to tau tangle 

formation, tau is assumed to mediate synaptic pathology [125]. Moreover, misfolded and 

hyperphosphorylated tau oligomers were found highly enriched in synapses of AD 

patients [126]. Yoshiyama et al. confirmed the synaptic effect of tau in an FTD mouse 

model carrying the P301S mutation [59], similar to the L66 mice used here, which 

overexpress tau with the mutations P301S and G335D. They reported synapse loss and 

impaired synaptic function already in 3 months old mice before fibrillary tau tangles 

appeared, suggesting that synaptic pathology is the earliest manifestation of tauopathies 

[59]. Moreover, tau in the synapse might facilitate spreading of tau between neurons and 

brain areas [62, 69]. Therefore, the intracellular localisation of tau, its enrichment in 

synaptic fractions and its phosphorylation status in the synapse were investigated in L66 

mice brain. The findings shown in the following sections are also comprehensively 

reported in Lemke et al. [127]. 
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4.3.3.1 Subcellular extraction of mouse brain  

Various intra-neuronal compartments were extracted from mouse brain by differential 

centrifugation. Figure 26 shows the fractions and corresponding compartments of the 

nerve cell. Synaptosomes are extracted nerve endings containing pre- and postsynaptic 

membranes and synaptic vesicles. Crude synaptosomes (P2) were obtained after osmotic 

lysis and were further fractionated into a pre- and postsynaptic membrane fraction (LP1), 

a synaptosomal vesicle fraction (LP2) and a soluble synaptosomal fraction (LS2). 

 

Figure 26: Fractions extracted from the neuronal cell by differential centrifugation (see section 6.3.1.3). 

Synaptosomes (isolated nerve endings) contain presynaptic and postsynaptic membranes. Pre-synapse: 

nerve terminal from which a signal is transmitted. Post-synapse: dendrite of the adjoining neuron that 

receives a signal.  



  

 

81 

 

To test the quality of the differential extraction, the presynaptic marker synapsin-1 and 

the postsynaptic marker PSD95 were detected on western blots, as shown in Figure 27.  

 

Figure 27: Western blots of Synapsin-1 and PSD95 in transgenic (L66) and wild type (WT) mouse brain. 

Per lane 1 µg total protein extracted by subcellular fractionation was loaded.  

Figure 28 shows the quantitative analysis of synapsin-1 and PSD95 bands. Synapsin-1 was 

20- to 40-fold enriched in pellet fractions P1, P2, P3 and the synaptosomal vesicle fraction 

LP2. The highest accumulation of synapsin-1 was found in the pre- and postsynaptic 

membrane fraction LP1. Here, synapsin-1 was 60-fold enriched in wild-type brain and 80-

fold enriched in L66. This enrichment pattern is consistent with published data and shows 

that the synaptosomal extraction was successful [128]. PSD95 as a postsynaptic marker 

accumulated in P1, P2 and, to the greatest extent, in the pre- and postsynaptic membrane 

fraction LP1, which is in line with the literature [129, 130]. The absence of PSD95 in the 

synaptosomal vesicle fraction (LP2) confirms the purity of the vesicles.  

   

Figure 28: Relative protein levels of Synapsin-1 (left) and PSD95 (right) detected on western blots, 

normalised to LS1. Red: tau transgenic (L66) mouse brain. Blue: wild type (WT). Error bars: standard 

deviation of the mean (Synapsin-1: n=6 for L66, n=4 for WT; PDS95: n=3 for L66 and WT). 

In transgenic and wild type animals both proteins occur in the same fractions and in 

similar abundances, which was expected for these inherent neuronal proteins.  
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4.3.3.2 Enrichment of tau in synapses 

Tau protein in synaptosomal fractions was probed using antibodies Tau46, which detects 

human and murine tau, and mAb 751 and HT7, which are specific to human tau. Figure 29 

shows tau signals detected on western blots of transgenic L66 and wild type mouse brain.  

Specific signals for transgenic human tau (black arrowheads) were apparent in L66, but 

not in wild type mouse brain. Inherent mouse tau detected by Tau46 (white arrowheads) 

was similarly expressed in L66 and wild type brain. 

 

Figure 29: Western blots of subcellular extracted tau protein from transgenic (L66) and wild type (WT) 

mice. Mouse tau (white arrowhead) was probed by Tau46, human tau (black arrowhead) by Tau46, mAb 

751 and HT7. Per lane 1 µg total protein was loaded.  

Figure 30 shows the quantitative analysis of tau bands probed by Tau46. On the left, 

human tau detected at 62 kDa is shown and on the right, murine tau detected at 55 kDa. 

Human tau is only apparent in transgenic animals (red bars), whereas murine tau is 

similarly enriched in L66 (red bars) and wild type fractions (blue bars). Moreover, mouse 

tau shows a different enrichment pattern in the synaptosomal fractions than transgenic 

human tau. Murine tau was mainly found in P1 (30- to 40-fold enriched), P3 (20- to 30-

fold) and, to a lesser extent, in LP1 (9-fold).  
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Figure 30: Relative protein levels of transgenic human tau (left, 62 kDa band) and inherent mouse tau (right, 

55 kDa band) probed by Tau46 on western blots, normalised to LS1. Red: tau transgenic (L66) mouse brain. 

Blue: wild type (WT). Darker colours: fractions containing synaptic marker synapsin-1. Error bars: standard 

deviation of the mean (n=4 for L66, n=3 for WT). 

Human tau was mainly enriched in synaptic fractions (dark red), which is apparent in the 

quantitative data shown in Figure 31. Here, tau bands were detected by antibodies HT7 

and 751 which are more specific to human tau than Tau46. 

   

Figure 31: Relative protein levels of human tau (62 kDa band) probed by antibodies HT7 (left) and mAb 

751 (right) on western blots, normalised to LS1. Red: tau transgenic (L66) mouse brain. Blue: wild type 

(WT). Darker colours: fractions containing synaptic marker synapsin-1. Error bars: standard deviation of 

the mean (HT7: n=4 for L66, n=2 for WT; mAb 751: n=3 for L66 and n=2 for WT). 

Human tau was found in all extracted fractions but showed highest enrichments in P1, P3, 

LP1 and LP2 (10- to 15-fold). The enrichment factors varied slightly, depending on the 

antibody. In wild type (blue bars), nearly no signal for 62 kDa tau was detected.  

The distinct localisation pattern of transgenic human and murine tau within the neuronal 

cell suggest that the pathological human tau is differently processed. The much higher 

enrichment of transgenic tau in the synaptosomal membrane fraction (LP1) and 

synaptosomal vesicle fraction (LP2) indicates its association with the synapse and 

synaptic vesicles, which might facilitate its pathological effect. This is also supported by 
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the literature. Recent data show that tau induced synaptic dysfunction relies on 

presynaptic vesicle binding of tau, and tau mediated synapse impairment and loss are 

early signs of pathology in various tauopathies [131].  

The tau species extracted in LP2 are most probably small pre-aggregated or fibrillary tau 

oligomers, which are partially resistant to Triton and are larger than 9 nm in diameter, as 

calculated from the centrifugation parameters (see appendix, section 7.2). In LS2, only 

very small soluble tau species smaller than 9 nm remain, which might be tau monomers 

[132] or dimers and trimers [69].  

These findings indicate that the aggregation-prone tau species accumulate in the pre-

synapse, are toxic and might be highly transmittable [69]. This is corroborated by Falcon 

et al., who found that detergent-insoluble P301S tau aggregates extracted from mouse 

brain showed strong seeding potential [133]. They found that tau transmission to 

neighbouring neurons via the synapse strongly depends on the aggregation state of tau. 

Only oligomeric tau, independent of its phosphorylation status, induced aggregation of 

soluble tau in vitro [133]. The occurrence of small, granular tau oligomers in synapses was 

also confirmed in humans [126]. Tai et al. reported high oligomer deposition in a great 

number of synaptic terminals in AD patients, which were likely to induce tangle formation 

[126]. These oligomers were assumed to be pre-fibrillar, granular tau smaller than 50 nm, 

which agrees well with the tau species enriched in the synapses of L66 mice.  

4.3.3.3 Phosphorylation status of synaptic tau 

Tau is a phospho-protein with more than 85 putative phosphorylation sites, which are 

regulated by multiple kinases and phosphatases [49, 134-136]. The phosphorylation 

degree influences the affinity of tau to the microtubules and hyperphosphorylation 

promotes its detachment [137]. The role of phosphorylation on tau toxicity is still 

controversially discussed. Some argue that hyperphosphorylation accelerates tau 

aggregation after dissociation from the microtubule network, resulting in toxic tau 

aggregates [137, 138]. Others claim that tau aggregation can be induced regardless of its 

phosphorylation status [139, 140]. Moreover, some evidence suggests that aggregation of 

non-phosphorylated tau precedes tau phosphorylation and that tau phosphorylation is a 

later event in disease progression [140, 141].   
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Therefore, the phosphorylation of tau in the different synaptic fractions was investigated 

by molecular mass spectrometry. Tau bands were excised from silver-stained gels and 

digested using trypsin and thermolysin. In all subcellular fractions extracted from L66 

mice brain the transgenic human tau isoform, denoted Tau-X, was found (see appendix,  

Table A.7). However, the sequence coverage of these fractions is low due to little amount 

of protein available and the isoform Tau-X was not always unequivocally identified.  

Phosphorylations were detected in the soluble fractions S1, S2 and S3 and in the pre- and 

postsynaptic membrane fraction LP1, as shown in Table 17. This is in agreement with a 

P301L tau mouse model in which cytosolic tau showed higher phosphorylation than 

synaptosomal tau [129]. No phospho-peptides were found in the other pellets and 

synaptosomal fractions, i.e. the synaptosomal vesicle fraction LP2, the soluble 

synaptosomal fraction LS2 and the progenitor fraction LS1. This implies that synaptic tau, 

which is most likely associated with synaptic vesicles [131], is not phosphorylated.  

This finding suggests that aggregation of pathological tau within the synapse and possibly 

its propagation through the synapse may be independent of its phosphorylation status. 

However, due to low sequence coverage, possible phosphorylations of other peptides in 

these fractions might have been missed and much more mouse brain material would be 

needed to make a definite statement.  

Table 17: Phosphorylation sites identified in transgenic Tau-X extracted from subcellular fractions and 

analysed using Mascot and PEAKS software. T: threonine, S: serine. 

Subcellular 
fraction 

Number of peptides 
matched 
(Mascot/PEAKS) 

Number of 
phosphorylated 
peptides (PEAKS) 

Identified 
phosphorylation sites 

S1 18 / 21 4  T181, S202, T231 

P2 4 / 5 - - 

S2 17 / 28 6 T181, S199, S202, T231 

P3 14 / 14 - - 

S3 16 / 22 4 T181, T231 
LP1 13 / 20 4 T181, S202, T231 

LS1 6 / 6 - - 

LP2 3 / 2 - - 

LS2 1 / 1 - - 

Four different phosphorylation sites were identified in L66 brain: the threonines on 

positions 181 and 231 and the serines on positions 199 and 202. The respective peptide 

sequences are shown in Table A.6 in the appendix. These phosphorylations were found in 
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all cytosolic fractions, which is in agreement with a P301L mutant tau mouse model [129]. 

All four identified phosphorylations are commonly found in AD brain as well as post-

mortem brain of cognitively normal people and in brain lysate of wild-type mice [49, 53, 

142]. It is, therefore, not possible to conclusively determine whether tau is abnormally 

phosphorylated. The observed phosphorylation pattern might rather reflect the 

physiological phosphorylation status of tau and is likely not correlated to the pathological 

effect of tau.  

However, the phosphorylation of tau in the synapse is still under dispute. Some evidence 

suggests that tau phosphorylation is needed for synaptic tau toxicity and synapse loss in 

mice [143]. Yet, the here shown data indicate that tau in the synaptic compartment is non-

phosphorylated and this is supported by Zhou et al. [131]. They found impaired synaptic 

function in a mouse model in which 14 putative phosphorylation sites of tau were mutated 

so that no phosphorylation was possible. This is in line with previous research showing 

that tau aggregation is independent of its phosphorylation state and that tau 

phosphorylation rather inhibits tau-tau binding and aggregation [140, 141]. Moreover, 

phosphorylation might even have a protective effect on tau neurotoxicity [144]. Hence, the 

role of phosphorylation on the synaptic toxicity of tau, e.g. its pathological mis-

localisation, compartmentalisation, and aggregation, is still ambiguous. 

4.3.3.4 Conclusion: Intracellular distribution of tau 

The distinct tau pools differ not only in the size of aggregated species but also in 

localisation. Large detergent-resistant aggregates were enriched in the cytosol and 

membrane fractions, whereas smaller oligomeric aggregates were enriched in the 

synapses. The synaptic tau species are most likely the tau species that pulled down at 

higher centrifugation speeds and were partially soluble by Triton. Synaptosomal 

extraction combined with mass spectrometry showed that cytosolic tau is 

phosphorylated, and that synaptic tau is non-phosphorylated, oligomeric and highly 

enriched together with synaptic vesicles. These findings suggest that toxic tau species 

accumulate in the pre-synapse and facilitate synaptic pathology. Moreover, these 

transgenic human tau species might have a high seeding potential and promote spreading 

of pathology to neighbouring neurons [133]. Murine tau, however, showed a different 

intracellular localisation pattern with much lower enrichment in the synaptosomal 
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fractions. These data show that tau in L66 mouse brain has a very complex speciation 

behaviour and it seems likely that differential distribution and aggregation pattern are 

attained depending on subcellular compartments. Pathological transgenic tau is 

processed differently from inherent mouse tau and accumulates in the synapse, 

facilitating synaptic toxicity.  

In the future, absolute quantification of synaptic tau would be highly favourable to connect 

qualitative and quantitative data, and to gain an understanding of the amount of 

pathological tau involved in synaptic impairment. However, this requires further 

optimisation of the quantification procedure and special care is needed during the 

preparation of the fractions. The synaptosomal fractions are obtained using multiple 

preparative steps including various buffers and centrifugation steps. As every sample 

handling step increases the uncertainty of the preparation, the final uncertainty of the tau 

protein content and the total protein content will be much greater than in the extraction 

of salt-soluble tau. Therefore, a detection method with lower uncertainties and a greater 

number of samples would be needed to obtain results with adequate uncertainties, e.g. 

expanded uncertainties smaller 50 %. Thus, this would establish the last step in the 

traceability chain: achieving complete traceability from the SI to a field study or routine 

measurements in applied research. 
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5 Summary and Outlook 

In this work, a method for traceable protein quantification via sulphur isotope dilution 

ICP-MS was developed and applied on three different proteins, an ultrapure BSA from 

NIST, a commercial avidin and a commercial tau protein. The method was successfully 

used for quantification of pure tau protein solution for use as an in-house standard.  

First, the sample preparation for ICP-MS and the separation of non-protein bound sulphur 

from the protein fraction were optimised. Two different methods, gel and membrane 

filtration, were tested for the separation of non-protein bound sulphur. Membrane 

filtration was found more favourable, because it is cheaper, faster, less laborious, and 

showed low blanks of only 11 ng of sulphur and detection limits of 20 ng of sulphur in the 

filtrate. By optimisation of the buffer conditions, high recoveries of non-protein bound 

sulphur were achieved. The amount of unbound sulphur in BSA from NIST was only 0.4 %. 

Due to its high purity, this reference material can be used for calibration without the need 

for separation of the non-protein bound sulphur. Avidin, however, contained 30 % of 

unbound sulphur. This emphasises the need for separation of the free sulphur fraction to 

achieve accurate quantification of the protein content in commercial proteins.  

Secondly, the protein content in purified proteins was quantified by ID-ICP-MS. The 

protein samples were mixed with a 34S-enriched spike, digested, and the isotope ratio was 

measured by ICP-MS. From the measured isotope ratio, the sulphur content in the sample 

and the corresponding uncertainties were determined. The sulphur content was then 

corrected for non-protein bound sulphur and the protein content in the sample was 

determined from the known amino acid sequence of the respective protein. 

Determination of the protein content yielded a recovery of 100 % for the NIST BSA and a 

protein content of 71 % for the solid avidin formulation. The relative combined 

uncertainties were 3.6 % for BSA and 8.5 % for avidin. For the pure BSA, the main 

uncertainty contributors were the tabulated isotope ratio and content of 34S in the sample. 

The resulting uncertainty can be decreased if these values are measured instead of using 

tabulated data. However, in less pure commercial proteins other uncertainty contributors 

predominate, e.g. the uncertainties from weighing low amounts of sample and from 

correcting for higher amounts of non-protein bound sulphur.  
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The metrological traceability of the quantified protein mass fraction was achieved via the 

34S spike, which was previously linked to the SI system using a primary calibrator from 

NIST. The here developed method had similar uncertainties and precision to established 

traceable protein quantification methods but required less sample preparation and no 

species-specific isotopic standards, making it more easily applicable. Moreover, due to the 

structure-independent response of the ICP-MS and no need for a column separation, the 

procedure is applicable to every pure protein of known stoichiometry independent of its 

structure.  

The suitability of this method for the traceable quantification of in-house standards was 

shown on the example of the tau protein. A commercially available tau was successfully 

quantified after separation of non-protein bound sulphur, which comprised 57 % of the 

total sulphur in the sample. The tau protein was quantified to only 60 % of the tau 

concentration given by the manufacturer, highlighting the need for accurate quantification 

methods. The determined concentration of 0.3 g kg-1 tau was confirmed by amino acid 

analysis, ensuring the suitability of this tau standard as a calibrator.  

Finally, the tau content in the brain of a tauopathy mouse model was traceably quantified 

using the previously quantified tau standard as a calibrator for western blotting. The 

transgenic human tau, facilitating pathology in the brain of L66 mice, was quantified in 

the salt soluble fraction containing the most toxic tau species and was found to be (20.0 ± 

7.7) ng tau per µg total Tris-extracted protein. Hence, transgenic tau comprises 2 % of the 

total protein in the brain extract and this was in line with published data for other 

transgenic mouse models determined by ELISA.  

For a comprehensive understanding, tau in the transgenic mouse brain was investigated 

biochemically. Its properties and intracellular localisation were probed by immuno-

blotting, showing the complex speciation behaviour of tau in the mouse brain. Human tau 

showed a different distribution pattern than mouse tau and accumulated, depending on 

the subcellular compartment, in various aggregation states. By differential extraction, 

large detergent-resistant aggregates, small detergent-resistant and detergent-soluble 

oligomers and very small, highly soluble tau species were identified. Small oligomeric tau 

species were found to be associated with synaptic vesicles, which hints at the involvement 

of tau in synaptic pathology. Cytosolic tau was phosphorylated, whereas synaptic tau 
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species were found to be not phosphorylated, suggesting that synaptic tau toxicity might 

be independent of phosphorylation.  

In the future, methods such as ELISA or molecular mass spectrometry might enable tau 

quantification with lower uncertainties. By employing a well-characterised in-house 

standard for calibration, biochemical assays will yield accurate results with reliable 

uncertainties. For example, quantification of synaptic tau would be highly favourable to 

obtain comparable data on the diseased state. This would be the final step in achieving full 

traceability from the SI to applied research. 

In conclusion, it has been demonstrated that the quantified protein standard can be 

applied for quantification of the protein content in complex sample matrices of real 

biological samples. By application of the method developed herein, reliable and traceable 

quantification of calibration standards for the determination of target proteins is possible.  

Therefore, this is a first step to improve the comparability, reproducibility and accuracy of 

biomarker assays. Using absolutely quantified protein standards, results of different 

samples, as well as results obtained by different measurement techniques or laboratories, 

can be compared. This harmonisation will ultimately help with diagnosing diseases and 

examining the efficacy of treatments.  
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6 Experimental 

6.1 Samples and standards 

6.1.1 Animals 

In this study, mouse brain samples of female homozygous tau transgenic line 66 (L66, 

n = 15) [70] and wild type (WT, n = 12) NMRI control mice aged 6 to 7 months were used. 

L66 mice overexpress htau40, the longest human tau isoform with 441 amino acid 

residues (tau-441), additionally to  inherent mouse tau isoforms. The transgenic tau 

contains two aggregation promoting mutations, P301S and G335D in the repeat domain, 

that were inserted into the tau cDNA. The protein is expressed under the control of the 

mouse Thy1-promoter (expression cassette pTSC21k), which is specific to neuronal cells 

[145]. The mice were bred commercially (Charles River Laboratories, UK) in isolators and 

were housed genotype specifically. Small colonies of up to 5 animals were housed in 

holding rooms (20-22°C, 40 % humidity, air exchange rate 17-20 changes/h) in open 

housing (Macrolon II). The mice were housed with 12 hours of light/dark cycle (lights on 

at 6 a.m.) and free access to food and water. Brains were rapidly extracted after cervical 

dislocation and snap-frozen in liquid nitrogen. All animal experiments were performed 

under the European Communities Council Directive (63/2010/EU) and a project licence 

with local ethical approval following the UK Animals (Scientific Procedures) Act (1986). 

6.1.2 Proteins  

In this study, purified commercial proteins were used for the development and application 

of a method for protein quantification using ID-ICP-MS. A well-characterised, certified 

reference material bovine serum albumin solution (BSA, SRM927e) was purchased from 

NIST.  Table 18 shows the specifics of this reference material.  

Table 18: Reference values for Standard Reference Material BSA from NIST [24]. 

Measurand Value 

Certified concentration (67.38 ± 1.38) g L-1 

Density (1.0182 ± 0.0002) g mL-1 

Relative average molar mass * 66431.1 ± 0.9  
66548.9 ± 0.8  
66458 ± 1  
66590 ± 6 

* decreasing order of abundance   
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A commercially available avidin from egg white (BioUltra grade, ≥98 %, Sigma-Aldrich, 

Steinheim, Germany) and a recombinant human tau protein (tau-441, >90 %, Anaspec, 

Fremont, CA, USA) purified from bacterial lysate were obtained as lyophilised powder and 

used for testing or application of the developed ID-ICP-MS method. Table 19 shows the 

properties needed for the calculation of the protein concentration from sulphur ID-ICP-

MS measurements. For BSA, the relative average molar mass of 66431.1 g mol-1 with the 

highest abundance was used, as this is in line with the theoretical average molar mass of 

BSA of 66433.0 g mol-1  calculated using the “Compute pI/Mw tool” (ExPASy 

Bioinformatics Resource Portal, Swiss Institute of Bioinformatics, 

web.expasy.org/compute_pi/). The molar mass was determined with the amino acid 

sequence of BSA given in the NIST datasheet. For uncertainty calculations of avidin and 

tau, expanded uncertainties of 5 % (k=2) were estimated for the molar masses.  

Table 19: Molar mass and number of sulphur atoms present in proteins used in sulphur ID-ICP-MS. BSA 

data was taken from NIST datasheet, molar masses and sequence information for avidin and human tau 

isoform Tau-441 were taken from www.uniprot.org.  

Protein  Number of 
sulphur atoms  

Molar mass 
[g mol-1] 

Fraction of 
sulphur [%] 

BSA 39 66431.1 ± 0.9 1.9 

Avidin 20 67072 ± 3354 1.0 

Tau-441 8 45850 ± 2293  0.6 

Different tau protein standards, shown in Table 20, were used in western blotting for 

analysis of tau protein in the mouse brain. 

Table 20: Purified recombinant human tau standards used in this work. All tau standards were expressed 

in bacteria and the purity is > 90 % as determined by SDS-PAGE. 

Type of tau standard Provider Amount Form Concentration 

Tau-441, human Anaspec (Fremont, CA, 
USA) 

50 µg lyophilised 
powder 

reconstituted to 
~ 500 ng µL-1 

Tau-441, human Sigma-Aldrich (Saint-
Louis, MO, USA) 

100 µg lyophilised 
powder 

reconstituted to 
~ 1000 ng µL-1 

Tau protein ladder 
(6 isoforms), human 

Sigma-Aldrich (Saint-
Louis, MO, USA) 

100 µL in SDS buffer 5 ng µL-1 of each 
isoform 

Tau protein ladder 
(7 isoforms), human 

SignalChem (Richmont 
BC, Canada) 

250 µL in SDS buffer 50 ng µL-1 of each 
isoform 

Tau protein ladders provided in SDS buffer were diluted to target concentration and 

directly applied on SDS-PAGE gels, while lyophilised tau protein standards were diluted in 
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purified water and prepared for gel electrophoresis in the same way as other samples (see 

section 6.3.2). The tau-441 protein standard obtained from Anaspec was first quantified 

by ICP-MS and then used for absolute quantification of tau in western blotting. 

6.1.3 Spikes and standards 

A sulphur standard solution (SRM3154) containing sulphuric acid was purchased from 

NIST and an isotopically enriched 34S spike (Trace Sciences International Inc., DE, USA), 

previously prepared by BAM as described in Phukphatthanachai et al. [98], was used for 

spiking of samples. Table 21 shows the parameters needed for ID-ICP-MS calculations. As 

drift control, a sulphur standard traceable to SRM from NIST (Certipur Sulfur ICP 

standard, Merck KGaA, Darmstadt, Germany), containing sulphuric acid in water with 

1000 mg L-1 S, was used.  

Table 21: Characteristics of sulphur standard and spike used for ID-ICP-MS experiments. Data on isotopic 

composition and atomic weights were determined by Pritzkow et al. [74] using TIMS, and expanded 

uncertainties (k=2) are given.  

  Standard    Spike    

  NIST SRM3154 Uncertainty BAM 34S Spike Uncertainty 

Isotope ratio R(32S/34S) 22.555 0.026 0.002120 0.000056 

Atomic weight of sulphur [u] 32.06423 0.00012 33.96343 0.00013 

Atomic weight of 34S [u] - - 33.96786687 0.00000028 

Enrichment of 34S - - 99.8 % 0.2 % 

 

6.2 Analytical methods 

6.2.1 Avoiding sulphur contaminations 

The element of interest in this study was sulphur, which is widely present within the 

environment, organic compounds, e.g. proteins and metabolites, and inorganic form. 

Therefore, special care is needed to avoid contamination. To minimise sulphur 

contaminations from the laboratory environment, sample preparation was conducted in 

a class 10 cleanroom (Fed STD 209E), in which environmental condition, e.g. temperature, 

pressure, and relative humidity are continuously monitored and adjusted. Ultrapure 

deionised water (18 MΩ·cm) purified by a Milli-Q water purification system (Millipore 

gradient, Merck Millipore, Darmstadt, Germany) was used for all dilutions and cleaning 

procedures. Nitric acid (HNO3) sub-boiled twice was used as a digestion agent, for matrix 

separation, and ICP-MS measurements. Plastic laboratory equipment was cleaned by 
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immersing in 10 % (by volume) HNO3 for 60 h, while multi-use PFA equipment was 

cleaned by boiling in at least 10 % HNO3 for 12 h or using concentrated HNO3 vapours for 

2 h (steam stripper traceCLEAN, MLS, Leutkirch, Germany), after which it was soaked in 

Milli-Q water for at least 12 h and dried in the cleanroom cabinets.  

6.2.2 Sample preparation for ICP-MS 

Protein samples were diluted to the desired target concentrations of maximally 1 mg kg-1 

sulphur by weighing, spiked with a 34S-enriched sulphur spike and digested using a 

microwave or high pressure asher or measured directly. For quantification of non-protein 

bound sulphur occurring as contamination in the protein solution, two offline separation 

methods were developed. Unbound sulphur was separated from the protein fraction by 

membrane or gel filtration first, followed by the addition of a 34S spike and treated as 

described above. Each step of the workflow is described in detail in the following sections. 

6.2.2.1 Weighing 

Accurate weighing is crucial for subsequent ICP-MS analysis, as calculation of sample 

concentration directly depends on the mass of the sample and dissolving agent or spike, 

in the case of ID-ICP-MS. Therefore, weighing was done under controlled environmental 

conditions in the cleanroom on an analytical balance (Mettler Toledo AX205, Giessen, 

Germany), which was tested every day to ensure that it was working within the 

specifications. Before weighing, PFA labware was flushed with a nitrogen ion stream for 

the removal of electrostatic charges. To ensure accuracy of the mass determination, 

weighing of sample and spike solutions was conducted by the subtraction method. Spike 

and stock solutions were kept under evaporation control. Standard and spike dilutions 

were allowed to adjust for at least two hours. 

6.2.2.2 Separation of unbound sulphur 

Two simple off-line methods were used to separate non-protein bound sulphur species 

from protein-bound sulphur. Gel filtration columns work according to the size exclusion 

principle. Molecules smaller than the cut-off of 5 kDa penetrate the pores of the gel and 

are separated according to size, whereas larger molecules cannot enter the pores and 

elute directly in the dead volume of the column. Here, the protein fraction and the fraction 

containing unbound sulphur species are separated by elution volume. In membrane 
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filtration, molecules smaller than the cut-off of 3 kDa can pass the membrane and are 

recovered in the filtrate, while larger molecules, e.g. proteins stay in the retentate. To test 

the separation and recovery of non-protein bound sulphur from the protein fraction, 1 mL 

of 1.5 µg g-1 sulphate (SRM3154, NIST, Gaithersburg, MD, USA), L-Methionine (BioUltra 

grade, ≥ 99.5 %, Sigma-Aldrich, Steinheim, Germany) or 3-(Cyclohexylamino)-1-

propanesulphonic acid (CAPS, ≥ 99 %, Sigma-Aldrich, Steinheim, Germany) were added to 

a 20 µg g-1 BSA solution. 

6.2.2.2.1 Gel filtration  

Two different gel filtration columns, PD-10 Desalting columns (GE Healthcare, 

Buckinghamshire, UK) and PD Mini-Trap G-10 (GE Healthcare, Buckinghamshire, UK), 

were tested regarding the elution behaviour of proteins and sulphate. The PD-10 column 

contains the SephadexTM G-25 resin, which excludes all molecules with a molecular mass 

higher than 5000 Da and has a desalting capacity greater 90 %, and the G-10 column 

contains the SephadexTM G-10 resin with an exclusion limit of 700 Da and a desalting 

capacity greater 75 %. PD-10 columns were chosen for further optimisation of the gel 

filtration procedure because the protein peak and small molecular weight sulphur peak 

were better separated.  Elution volumes of different proteins were tested before the ID-

ICP-MS experiments and were adapted accordingly. 0.025 mol L-1  sodium chloride (NaCl 

Suprapur, Merck KGaA, Darmstadt, Germany) was used for column equilibration, as 

mobile phase, and for elution. Columns were rinsed and conditioned in 5 x 5 mL water, 

followed by 5 x 5 mL NaCl (0.025 mol L-1). 200 to 220 mg of sample solution diluted in 

ultrapure water was added drop by drop to the frit on top of the resin, soaked in by the 

addition of 300 mg water and was eluted by stepwise addition of NaCl (0.025 mol L-1). 

Two fractions were collected in cleaned falcon tubes; first, the protein fraction (3.2 mL for 

BSA, 2.6 mL for avidin) and secondly the low molecular mass fraction (3.8 mL for BSA and 

4.4 mL for avidin) to a total of 7 mL collected. Samples were weighed into digestion vessels 

and blended with a 34S-enriched spike, followed by HPA digestion and matrix removal. 

6.2.2.2.2 Membrane filtration 

Small sulphur-containing molecules were separated from the protein fraction by filtration 

through centrifugal membrane filters (Amicon Ultra-0.5 Centrifugal Filter Unit, Merck 

KGaA, Darmstadt) with a molecular mass cut-off of 3 kDa. The filtration unit comprises a 
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1.5 mL collection tube and a 0.5 mL inner tube with a regenerated cellulose membrane. 

Collection tubes were rinsed with ultrapure water, immersed overnight in 5 % (by 

volume) HNO3, rinsed and soaked in ultrapure water overnight. Filters were rinsed by 

centrifugation (Sigma 1-14K, Osterode am Harz, Germany) for 10 min at 14,000 x g and 

18°C with 2 % (by volume) HNO3 three times, with water four times and with 0.005 mol 

L-1 ultrapure ammonium hydrogen carbonate (NH4HCO3) three times. The temperature 

was controlled during centrifugation to avoid changes in the membrane pore size or 

protein denaturation. During method development, the use of salt turned out to be 

necessary for reliable filtration of charged compounds. As commercially available salts are 

not controlled regarding their sulphur content and usually introduce a considerable 

sulphur background, an ultrapure solution containing ammonium carbonate ((NH4)2CO3) 

and NH4HCO3 produced from pure ammonia (NH3), and carbon dioxide (CO2) was used. 

Vogl et al. [85] described the production process and properties of this solution in detail. 

The solution will be regarded as NH4HCO3 as the equilibrium is rather on the side of 

hydrogen carbonate. Membrane filters were stored overnight in the 0.005 mol L-1 salt 

solution to keep membranes wet, or samples were filtrated directly after the rinsing 

procedure. Sulphur-containing low molecular mass species were separated by weighing 

80 to 500 mg of sample solution onto the filter membrane (scale Sartorius MC1 Research 

RC 210D, Go ttingen, Germany), followed by centrifugation for 15 min at 14,000 x g and 

18°C. Approximately 50 mg of retentate always remain in the filter unit. Therefore, four 

subsequent rinsing steps were used to transfer the remaining unbound sulphur species 

from the retentate to the filtrate. In the case of a highly abundant sample like BSA, 500 mg 

sample solution was filtered first, and 400 mg ammonia hydrogen carbonate solution was 

used in each rinsing step. For a limited amount of sample, e.g. tau protein, only 80 mg of 

sample diluted with 120 mg salt solution was centrifuged in the first filtration step. After 

filtration of the sample solution, the filtrate was transferred to a PFA beaker and 

subsequent rinsing was conducted using 200 mg salt solution. The rinsing solution was 

added to the filter unit and was shaken for 15 min at 140 rpm (shaker IKA HS 260C, 

Staufen, Germany), followed by centrifugation for 15 min at 14,000 x g and 18°C. The 

filtrate was added to the PFA beaker, and this was repeated three times. Afterwards, the 

collected filtrate was spiked with a 34S-enriched spike, mixed overnight and measured 
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directly the next day. Sample preparation and spiking were done in the cleanroom. All 

pipetting steps were conducted in a clean cabinet to limit sulphur contamination.  

6.2.2.3 Dilutions and spiking 

Sample and spike solutions were mixed close to a ratio of 1:1 for isotope dilution ICP-MS 

to ensure both isotopes are measured at similar ion intensities and are subjected similarly 

to effects influencing the detected intensities, e.g. dead-time effects, counting statistics 

and blank intensity [37]. For protein quantification, sample solutions of samples available 

in high quantity, e.g. BSA, avidin or sulphur standard solution, as well as sample-spike 

blends of these solutions were diluted to approximately 1 mg kg-1 of sulphur per isotope. 

In the case of tau protein, the amount of sample was limited, and the mass fraction of 

sulphur in the sample-spike blend was adjusted to 300 µg kg-1 for both isotopes. Gel 

filtration yielded two eluted fractions, the protein fraction containing a high amount of 

sulphur and a second fraction containing a low amount of unbound sulphur. The sample-

spike blend containing the protein fraction was adjusted to a final amount of 1 mg kg-1 of 

34S. As only 200 mg of sample solution was used for gel filtration, a minimal amount of 

sulphur was expected in the second peak. Hence, the amount of spike in the blend was 

adjusted to 40 µg kg-1 in the unbound sulphur fraction. In membrane filtrated samples, the 

amount of sulphur in the filtrate was not known but expected to be quite low. Therefore, 

the amount of spike in the blend was adjusted to 200 µg kg-1 of 34S. 

6.2.2.4 Digestion of samples 

Samples and sample-spike blends were digested after addition of 0.5 to 2 mL concentrated 

HNO3, depending on the sample volume, with a microwave small vessel digestion (SP-

Discover with autosampler, CEM, Kamp-Lintfort, Germany) using quartz tubes with PFA 

liners or using a high pressure asher (HPA-S, Anton Paar GmbH, Graz, Austria) with 15 mL 

quartz vessels. Samples diluted in water were digested using the microwave system, while 

samples in a high salt matrix, demanding subsequent matrix removal, were digested with 

the HPA under pressurised conditions. The HPA was used to ensure complete digestion 

needed for retention on the anion exchange resin used for matrix separation. The 

microwave digestion method consisted of 6 min ramping the temperature up to 200°C, 

holding for 6 min or 20 min, depending on extraction strength needed, and cooling of the 

sample. The HPA digestion included ramping of the temperature to 300°C, holding for 90 
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min and cooling of the samples. The samples were transferred to PFA beakers, dried with 

open lid for 12 to 15 h at 150°C on the hotplate and dissolved in the desired solvent for 

subsequent matrix removal or direct measuring.  

6.2.2.5 Matrix separation 

HPA digested samples were taken up in 0.028 M HNO3 for subsequent matrix removal 

using self-packed anion exchange columns (AG 1-X8 resin, BioRad, Hercules, CA, USA). The 

separation was established previously by Pranee Phukphatthanachai [98] and is based on 

the complexation behaviour of chloride on the resin. Positively charged ions, e.g. Na+, are 

not bound by the resin and are discarded directly, while sulphate (SO42-) shows retention 

on the column in 0.028 M HNO3 and is eluted by 0.25M HNO3. Columns were prepared by 

placing a frit in the bottom, filling the column with water to remove air and packing pre-

cleaned resin to a column height of 1 cm. The columns were kept in water during the whole 

procedure to ensure equal and air-free resin stacking. Columns were washed and 

equilibrated by 4 x 2.5 mL ultrapure water, 2 x 2 mL 1 M HNO3, 2 x 2.5 mL 0.25 M HNO3 

and 2 x 1.5 mL 0.028 M HNO3. Samples dissolved in 0.028 M HNO3 were added to the 

columns, allowed to bind for 30 min, washed with 2 x 2.5 mL ultrapure water and eluted 

using 4 x 2 mL 0.25 M HNO3. The eluate was dried and taken up in 2 % (by volume) HNO3 

for subsequent ICP-MS measurements.  

6.2.3 Inorganic mass spectrometry (ICP-MS) 

Samples and sample-spike blends were measured directly, diluted in ultrapure water or 

NH4HCO3 (0.005 mol L-1), or digested and diluted in 2 % (by volume) HNO3. Measurements 

were performed using the sector field single-collector ICP-MS Element 2 (Thermo-Fisher 

Scientific, Germany) in medium resolution. The used setup is shown in Table 22. 

The linearity of the signal detection was ensured by dead time correction after each 

change of detector voltage. Standard solutions containing 0.2, 0.4, 0.6, 0.8 and 1.0 µg g-1 

lutetium (Lu) were measured without dead time correction and the isotope ratio 

175Lu/176Lu was plotted against the Lu mass fraction in Excel. The 175Lu and 176Lu ion 

count rates (𝑛𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) were corrected (𝑛𝑐𝑜𝑟𝑟) according to Equation (6) and the dead 

time (𝜏) was adjusted manually until the slope of the isotope ratio vs mass fraction plot 

was minimised.  

(6) 𝑛𝑐𝑜𝑟𝑟 =
𝑛𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

1 − 𝑛𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑∙𝜏
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Table 22:  Instrumentation and operating conditions used for sulphur isotope dilution measurements.  

Parameter Setting  
Instrument type  Element 2  
Autosampler  Cetac ASX-100  
Nebulizer  MicroMist 100 µL  
Spray chamber  Cyclonic  
Interface Jet interface 
Cones  Ni sampler and skimmer cones  
Cool gas flow rate 16 L min-1 Ar 
Auxiliary gas flow rate 0.9 – 1.2 L min-1 Ar 
Sample gas flow rate 1.0 – 1.25 L min-1 Ar 
RF power 1250 W 
Mass resolution mode  Medium (R=4000) 
Runs/passes  20/100  
Mass window  125 %  
Integration window  60 %  
Samples per peak  30  

Before each measurement, the instrument was tuned in low and medium resolution using 

a multi-element solution containing 1 µg kg-1 indium (115In) to high signal intensity and 

stability, followed by mass calibration in low and medium resolution. The system was then 

tuned for high signal stability of 32S and 34S and the remaining mass offset for both sulphur 

isotopes was adjusted by measuring a sulphur standard repeatedly. Measurements with 

external calibration were conducted using the ASX-520 autosampler (Cetac, Omaha, NE, 

USA) with falcon tube sample holders and an integrated rinsing station. Here, samples 

were prepared in falcon tubes and measured without digestion. For ID-ICP-MS 

measurements, the sample introduction system consisted of the ASX-100 autosampler 

(Cetac, Omaha, NE, USA) coupled to a 100 µL min-1 MicroMist nebulizer and a cyclonic 

spray chamber. Samples for ID-ICP-MS were transferred to re-usable PFA autosampler 

vials, and additional rinse vials were used because the ASX-100 autosampler does not have 

a rinsing station. Even though a self-aspirating nebulizer was used, sample aspiration was 

aided by a peristaltic pump because undigested protein solutions could not be reliably 

transported into the nebulizer otherwise, increasing the sample consumption to 

approximately 190 µL min-1.  

A method comprising 20 runs, 100 passes and 30 samples per peak with a sample time of 

10 ms was chosen. The method was defined with a mass window of 125 % and an 

integration window of 60 %, resulting in a method duration of 2:37 min. The take-up time 
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of the autosampler was approximately one minute. Therefore, samples with limited 

volume were aspirated for 2 min before the start of a measurement and measured only 

once, while samples with sufficient volume as well as blank solution were aspirated for 

3.5 min before starting the measurement and measured three times. This resulted in a 

total sample consumption of 0.9 mL for a single measurement of limited sample and of 

1.9 mL for three repetitive measurements of highly abundant samples, blank and standard 

solution.  

6.2.4 Measurement sequence for ID-ICP-MS 

Before each sample and standard, a blank of the same solvent was measured. At the 

beginning of each sequence, a well-characterised sulphur backspike diluted to 100 µg kg-1 

and 1 mg kg-1 32S was measured for comparison between sequences. For drift correction, 

a sulphur standard diluted to 100 µg kg-1 or 1 mg kg-1 32S, depending on sample 

concentration, was measured thrice between each sample measurement, followed by two 

washing steps and a blank measurement. Samples of natural isotopic composition were 

measured first, followed by sample-spike mixtures and the spike solution. Highly 

abundant samples were measured five times, while samples available in limited amount, 

such as mixtures of membrane filtrated solution and spike, were only measured once. In 

the case of purified tau protein, only 400 µg of protein were available. Therefore, only the 

isotope ratio of the sample-spike mixture was measured (3 spiking replicates), and the 

natural isotope ratio of the sample was determined from published data and not by ICP-

MS. 

6.2.5 Data treatment 

All calculations, e.g. correction of isotope ratios, calculation of sulphur mass fraction and 

determination of uncertainties, were done in Excel (Microsoft Office 365 ProPlus, Version 

1902) or GUM Workbench Pro (Version 2.4.1.375, Metrodata GmbH, Weil am Rhein, 

Germany).  

6.2.5.1 Data acquisition 

During each measurement, 100 spectra (passes) were measured, the instrument software 

averaged the chosen integration window of 60 % of the mass peak, and this was repeated 

20 times (runs). For each run, the intensities of 32S and 34S were blank corrected, and the 
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isotope ratio was calculated by the instrument software and averaged for the 20 runs, 

resulting in one isotope ratio value and its RSD for each measurement.  

6.2.5.2 Drift correction 

As measurement sequences were up to 14 h long, substantial instrument drift could occur 

over the whole sequence. Hence, drift was corrected by the bracketing method, which 

means measuring a sulphur standard repeatedly between each sample measurement. If 

the RSD of the isotope ratio of the standard was higher than 0.2 % for the sequence, a drift 

correction factor 𝐹(𝑠𝑛) was calculated for each sample 𝑠𝑛 as shown in Equation (7).  

(7) 𝐹(𝑠𝑛) = (
𝑅𝑛

𝑅0
+  

𝑅𝑛−1

𝑅0
) / 2 

𝑅0 is the isotope ratio of the first measured sulphur standard, while 𝑅𝑛−1 and 𝑅𝑛 are the 

isotope ratios of the sulphur standard measured before and after the sample 𝑠𝑛, 

respectively. The isotope ratio of each sample was then multiplied by its correction factor 

using Excel. 

6.2.5.3 Correction for mass discrimination 

For limited protein sample, only the isotope ratio of the sample-spike mixture was 

measured, and the isotope ratio of the sample was taken from published data. Therefore, 

measured isotope ratios of the sample-spike mixture had to be corrected for mass 

discrimination as described in section 2.2.2. This was done by measuring the well-

characterised sulphur backspike NIST SRM3154 in a similar concentration as the sample 

(100 µg kg-1 or 1 mg kg-1 32S) and calculating a correction factor 𝐾 from the theoretical, 

true isotope ratio of the sulphur backspike Rtrue (Table 21, column “Standard”) and the 

measured isotope ratio Robserved (see Equation (4)). The isotope ratios of all drift-corrected 

sample-spike mixtures were then corrected by multiplication with the K-factor using Excel 

and inserted into the ID-ICP-MS equation (see Eq. (3)). When all isotope ratios, i.e. the 

isotope ratio of the sample, the spike, and the sample-spike blend, are measured within 

one sequence, the K-factors cancel out within the ID-ICP-MS equation. Hence, in the case 

of a highly abundant sample, all isotope ratios can be measured and directly inserted in 

the ID-ICP-MS equation using only drift correction but no fractionation correction. 
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6.2.5.4 Quantities used in ID-ICP-MS calculation 

The measured and corrected isotope ratios were used for the determination of the mass 

fraction of sulphur in the sample. In ID-ICP-MS the isotope ratios of an analyte (𝑅𝑥), an 

isotopically enriched spike (𝑅𝑦) and a sample-spike blend (𝑅𝑥𝑦) are used to calculate the 

mass fraction of the target element in the sample by applying the following equation (see 

section 2.2.2, Equation (3)). 

𝑤𝑥 = 𝑤𝑦,𝑏

𝑀𝑥𝑚𝑦

ℎ𝑥,𝑏𝑀𝑏𝑚𝑥
(

𝑅𝑦 − 𝑅𝑥𝑦

𝑅𝑥𝑦 − 𝑅𝑥
) 

Table 23 shows all quantities used in the ID-ICP-MS equation. An isotopically enriched 34S 

spike was used for spiking of samples (see section 0). The mass fraction of 34S in the spike 

(𝑤𝑦,𝑏) was calculated from the known mass fraction of the spike after dilution to the target 

concentration. The masses of the sample (𝑚𝑥) and spike (𝑚𝑦) in the blend were measured 

by weighing (see section 6.2.2.1), and other quantities were taken or estimated from 

tabulated data.  

Table 23: Quantities used in the single ID-ICP-MS equation. 

Symbol Unit Explanation Measurands 
𝑤𝑥 ng g-1  mass fraction of element (S) in the sample  value of interest 
𝑤𝑦,𝑏 ng g-1  mass fraction of isotope b (34S) in the spike known  

ℎ𝑥,𝑏 - amount fraction of isotope b (34S) in the 
sample 

estimated from published 
data (Table 25) 

𝑀𝑥 -  atomic weight of the element (S) in the 
sample 

estimated from published 
data (Table 24) 

𝑀𝑏 -  atomic weight of isotope b (34S) published (Table 21) 
𝑚𝑦 g mass of spike solution in the blend measured 

𝑚𝑥 g mass of sample solution in the blend measured 
𝑅𝑦 - isotope ratio (32S/34S) in the spike measured or published 

(Table 21)  
𝑅𝑥 - isotope ratio (32S/34S) in the sample measured or published 

(Table 26) 
𝑅𝑥𝑦 - isotope ratio (32S/34S) in the sample-spike 

blend 
measured 

The atomic weight of sulphur in the sample (𝑀𝑥), the amount fraction of 34S in the sample 

(ℎ𝑥,𝑏), and the isotope ratio 32S/34S in the sample were estimated from data published by 

the Commission on Isotopic Abundances and Atomic Weights (CIAAW), as shown in Table 

24, Table 25 and Table 26. Only intervals are given for these quantities because sulphur 

shows pronounced isotopic fractionation behaviour in nature, and the value of these 
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quantities differs depending on the origin of the sulphur species. The mean of the upper 

and lower bounds of an interval is used for the ID-ICP-MS calculation. The uncertainty 

equals the halfwidth of the interval described by a rectangular distribution. For known 

sulphur sources, e.g. for proteins containing organic sulphur from animals, the amount 

fraction of 34S in the sample (ℎ𝑥,𝑏) and atomic weight of sulphur in the sample (𝑀𝑥) can 

be directly taken from Table 24 and Table 25. 

Table 24: Selection of atomic weights of sulphur in various materials published by the CIAAW [43, 146]. 

Bold: Categories for calculation of the sulphur mass fraction in protein (“Organic Sulphur Animals”) and 

contaminant fractions (“unknown”). Underlined: Lowest lower bound and highest upper bound for 

determination of “unknown” interval.  

Category Subcategory Atomic weight of S (𝑴𝒙)     

  Lower bound  Upper bound  Mean  Uncertainty 
VCDT 

 
32.063905 32.063905 32.063905 0.000000 

Sulphate Commercial 32.063651 32.066434 32.065043 0.001392 

Sulphate Sulphuric acid 32.063651 32.064917 32.064284 0.000633 

Sulphate Reagents 32.061029 32.066098 32.063564 0.002534 

Sulphur 
dioxide 

Reagents 32.063972 32.064040 32.064006 0.000034 

Elemental 
Sulphur 

Native 32.061367 32.065255 32.063311 0.001944 

Elemental 
Sulphur 

Commercial 32.063567 32.066266 32.064917 0.001349 

Organic 
Sulphur 

Animals 32.063060 32.065676 32.064368 0.001308 

Organic 
Sulphur 

Reagents 32.063989 32.065423 32.064706 0.000717 

Unknown Unknown 32.061029 32.066434 32.063732 0.002703 

In case the origin of the sulphur is unknown, these quantities can be estimated from the 

values given for various possible sulphur sources (Table 24 and Table 25). Here, sulphate, 

sulphur dioxide, elemental and organic sulphur were most likely to occur as contaminants 

in the examined samples and procedure blanks. Hence, only this selection was chosen for 

the estimation of the values for unknown samples. Sulphur species which were unlikely 

to be present in the sample, e.g. sulphur from fossil fuels or ocean water, were excluded 

in this estimation. For the definition of the “unknown” interval, the most distant interval 

limits (underlined) were used.  
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Table 25: Selection of isotopic abundances of sulphur in various materials published by the CIAAW [43, 

146]. Bold: Categories for calculation of the sulphur mass fraction in protein (“Organic Sulphur Animals”) 

and contaminant fractions (“unknown”). Underlined: Lowest lower bound and highest upper bound for 

determination of “unknown” interval.  

Category Subcategory Isotopic abundance of sulphur (𝒉𝒙,𝒃)   

  Lower bound  Upper bound  Mean  Uncertainty 

VCDT 
 

0.041972 0.041972 0.041972 0.000000 

Sulphate Commercial 0.041852 0.043172 0.042512 0.000660 

Sulphate Sulphuric acid 0.041852 0.042452 0.042152 0.000300 

Sulphate Reagents 0.040608 0.043012 0.041810 0.001202 

Sulphur 
dioxide 

Reagents 0.042004 0.042036 0.042020 0.000016 

Elemental 
Sulphur 

Native 0.040769 0.042612 0.041691 0.000921 

Elemental 
Sulphur 

Commercial 0.041812 0.043092 0.042452 0.000640 

Organic 
Sulphur 

Animals 0.041571 0.042812 0.042192 0.000621 

Organic 
Sulphur 

Reagents 0.042012 0.042692 0.042352 0.000340 

Unknown Unknown 0.040608 0.043172 0.041890 0.001282 

The isotope ratio is not tabulated but can be calculated from the given isotopic abundance 

variation and a reference. This variation is expressed as the delta value shown in 

Equation (8). 

(8) 𝛿34𝑆 =  (

(
𝑆34

𝑆32 )
𝑠𝑎𝑚𝑝𝑙𝑒

(
𝑆34

𝑆32 )
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

− 1) ∗ 1000 ‰ 

The isotope reference material VCDT (Vienna Canon Diablo Troilite [147]) is used as a 

general reference. Its delta value is defined as 0 ‰, and other sulphur delta values are 

given relative to this reference (δ34/32SVCDT). Therefore, using the known isotope ratio of 

VCDT (Table 26), the sample isotope ratio can be calculated according to Equation (9). 

(9) 𝑅𝑥 = (
𝑆32

𝑆34 )
𝑠𝑎𝑚𝑝𝑙𝑒

=

(
𝑆32

𝑆34 )
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

(
δ34/32SVCDT

1000 ‰
)+1

 

The isotope ratios of various sulphur species were calculated from tabulated delta values 

and are shown in Table 26. 
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Table 26: Selection of isotope delta values of sulphur in various materials published by the CIAAW [43, 146]. 

Isotope ratios were calculated from isotope delta values of each category and the VCDT isotope ratio (taken 

from [147]). Bold: Categories for calculation of the sulphur mass fraction in protein (“Organic Sulphur 

Animals”) and contaminant fractions (“Unknown”). Underlined: Lowest lower bound and highest upper 

bound for determination of “Unknown” isotope delta interval.  

Category Subcategory Isotope deltas 

(𝛅𝟑𝟒/𝟑𝟐𝐒𝐕𝐂𝐃𝐓 [‰]) 

Isotope ratios (Rx)     

  
Lower 
bound  

Upper 
bound  

Lower 
bound  

Upper 
bound  

Mean  Uncertainty 

VCDT 
 

0.0 0.0 22.6436 22.6436 22.6436 0.0000 

Sulphate Commercial -3.0 30.0 21.9841 22.7117 22.3479 0.3638 

Sulphate Sulphuric 
acid 

-3.0 12.0 22.3751 22.7117 22.5434 0.1683 

Sulphate Reagents -34.0 26.0 22.0698 23.4406 22.7552 0.6854 

Sulphur 
dioxide 

Reagents 0.8 1.6 22.6074 22.6255 22.6165 0.0090 

Elemental 
Sulphur 

Native -30.0 16.0 22.2870 23.3439 22.8155 0.5285 

Elemental 
Sulphur 

Commercial -4.0 28.0 22.0268 22.7345 22.3807 0.3538 

Organic 
Sulphur 

Animals -10.0 21.0 22.1779 22.8723 22.5251 0.3472 

Organic 
Sulphur 

Reagents 1.0 18.0 22.2432 22.6210 22.4321 0.1889 

Unknown Unknown -34.0 30.0 21.9841 23.4406 22.7123 0.7283 

 

6.2.6 Correction for non-protein bound sulphur 

After the determination of the sulphur content in a protein solution by ID-ICP-MS, the total 

amount of sulphur in the solution needs to be corrected for non-protein bound sulphur, 

e.g. contaminants originating from sulphur-containing buffers used during protein 

production and purification or sulphur-containing reagents used during the 

manufacturing process. The separation of non-protein bound sulphur species by 

membrane filtration (see section 6.2.2.2.2) was found to be most suitable for subsequent 

ID-ICP-MS analysis. Figure 32 shows the detailed calculation for the correction, which will 

be described here. First, the sulphur mass fraction in the sample is determined by ID-ICP-

MS of three replicate samples (𝑚𝑎𝑠1 - 𝑚𝑎𝑠3) weighed into sample-spike blends. The 

resulting mass fractions (𝑤𝑎𝑠1 - 𝑤𝑎𝑠3) are averaged to a mean mass fraction for sulphur in 

the sample (𝑤𝑎𝑠). The mean mass fraction is then corrected by the averaged blank mass 
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fraction of sulphur (𝑤𝑎0), also obtained from three replicate measurements, yielding a 

blank corrected mass fraction of sulphur for the sample (𝑤𝑎𝑠0
). 

 

Figure 32: Scheme for the calculation process to correct the sulphur mass fraction of a protein sample 

determined by ID-ICP-MS for non-protein bound sulphur.  

In the filtration procedure, three replicates of the sample solution are weighed onto filter 

membranes (𝑚𝑏𝑠1 to 𝑚𝑏𝑠3), filtered by centrifugation and the resulting filtrates are also 

weighed (𝑚𝑐𝑠1 to 𝑚𝑐𝑠3). The mass fraction of sulphur in the filtrates is determined by ID-

ICP-MS (𝑤𝑐𝑠1 to 𝑤𝑐𝑠3) and the total amount of sulphur (𝑚(𝑆)𝑐𝑠1 to 𝑚(𝑆)𝑐𝑠3) is calculated 

by multiplication with the mass of the filtrates (𝑚𝑐𝑠1 to 𝑚𝑐𝑠3). The total amount of sulphur 

is calculated accordingly for the filtration process blanks (𝑚(𝑆)𝑐01 to 𝑚(𝑆)𝑐03), which are 

averaged (𝑚(𝑆)𝑐0) and used for blank correction of the amount of sulphur in each filtrate 

(𝑚(𝑆0)𝑐𝑠1 to 𝑚(𝑆0)𝑐𝑠3). By using the mass of the protein solution weighed onto the filter 

(𝑚𝑏𝑠1 to 𝑚𝑏𝑠3) and the average sulphur mass fraction in the sample (𝑤𝑎𝑠0
), the total 

amount of sulphur before filtration can be determined (𝑚(𝑆0)𝑏𝑠1 to 𝑚(𝑆0)𝑏𝑠3). Using the 

total amount of sulphur before filtration (𝑚(𝑆0)𝑏𝑠1 to 𝑚(𝑆0)𝑏𝑠3) and in the filtrate 

(𝑚(𝑆0)𝑐𝑠1 to 𝑚(𝑆0)𝑐𝑠3), i.e. the non-protein bound sulphur, the fraction of non-protein 

bound sulphur (𝑓𝑐1 to 𝑓𝑐3) is calculated for each replicate. The averaged fraction of non-
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protein bound sulphur for the sample (𝑓𝑐) is then used to correct the sulphur mass fraction 

of the sample (𝑤(𝑆)𝑎).  This mass fraction for protein-bound sulphur can then be used to 

calculate the protein concentration of the sample.  

6.2.7 Uncertainty calculation   

For all quantities determined by ID-ICP-MS, i.e. the mass fractions of sulphur in the protein 

solution, the non-protein bound sulphur separated by filtration and finally the corrected 

protein mass fraction, complete uncertainty budgets were calculated using GUM 

Workbench and Excel. The calculations in GUM Workbench are based on the 

DIN/ISO/BIPM Guidelines on the evaluation of uncertainty in measurement [148, 149]. 

The software gives full uncertainty budgets for the value of each calculated quantity and 

all influencing parameters, including the uncertainties and contribution of each 

parameter. An example calculation is shown in the appendix (section 7.1). The combined 

standard uncertainties 𝑢𝑐  for the mean values were calculated in Excel using the 

uncertainties 𝑢𝑖  of each sample and the standard deviation 𝜎 of all samples in n replicate 

measurements according to Equation (10). 

(10) 𝑢𝑐 = √
𝜎2

𝑛
+ �̅� = √(

𝜎

√𝑛
)

2

+
∑ 𝑢𝑖

2

𝑛
 

From uc, the expanded uncertainty U = k · uc was calculated using a coverage factor of k = 2 

(95 % confidence). For the uncertainty calculation using GUM Workbench, all quantities 

needed for the ID-ICP-MS calculation (Table 23) were entered with their respective 

uncertainties, as shown in Table 27. Normal distribution was assumed for measured data, 

while rectangular uncertainty functions were used for published data for which only 

intervals were given.  
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Table 27: Uncertainty contributions of quantities for ID-ICP-MS calculation which were entered into GUM 

Workbench software for calculation of expanded uncertainties.  

Symbol Sample Value Uncertainty Distribution Source 
wy,b all (200 - 20,000) ng g-1 0.2 % normal (k=2) Ref. [74] 
hx,b protein  0.042192 0.000621 rectangular CIAAW  

unknown 0.04189 0.001282 rectangular (Table 25) 
Mx protein  32.064368 0.001308 rectangular CIAAW  

unknown 32.063732 0.002703 rectangular (Table 24) 
Mb all 33.96786687 0.00000028 normal (k=2) Ref. [74] 
my all (0.08 - 5) g 0.0001 g normal (k=1) measured 
mx all (0.08 - 5) g 0.0001 g normal (k=1) measured 
Ry all 0.002120 0.000056 normal (k=2) Ref. [74] 
Rx protein  22.5251 0.3472 rectangular CIAAW   

unknown 22.7123 0.7283 rectangular (Table 26) 
Rxy all ~ 1 (0.1 - 0.3) % normal (k=1) measured 

6.2.8 Amino acid analysis 

The amino acid analysis (AAA) for the quantification of tau was done in cooperation with 

BAM division 1.5 (protein analysis) by Teodor Tchipilov.  

6.2.8.1 Hydrolysis 

Acidic hydrolysis of proteins was done using concentrated hydrobromic acid (HBr, 48 % 

(by mass), Honeywell, Charlotte, NC, USA). 1 mg of cysteine (≥ 98 %, Sigma-Aldrich, Saint 

Louis, MO, USA) was dissolved in 60 µL HBr, mixed with 10 µL of the sample, sealed and 

heated for 1 h at 150°C in a hydrolysis vessel. After cooling, hydrolysed samples were 

diluted 1:5 in ultrapure water, centrifuged for 20 min at 31,000 x g and the amino acid 

containing supernatant was transferred into HPLC vials. Samples were hydrolysed in 

triplicates.  

6.2.8.2 Chromatographic separation 

Samples were injected into the HPLC  instrument (Azura, Knauer, Berlin, Germany) in full 

loop mode (50 µL sample loop, 15 µL flush volume) using an autosampler (AS3950, 

Knauer, Berlin, Germany) and underwent chromatographic separation on a reversed-

phase column (AdvanceBio Peptide Mapping, 2.1 x 150 mm, Agilent, Santa Clara, CA, USA) 

equipped with a guard column (AdvanceBio Peptide Mapping Guards, 2.1 x 5 mm, Agilent, 

Santa Clara, CA, USA). Amino acids were separated using a gradient of 10 to 90 % (by 

volume) acetonitrile (ACN, LC-MS-grade, ≥ 99.95 %, Labsolute, Renningen, Germany) in 

0.2 % (by volume) trifluoroacetic acid (TFA, HPLC-grade, ≥99.5 %, Alfa Aesar, Kandel, 
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Germany) within 4.5 min at a flow rate of 0.45 mL min-1. Fluorescence of the aromatic 

amino acid tyrosine (Tyr) was detected at 272 nm excitation/303 nm emission 

(fluorescence detector RF-20Axs, Shimadzu, Duisburg, Germany). External calibration 

was performed using a commercial amino acid standard (analytical standard, Sigma-

Aldrich, Saint Louis, MO, USA) containing 2.5 mmol L-1 (± 4%) L-tyrosine in 0.1 N HCl.  For 

the calibration curve, the standard was diluted to 0.5, 1, 1.5, 2 and 2.5 µmol L-1 L-tyrosine 

with ultrapure water and treated as described above.  

6.2.8.3 Data evaluation 

Fluorescence signals were integrated within Origin (OriginLab, Version 9.60) and 

calibration data were fitted linearly. Tyrosine concentrations of samples with 

uncertainties were determined in Excel and GUM Workbench using integrated signal areas 

and a linear standard curve. The protein concentration was calculated from the known 

stoichiometry, i.e. the number of tyrosine residues within the protein, and the molar mass 

of the protein. Uncertainties of the tyrosine and protein concentration were determined 

from the uncertainties of the calibration, i.e. the standard uncertainties of the slope and 

the intercept, from the standard deviation of the mean of replicate sample and blank 

measurements and the estimated uncertainty of the molar mass of tau.  

6.3 Biochemical methods 

6.3.1 Protein extraction 

6.3.1.1 Sample preparation for protein extraction 

For protein studies, 12 L66 and 7 WT mice brains were used. Whole frozen mouse brains 

were homogenised by grinding in a mortar pre-cooled in liquid nitrogen. Powdered tissue 

was divided into 4 aliquots and stored at -80°C before protein extraction.  

6.3.1.2 Tris and Tris-Triton extraction 

Frozen homogenised mouse brain was incubated in five volumes of 30 mmol L-1 Tris 

extraction buffer with or without 0.1 % (by volume) Triton X-100 containing cOmplete™ 

protease inhibitor and PhosStop™ phosphatase inhibitor cocktail tablets (Roche, 

Mannheim, Germany) for 30 min at 4°C after thorough mixing. Figure 33 shows an 

overview of the differential centrifugation workflow. Samples were centrifuged for 30 min 

at 16,000 x g and 4°C (Heraeus™ Biofuge Fresco, Thermo Fisher Scientific, Schwerte, 
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Germany). The supernatant (S) was separated from the pellet (P), which was suspended 

in one volume reducing Laemmli buffer (0.125 mol L-1 Tris-HCl, 8  g L-1 sodium dodecyl 

sulphate (SDS), 20 % (by volume) glycerine and 10 % (by volume) 2-mercaptoethanol). 

Some supernatant was retained for analysis, and the remaining supernatant was 

centrifuged for 1 h at 100,000 x g (Optima Max, Beckman Coulter, Krefeld, Germany) and 

4°C, resulting in a high-speed supernatant (FS) and a high-speed pellet (FP), which was 

dissolved in one volume Laemmli buffer.   

 

Figure 33: Workflow of the Tris and Tris-Triton protein extraction, resulting in a low-speed pellet (P) and 

supernatant (S) and a high-speed pellet (FP) and supernatant (FS) derived from S.  

6.3.1.3 Subcellular extraction 

The subcellular extraction of proteins from transgenic mouse brain was conducted as 

described previously [128, 129]. Subsequent centrifugation steps and an additional lysis 

step were used to yield different cellular compartment fractions of the neuron, as shown 

in Figure 34.  

All steps were carried out on ice or at 4°C to limit protein degradation. Ten volumes of 

extraction buffer (0.025 mol L-1 Tris buffer, 9 % (by mass) sucrose, 2 mmol L-1 

ethylenediaminetetraacetic acid (EDTA), 0.005 mol L-1 dithiothreitol (DTT), protease and 

phosphatase inhibitors) were added to frozen homogenised tissue, incubated for 5 min 

and centrifuged for 5 min at 1,000 x g. The resulting pellet (P1) containing nuclei and large 

cellular debris was dissolved in Laemmli buffer, and the supernatant (S1) was centrifuged 

for 15 min at 12,500 x g to obtain a crude synaptosomal (P2) and a supernatant fraction 

(S2). The pellet fraction P2 was subsequently lysed hypo-osmotically by the addition of 9 



  

 

111 

 

volumes of ice-cold water. The lysate was immediately adjusted to 0.025 mol L-1 Tris and 

incubated for 30 min, followed by centrifugation for 20 min at 25,000 x g. The resulting 

pellet containing the pre- and postsynaptic membrane fraction (LP1) was dissolved in 

Laemmli buffer, and the supernatant (LS1) was centrifuged for 2 h at 176,000 x g to obtain 

a synaptic vesicle-enriched fraction (LP2) and a supernatant fraction (LS2). The 

supernatant S2 mentioned above was centrifuged for 1 h at 176,000 x g to yield a 

supernatant containing the cytosolic fraction (S3) and a light membrane and microsome-

enriched pellet (P3), which was dissolved in Laemmli buffer. 

 

Figure 34: Workflow of the subcellular protein extraction, yielding 10 fractions comprising different 

cellular compartments. By use of differential centrifugation, a pre- and postsynaptic membrane fraction 

(LP1), a synaptic vesicle fraction (LP2) and a soluble synaptosomal fraction (LS2) were extracted from crude 

synaptosomes (P2).  

6.3.1.4 Bradford protein concentration assay 

The protein concentration of extracted soluble protein fractions was determined via the 

Bradford method using the Roti-Nanoquant protein quantification assay (Carl Roth, 

Karlsruhe, Germany). Samples were diluted between 1:10 and 1:100 in distilled water, and 

the protein concentration was determined by adding 100 µL of Roti-Nanoquant working 

solution (stock diluted 1:5 in distilled water) to 20 µL sample in a microtiter plate. The 
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plate was incubated for 5 min at RT and absorbances at 590 and 450 nm were measured 

in a microplate spectrophotometer (xMark, Bio-Rad Laboratories, Germany). A BSA 

standard (0, 10, 25, 50, 100, 150, 250 µg/mL BSA) and distilled water as reference were 

used for calibration and the sample concentration was determined by linear regression of 

the 590 nm / 450 nm ratio. Both unknown and standard samples were determined in 

duplicates or triplicates, depending on the amount of sample available, and the mean 

concentration was used for further studies.  

6.3.2 SDS-PAGE 

Protein fractions extracted from mouse brain were separated according to size by one-

dimensional SDS polyacrylamide gel electrophoresis (SDS-PAGE). Proteins for 

immunoblotting were separated on tricine or commercial glycine gels. Self-made glycine 

gels were used for protein separation before silver staining and spot excision for 

molecular mass spectrometry. A protein marker (Precision Plus, Bio-Rad Laboratories, 

USA) consisting of 10 to 250 kDa recombinant proteins and three reference bands (25, 50, 

75 kDa) was used as molecular weight (MW) reference.  

6.3.2.1 Tris-tricine gels 

For optimal resolution in the lower mass range, 1 mm Tris-tricine gels were prepared by 

casting a 10 % running gel and addition of a stacking gel after polymerisation. Gels were 

stored overnight at 4°C to enable complete polymerisation. After protein loading, the 

electrophoresis was carried out using a discontinuous buffer system. The inner chamber 

contained the cathode buffer (100 mmol L-1 Tris, 100 mmol L-1 tricine and 10 g L-1 SDS) 

and the outer chamber was filled with anode buffer (100 mmol L-1M Tris, 0.07 % (by 

volume) hydrochloric acid (HCl)). The electrophoresis was run on ice, and the voltage was 

gradually increased (40 to 1350 V) until the desired separation was reached.  

Running gel: 10 % (by volume) AB-3 solution (6.75 mol L-1 acrylamide, 97 mmol L-1 bis-

acrylamide), 1 mol L-1 Tris, 1 g L-1 SDS, 1.08 % (by volume) HCl, 100  g L-1 glycerol, 0.05 % 

(by volume) ammonium persulphate (APS), 0.05 % (by volume) tetramethylethylenedia-

mine (TEMED) 

Stacking gel: 4 % (by volume) AB-3 solution, 0.75 mol L-1 Tris, 0.75 g L-1 SDS, 0.81 % (by 

volume) HCl, 0.075 % (by volume) APS, 0.075 % (by volume) TEMED 
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6.3.2.2 Tris-glycine gels 

Commercial precast Tris-glycine gels (4-15 % or 4-20 % Mini-PROTEAN TGX Stain-Free 

Gels, Bio-Rad Laboratories, USA) were used for stain-free imaging of loaded proteins 

followed by immunoblotting, while hand cast Tris-glycine gels were prepared for silver 

staining and subsequent spot excision, digestion and analysis by molecular mass 

spectrometry. The electrophoresis was carried out in Tris-glycine buffer (192 mmol L-1 

glycine, 0.025 mol L-1 Tris, 9 g L-1 SDS) on ice at increasing voltages (70 to 150 V).  

Running gel: 10-12 % (by volume) acrylamide, 0.25 mol L-1 Tris (pH 8.5), 1  g L-1 SDS, 0.1 % 

(by volume) APS, 0.05 % (by volume) TEMED 

Stacking gel: 4 % (by volume) acrylamide, 0.07 mol L-1 Tris (pH 6.8), 1  g L-1 SDS, 0.02 % 

(by volume) APS, 0.2 % (by volume) TEMED 

6.3.3 Immunoblotting 

Proteins separated by SDS-PAGE were transferred to polyvinylidene fluoride membranes 

(Amersham Hybond P 0.45 PVDF, GE Healthcare, Freiburg, Germany) by semi-dry blotting, 

either in Towbin transfer buffer (0.025 mol L-1 Tris, 0.2 mol L-1 glycine, 1  g L-1 SDS and 

20 % (by volume) ethanol) in case of glycine gels or tricine transfer buffer (0.3 mol L-1 

Tris, 6 % (by volume) acetic acid, pH 8.6) in case of tricine gels. Before blotting, stain-free 

gels were activated, and the protein loading was detected by the ChemiDoc Imaging 

System (Bio-Rad Laboratories, USA). Proteins were blotted in a blotting cassette (Trans-

Blot Turbo System, Bio-Rad Laboratories, USA) for 30 min at 5 V and RT, and protein 

loading on the membrane was also detected by the Imaging System. Membranes were then 

incubated for 1 h in blocking solution (40  g L-1 BSA in Tris buffered saline (TBS) with 

0.2 % (by volume) Tween-20), followed by overnight incubation at 4°C in primary 

antibody, diluted in blocking solution. Afterwards, membranes were washed 3 times in 

TBS-T (TBS with 0.2 % (by volume) Tween-20) and incubated for 1 h in secondary 

antibody conjugated to horseradish peroxidase (HRP, Dako, Denmark) diluted 1:5,000 in 

blocking solution. After 3 additional washing steps in TBS-T, membranes were overlaid 

with ECL solution (0.1 mol L-1 Tris (pH 8.5), 1.25 mmol L-1 luminol, 200 µmol L-1 p-

coumaric acid, 0.01 % (by volume) hydrogen peroxide), and chemiluminescence signals 

were detected by the ChemiDoc Imaging System. Membranes were blocked, washed and 

incubated in secondary antibody at RT with shaking. The primary antibodies used were 

http://www.bio-rad.com/en-us/product/mini-protean-precast-gels/mini-protean-tgx-stain-free-precast-gels
http://www.bio-rad.com/en-us/product/mini-protean-precast-gels/mini-protean-tgx-stain-free-precast-gels
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monoclonal anti-tau antibodies 751, Tau46 and HT7 as well as antibodies against β-actin, 

β-tubulin, synapsin-1 and postsynaptic density protein 95 (PSD95), details shown in Table 

28. Bands detected by chemiluminescence were densitometrically quantified by using the 

Image Lab software version 5.0 (Bio-Rad Laboratories, USA). 

Table 28: Primary and secondary antibodies used for immunoblotting. mAb: monoclonal antibody, pAB: 

polyclonal antibody, Ig: immunoglobulin. Secondary antibodies are HRP-conjugated.  

 Antibody Host/ 
Class 

Immunogen Epitope Provider Dilution 

primary mAb 751 Mouse 
IgG1 

htau40  tau 350-368 TauRx 
Therapeutics 

1:100 

mAb Tau46 Mouse 
IgG1 

bovine tau tau carboxy-
terminus 

Cell Signaling 
Technology 

1:2,000 

mAb HT7 Mouse 
IgG1k 

htau40 tau 159-163 Thermo 
Scientific 

1:2,000 

pAb β-actin (C-
11) 

Goat IgG β-actin actin 
carboxy-
terminus 

Santa Cruz 
Biotechnology 

1:1,000 

mAb β-tubulin Rabbit 
IgG 

β-tubulin tubulin 
amino-
terminus 

Cell Signaling 
Technology 

1:10,000 

mAb 
synapsin-1 

Mouse 
IgG1 

Synapsin-1a 
and 1b 

synapsin-1 
proline-rich 
D-domain 

Synaptic 
Systems 

1:10,000 

mAb PSD95 Rabbit 
IgG 

hPSD95 PSD95 Gln53 Cell Signaling 1:500 

 mAb syntaxin Mouse 
IgG1 

crude synaptic 
preparation 
from the 
human 
postmortem 
brain 

Syntaxin 4-
190 

Abcam 1:20,000 

secondary pAb anti-
mouse Ig/HRP 

Rabbit Ig Ig from mouse 
serum 

- Dako 
Denmark 

1:5,000 

pAb anti-goat 
Ig/HRP 

Rabbit Ig Ig from goat 
serum 

- Dako 
Denmark 

1:5,000 

pAb anti-rabbit 
Ig/HRP 

Goat Ig Ig from rabbit 
serum 

- Dako 
Denmark 

1:5,000 

 

6.3.4 Mass spectrometric analysis of proteins 

6.3.4.1 MS-compatible silver staining 

Protein gels prepared for analysis by molecular mass spectrometry were fixed overnight 

in 50 % (by volume) ethanol and 10 % (by volume) acetic acid, followed by silver staining 

according to Nebrich et al. [150]. Gels were rinsed for 10 min in 20 % (by volume) ethanol, 

incubated for 1 min in 0.2  g L-1 sodium thiosulfate solution and rinsed twice in distilled 

water. Next, gels were incubated for 30 min in 1  g L-1 silver nitrate solution, rinsed for 
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1 min in water followed by 1 to 15 min incubation in developing solution (25  g L-1sodium 

carbonate, 0.02 % (by volume) formaldehyde, 0.25  g L-1 thimerosal). The reaction was 

stopped by two times 10 min incubation in 18.5  g L-1 EDTA disodium salt dihydrate 

(Titration complex III) as soon as the desired band colouration was obtained, and gels 

were stored at 4°C in this stop solution until further use.  

6.3.4.2 In-gel protein digestion 

Protein bands and spots of interest were identified in silver-stained SDS-PAGE gels by 

overlaying with the corresponding western blot images and were excised using a scalpel. 

After incubation for 5 min in distilled water, subsequent shrinking and swelling steps were 

applied to extract proteins from the gel. All steps were done at RT, and after each 

incubation step, the remaining solution was removed. Briefly, spots were incubated in 

200 µL shrinking solution (0.05 mol L-1 triethylammonium bicarbonate (TEAB), 60 % (by 

volume) acetonitrile (ACN)) for 30 min, followed by incubation in 100 µL reduction buffer 

(0.005 mol L-1 Tris(2-carboxyethyl)phosphine (TCEP)) for 20 min and 200 µL shrinking 

solution for 30 min. Proteins were alkylated by incubation for 20 min in the dark in 100 µL 

0.005 mol L-1 2-iodoacetamide, after which the last shrinking step followed. Protein was 

digested by the addition of up to 100 µL digestion buffer (0.05 mol L-1 TEAB, 10 % (by 

volume) ACN) containing 200 ng of the digestion enzyme trypsin (Promega, Mannheim, 

Germany) or thermolysin (Promega, Mannheim, Germany) and incubation overnight at 

37°C. The enzymatic reaction was stopped by acidification using a final concentration of 

0.5 % (by volume) formic acid (FA). Sample solution containing target peptides was 

vacuum dried and dissolved in 30 to 40 µL loading buffer (0.5 % (by volume) FA, 0.5 % 

(by volume) ACN) for ESI-MS measurements.  

6.3.4.3 Organic mass spectrometry (ESI-MS) 

Peptides extracted from SDS-PAGE bands by in-gel digestion were analysed by nano-LC-

ESI-MS/MS at Proteome Factory AG, Berlin. The LC-MS system consisted of an Agilent 

1100 nano-HPLC system (Agilent, Germany), a PicoTip electrospray emitter (New 

Objective, USA) and an Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Bremen, 

Germany). Peptides were first trapped and desalted on a Zorbax 300SB-C18 enrichment 

column (0.3 mm x 5 mm, Agilent, Germany) for 5 min using 0.5% (v/v) FA solution, 

followed by separation on a Zorbax 300-SB-C18 column (75 µm x 150 mm, Agilent, 
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Germany) within 35 min using an ACN/0.1% FA gradient from 15% to 40% ACN. The ten 

most abundant ions of each survey spectrum (nominal resolution 35,000) were data 

dependently subjected to collision-induced dissociation (CID) fragmentation, with 

normalised collision energy set at 35%. MGF files were generated by DTA SuperCharge 

(version 2.0, msquant.sourceforge.net) and the MS/MS Mascot search engine version 2.2 

(Matrix Science, UK) was used for protein database search. For identification of 

phosphorylated Tau-X species, the PEAKS software (version 8.0, Bioinformatics Solutions 

Inc.) was used. A custom protein database comprising a complete UniProtKB Mus 

musculus protein database (downloaded from www.uniprot.org on December 2015), into 

which the 6 human wild-type tau isoforms Tau-A to Tau-F and the mutant tau isoform 

from L66, named Tau-X (equivalent to human Tau-F, with the exceptions of the P301S and 

G335D mutations) were introduced, was used for protein identification. The search 

parameters used for Mascot and PEAKS are shown in Table 29.   

Table 29: Search parameters used for the identification of proteins and post-translational modifications 

(PTMs) using MS/MS data acquired by molecular mass spectrometry. 

Parameter  Mascot setting PEAKS setting 

Instrument type  Orbitrap - 
Enzyme  Trypsin, 2 missed cleavages 

allowed 
- 

Variable modifications  Acetyl (N-term), Oxidation (M) 
and Deamidation (NQ) 

Oxidation (M) and 
Deamidation (NQ) 

Fixed modifications Carbamidomethyl (C) Carbamidomethyl (C) 
Mass values Monoisotopic - 
Tolerance   Peptide mass:  

2 ppm 
Precursor ion tolerance:  
3 ppm  

Fragment search tolerance:  
0.5 Da  

Fragment ion tolerance:  
0.6 Da 

Peptide charge   1+, 2+ and 3+ - 
Peptide hit threshold - (-10logP) ≥ 20.0 
False discovery rate - < 0.1 % 
Max. number of PTMs - 5 
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7 Appendix 

7.1 Uncertainty calculation by GUM workbench 

IDMS results and uncertainty budgets were calculated using GUM Workbench. Here, the 

calculation is shown for the IDMS quantification of the first tau replicate as an example. 

Model equation: 
{Calculation of the sulphur concentration in the protein (in ng S / g Lösung) using the following equation:}  
{wx = Mx * my / (hxb * Mb * mx) * wy * ((Ry - Rxy)/ (Rxy - Rx))}  
 
{IR of sample-spike blend was drift corrected and via K-factor corrected for calculation using tabulated data. IR of sample 
(Rx) molar mass of S in the sample (Mx) and amount of S34 in the sample (hxb) determined from CIAAW table. IR of spike 
from TIMS data measured at BAM.}  
 
wy23 = w1ppmS34;  
Mx = MProt;  
Mb = M34;  
hxb = hProt;  
my1 = mS341;  
mx1 = mTau1;  
Ry = R34;  
Rx = RProt;  
 
{S in Tau determined by IDMS}  
wTau1 = Mx * my1 / (hxb * Mb * mx1) * wy23 * ((Ry - Rxy1)/ (Rxy1 - Rx));  
 
{S in Tau corrected for digestion blank}  
wTau1b = (wTau1 * mx1 - mblank) / mx1;  
 
{corrected for non-protein bound sulphur}  
wTau1o = wTau1b * (1 - funboundS);  
 
{protein concentration, Tau contains 8 * S [g/kg]}  
wT1 = wTau1o * MTau / (8 * Mx) / 10^6;  
 

List of Quantities: 
Quantity Unit Definition 

wy23 ng/g Mass fraction of S34 in Spike 

w1ppmS34 ng/g Mass fraction of S34 in Spike 

Mx  Molar mass of S in Sample 

MProt  Molar mass of S in Protein 

Mb  Molar mass of the spike isotope 

M34  Molar mass of S34 

hxb  Amount of spike isotope in sample 

hProt  Amount of S34 in protein (CIAAW: organic Sulphur from animals) 

my1 g spike mass in blend 

mS341 g mass of 1ppm 34S solution in blend 

mx1 g sample mass in blend 

mTau1 g mass of tau solution in blend 

Ry  spike isotope ratio 

R34  34S enriched spike isotope ratio (TIMS data) 
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Quantity Unit Definition 

Rx  sample isotope ratio 

RProt  protein isotope ratio (CIAAW: organic Sulphur from animals) 

wTau1 ng/g Mass fraction of S in tau solution 

Rxy1  sample-spike blend isotope ratio 

wTau1b ng/g Mass fraction of S in tau solution, blank corrected 

mblank ng Mass of S in blank 

wTau1o ng/g S mass fraction of tau corrected for non-protein bound S 

funboundS  Fraction of non-protein bound S (by IDMS of membrane filtrated tau solution) 

wT1 g/kg Tau protein mass fraction 

MTau  Molar mass of Tau, taken from uniprot.org 

 

w1ppmS34: 
Import 

File name: 201905_S34_Dilutions.smu 

Quantity: wy23 

 

MProt: 
Type B Rectangular distribution 

Value: 32.064368 

Halfwidth of limits: 0.0013 

 

M34: 
Type B Normal distribution 

Value: 33.96786687 

Expanded uncertainty: 0.00000014 

Coverage factor: 1 

 

hProt: 
Type B Rectangular distribution 

Value: 0.0421915 

Halfwidth of limits: 0.0006205 

 

mS341: 
Type A summarised 

Mean value: 0.30147 g 

Standard uncertainty: 0.0001 g 

Degree of freedom: 1 

 

mTau1: 
Type A summarised 

Mean value: 0.08044 g 

Standard uncertainty: 0.0001 g 

Degree of freedom: 1 

 

R34: 
Type A summarised 

Mean value: 0.00212 

Standard uncertainty: 0.000056 

Degree of freedom: 2 

 
RProt: 
Type B Rectangular distribution 

Value: 22.52509404 

Halfwidth of limits: 0.347229197 

 
Rxy1: 
Type A summarised 

Mean value: 1.102889679 

Standard uncertainty: 0.1 % 

Degree of freedom: 20 

 

mblank: 
Type A 

Method of observation: Direct 

Number of observations: 3 

Nr. Observation 

1 17.10 ng 

2 22.84 ng 

3 6.76 ng 

Arithmetic mean: 15.57 ng 

Experimental standard deviation: 8.1 ng 

Standard deviation of the mean: 4.70 ng 

Degree of freedom: 2 
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funboundS: 
Import 

File name: 20190810_MF_Tau.smu 

Quantity: ftot 

MTau: 
Type B Normal distribution 

Value: 45850.0 

Expanded uncertainty: 5.00 % 

Coverage factor: 2 

 

Uncertainty budgets: 
wTau1:  

Quantity Value Standard 
uncertainty 

Distribution Sensitivity 
coefficient 

Uncertainty 
contribution 

Index 

wy23 1055.36 ng/g 1.78 ng/g     

w1ppmS34 1055.36 ng/g 1.78 ng/g  4.3 7.7 ng/g 1.7 % 

Mx 32.064368 751·10-6     

MProt 32.064368 751·10-6 Rectangular 140 0.11 ng/g 0.0 % 

Mb 33.967866870 140·10-9     

M34 33.967866870 140·10-9 Normal -130 -19·10-6 ng/g 0.0 % 

hxb 0.042192 358·10-6     

hProt 0.042192 358·10-6 Rectangular -110·103 -39 ng/g 43.6 % 

my1 0.301470 g 100·10-6 g     

mS341 0.301470 g 100·10-6 g Normal 15000 1.5 ng/g 0.0 % 

mx1 0.080440 g 100·10-6 g     

mTau1 0.080440 g 100·10-6 g Normal -57000 -5.7 ng/g 0.9 % 

Ry 2.1200·10-3 56.0·10-6     

R34 2.1200·10-3 56.0·10-6 Normal -4100 -0.23 ng/g 0.0 % 

Rx 22.525 0.200     

RProt 22.525 0.200 Rectangular -210 -43 ng/g 53.0 % 

Rxy1 1.10289 1.10·10-3 Normal 4300 4.8 ng/g 0.7 % 

wTau1 4547.1 ng/g 58.5 ng/g 

 

wTau1b:  

Quantity Value Standard 
uncertainty 

Distribution Sensitivity 
coefficient 

Uncertainty 
contribution 

Index 

wy23 1055.36 ng/g 1.78 ng/g     

w1ppmS34 1055.36 ng/g 1.78 ng/g  4.3 7.7 ng/g 0.9 % 

Mx 32.064368 751·10-6     

MProt 32.064368 751·10-6 Rectangular 140 0.11 ng/g 0.0 % 

Mb 33.967866870 140·10-9     

M34 33.967866870 140·10-9 Normal -130 -19·10-6 ng/g 0.0 % 

hxb 0.042192 358·10-6     

hProt 0.042192 358·10-6 Rectangular -110·103 -39 ng/g 21.8 % 

my1 0.301470 g 100·10-6 g     

mS341 0.301470 g 100·10-6 g Normal 15000 1.5 ng/g 0.0 % 

mx1 0.080440 g 100·10-6 g     
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Quantity Value Standard 
uncertainty 

Distribution Sensitivity 
coefficient 

Uncertainty 
contribution 

Index 

mTau1 0.080440 g 100·10-6 g Normal -54000 -5.4 ng/g 0.4 % 

Ry 2.1200·10-3 56.0·10-6     

R34 2.1200·10-3 56.0·10-6 Normal -4100 -0.23 ng/g 0.0 % 

Rx 22.525 0.200     

RProt 22.525 0.200 Rectangular -210 -43 ng/g 26.5 % 

Rxy1 1.10289 1.10·10-3 Normal 4300 4.8 ng/g 0.3 % 

mblank 15.57 ng 4.70 ng Normal -12 -58 ng/g 50.0 % 

wTau1b 4353.6 ng/g 82.7 ng/g 

 

wTau1o:  

Quantity Value Standard 
uncertainty 

Distribution Sensitivity 
coefficient 

Uncertainty 
contribution 

Index 

wy23 1055.36 ng/g 1.78 ng/g     

w1ppmS34 1055.36 ng/g 1.78 ng/g  1.9 3.3 ng/g 0.1 % 

Mx 32.064368 751·10-6     

MProt 32.064368 751·10-6 Rectangular 62 0.046 ng/g 0.0 % 

Mb 33.967866870 140·10-9     

M34 33.967866870 140·10-9 Normal -58 -8.1·10-6 ng/g 0.0 % 

hxb 0.042192 358·10-6     

hProt 0.042192 358·10-6 Rectangular -47000 -17 ng/g 3.3 % 

my1 0.301470 g 100·10-6 g     

mS341 0.301470 g 100·10-6 g Normal 6600 0.66 ng/g 0.0 % 

mx1 0.080440 g 100·10-6 g     

mTau1 0.080440 g 100·10-6 g Normal -24000 -2.4 ng/g 0.0 % 

Ry 2.1200·10-3 56.0·10-6     

R34 2.1200·10-3 56.0·10-6 Normal -1800 -0.10 ng/g 0.0 % 

Rx 22.525 0.200     

RProt 22.525 0.200 Rectangular -92 -18 ng/g 4.0 % 

Rxy1 1.10289 1.10·10-3 Normal 1900 2.1 ng/g 0.0 % 

mblank 15.57 ng 4.70 ng Normal -5.4 -25 ng/g 7.5 % 

funboundS 0.5655 0.0196  -4400 -85 ng/g 85.0 % 

wTau1o 1891.8 ng/g 92.7 ng/g 

 

wT1:  

Quantity Value Standard 
uncertainty 

Distribution Sensitivity 
coefficient 

Uncertainty 
contribution 

Index 

wy23 1055.36 ng/g 1.78 ng/g     

w1ppmS34 1055.36 ng/g 1.78 ng/g  330·10-6 590·10-6 g/kg 0.1 % 

Mx 32.064368 751·10-6     

MProt 32.064368 751·10-6 Rectangular 470·10-6 350·10-9 g/kg 0.0 % 
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Quantity Value Standard 
uncertainty 

Distribution Sensitivity 
coefficient 

Uncertainty 
contribution 

Index 

Mb 33.967866870 140·10-9     

M34 33.967866870 140·10-9 Normal -0.010 -1.5·10-9 g/kg 0.0 % 

hxb 0.042192 358·10-6     

hProt 0.042192 358·10-6 Rectangular -8.4 -3.0·10-3 g/kg 2.6 % 

my1 0.301470 g 100·10-6 g     

mS341 0.301470 g 100·10-6 g Normal 1.2 120·10-6 g/kg 0.0 % 

mx1 0.080440 g 100·10-6 g     

mTau1 0.080440 g 100·10-6 g Normal -4.2 -420·10-6 g/kg 0.0 % 

Ry 2.1200·10-3 56.0·10-6     

R34 2.1200·10-3 56.0·10-6 Normal -0.32 -18·10-6 g/kg 0.0 % 

Rx 22.525 0.200     

RProt 22.525 0.200 Rectangular -0.016 -3.3·10-3 g/kg 3.2 % 

Rxy1 1.10289 1.10·10-3 Normal 0.34 370·10-6 g/kg 0.0 % 

mblank 15.57 ng 4.70 ng Normal -970·10-6 -4.5·10-3 g/kg 6.0 % 

funboundS 0.5655 0.0196  -0.78 -0.015 g/kg 67.4 % 

MTau 45850 1150 Normal 7.4·10-6 8.5·10-3 g/kg 20.7 % 

wT1 0.3381 g/kg 0.0186 g/kg 

 

Results: 
Quantity Value Expanded 

Uncertainty 
Coverage factor Coverage 

wTau1 4550 ng/g 120 ng/g 2.00 95% (Normal-Distribution) 

wTau1b 4350 ng/g 170 ng/g 2.00 95% (Normal-Distribution) 

wTau1o 1890 ng/g 190 ng/g 2.00 95% (Normal-Distribution) 

wT1 0.338 g/kg 0.037 g/kg 2.00 95% (Normal-Distribution) 
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7.2 Uncertainty of the tau mass fraction uncertainty in brain 

In section 4.3.2.2, the absolute amount of soluble tau protein in the brain of transgenic 

mice was determined by western blotting using a linear calibration curve of a previously 

characterised tau standard. The uncertainty of the tau mass fraction in brain was only 

determined from the uncertainties of the calibration curve and the uncertainties of the 

band intensities and the sample preparation. A more sophisticated uncertainty 

determination which includes the uncertainty of the calibration was done here to estimate 

the influence of the tau standard uncertainty. 

According to the application note “Using reference materials for calibration” of the 

European Reference Materials (ERM) group of the European commission [151, 152], a 

relative standard uncertainty for a sample value derived from a calibration can be 

determined according to equation (11). 

(11) 𝑢rel(𝑚Tau) =
𝑢cal(𝑚Tau)

𝑚Tau
= √(

𝑠(𝑚Tau)

𝑚Tau
)

2
+ 𝑢calibrant

2 + 𝑢dil
2 

The prediction interval s is calculated according to equation (12)  

(12) 𝑠(𝑚Tau) =
𝑠(𝑟)

𝑎
√1

𝑁
+

1

𝑛
+

(𝐼Tau̅̅ ̅̅ ̅̅ −𝐼cal)
2

𝑎2∙∑ (𝑚𝑖−𝑚cal̅̅ ̅̅ ̅̅ ̅)2𝑛
𝑖=1

 

using the residual standard deviation determined as shown in equation (13).  

(13) 𝑠(𝑟) = √
∑ 𝑟𝑖

2𝑛
𝑖=1

𝑛−2
 

All quantities are given in Table A.1.   
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Table A.1: Quantities used for the calibration of the relative standard uncertainty of values derived from 

calibration with standard materials.  

Symbol Meaning 

𝑢rel(𝑚Tau) relative uncertainty of determined tau mass in 2 µg total brain 
extract 

𝑢cal(𝑚Tau) absolute uncertainty  of determined tau mass in 2 µg total brain 
extract 

𝑚Tau determined tau mass in 2 µg total brain extract 

𝑠(𝑚Tau) prediction interval of tau mass 

𝑢calibrant relative uncertainty of tau standard used for calibration  

𝑢dil relative uncertainty stemming from dilution 

𝑠(𝑟) residual standard deviation 

𝑎 slope of regression line 

𝑁 number of measurements of unknown sample 

𝑛 number of calibration points 

𝐼𝑇𝑎𝑢
̅̅ ̅̅ ̅ Mean intensity of sample 

𝐼cal Mean intensity of the different calibration dilutions 

𝑚cal Mean mass in the different calibration dilutions 

𝑟𝑖 residuals, differences between observed and predicted intensity of 
the calibration dilutions 

 

The values of the tau calibration curve are given in Table A.2. 
 
Table A.2: Values of the regression line for determination of the amount of tau in the soluble brain fraction. 

Six different dilutions of the calibration standard were used for calibration and the total amount of the tau 

calibrant (mcal) was plotted against the intensity (Ical). The predicted intensity (Predicted Ical) was 

determined using the regression parameters given in Table A.3. 

Calibration 
standard 

𝒎𝐜𝐚𝐥 
/ ng 

𝑰𝐜𝐚𝐥  Predicted 
𝑰𝐜𝐚𝐥  

Residuals  
𝒓𝒊 

𝒓𝒊
𝟐 (𝒎𝒊 − 𝒎𝐜𝐚𝐥̅̅ ̅̅ ̅̅ )𝟐 

1 10 0.5 -0.3 0.79 0.63 6267 

2 25 1.0 1.7 -0.79 0.62 4117 

3 50 3.8 5.1 -1.35 1.82 1534 

4 100 13.3 11.9 1.41 2.00 117 

5 150 19.6 18.7 0.95 0.91 3701 

6 200 24.4 25.4 -1.03 1.05 12284 

mean 89.2 10.4 10.4 
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These values were used for linear regression, yielding the intercept and slope given in 

Table A.3. 

Table A.3: Parameters of the regression line (I = a * m + b) determined using Origin.  
 

Value Standard error 
Intercept (b) -1.641 0.8897 
Slope (a) 0.13538 0.00792 

Using these parameters and the measured intensities of six samples on western blots, the 

mean amount of soluble tau in 2 µg of total brain protein was determined as shown in 

Table A.4. 

Table A.4: Determination of the amount of tau in the soluble mouse brain fraction in 2 µg of total protein. 

mTau was determined using the regression parameters given in Table A.3. 

Sample 
measurements 

𝑰𝐓𝐚𝐮 𝒎𝐓𝐚𝐮 / ng 

1 3.8 40.4 
2 3.3 36.3 
3 5.6 53.5 
4 4.1 42.1 
5 2.6 31.2 
6 3.3 36.2 

mean 3.8 39.9 

Using the data given in Table A.2 and Table A.3 in equation (13), yielded a residual 

standard deviation s(r) of 1.33. With this and the data given in Table A.2 to Table A.4, the 

prediction interval s was calculated as s(mTau) = 6.34 using equation (12).  

The mass fraction of the calibration standard was quantified as (0.328 ± 0.038) g kg-1 

(with k = 2), resulting in an absolute standard uncertainty of 0.019 g kg-1 and a relative 

standard uncertainty of 5.8 % (ucalibrant). The systematic and random dilution 

uncertainties (udil) were estimated to be 2 % each, according to [117]. The relative 

standard uncertainties and above determined prediction interval s(mTau) were entered 

into equation (11). Due to multiple dilution steps, the dilution uncertainty was put into 

the equation three times. Finally, the relative standard uncertainty associated with 

calibration was determined as 0.176 (or 17.6 %), yielding an expanded (k = 2) relative 

uncertainty of 35.2 % for the total amount of tau in mouse brain. 
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7.3 Tau diameter calculation by Stokes law 

The size of a spherical protein or protein aggregate can be determined according to Stokes 

law [153, 154], when the time needed for sedimentation of the particle at a given 

centrifugal speed is known. The calculation is shown in Equation (14).   

(14) 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = √
18 𝜂

(𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒−𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)
∙ 𝑠𝐹𝐴 

The hydrodynamic diameter of a particle (𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) is calculated from the solvent viscosity 

(𝜂), the densities of particle (𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) and solvent (𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡) and the sedimentation 

coefficient in the fixed angle rotor (𝑠𝐹𝐴). The sedimentation coefficient is determined by 

Equation (15) according to [154]. 

(15) 𝑠𝐹𝐴 =
1

𝜔2𝑡
∙

𝐿

𝑟
  

The sedimentation coefficient is influenced by the angular velocity of the rotor (𝜔), the 

sedimentation time (𝑡) which is here equal to the centrifugation time, the sedimentation 

path length (𝐿) and the centrifuge radius (𝑟). In a fixed angle rotor, as was used in this 

work,  the particle path length is approximately 𝐿 = 𝑑𝑡𝑢𝑏𝑒/ cos 𝜃 and depends only on the 

diameter of the sample tube (𝑑𝑡𝑢𝑏𝑒) and the rotor angle of the centrifuge (𝜃) [154]. 

Moreover, the angular velocity can be simplified to 𝜔2 = 𝑎/𝑟 by using the centrifugal 

acceleration (𝑎), yielding Equation (16).  

(16) 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = √
18 𝜂

(𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒−𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)
∙

𝑑𝑡𝑢𝑏𝑒

𝑎 𝑡 cos 𝜃
 

With this equation the hydrodynamic diameter of a particle, e.g. a protein or a protein 

agglomerate, sedimented by centrifugation with a fixed angle rotor can be determined. 

However, the particle diameter will only be an approximation, because the equation works 

under the assumption that the particle is completely spherical. Moreover, in fixed angle 

rotors the sedimentation time is actually the time required for particles to reach the tube 

wall and the time that particles need to slide to the bottom of the tube cannot be predicted 

[154]. Nonetheless, the hereby calculated particle diameter is a good estimate of the order 

of magnitude of the protein aggregate size.  
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Table A.5: Quantities for calculation of the hydrodynamic diameter of a protein sedimented by 

ultracentrifugation. Solvent density and viscosity: common values for buffers suggested by Livshits et al. 

[154, 155], protein density: adapted from Fischer et al. for a 46 kDa protein [156].  

Quantity Value 

η solvent viscosity 1.55 cP 

ρparticle protein density 1.41 g/cm³ 

ρsolvent solvent density 1 g/cm³ 

dtube centrifugation tube diameter 13 mm 

θ rotor angle 30° 

a centrifugal acceleration 100,000 x g (FP) 
 

 176,000 x g (LP2) 

t centrifugation (sedimentation) time 1 h (FP) 

    2 h (LP2) 

The tau particles sizes in sedimented pellet fractions were determined using the 

parameters shown in Table A.5 and Equation (16). The tau species pulled down in 

fractions FP of the Tris extraction had a diameter of at least 17 nm and tau in synaptosomal 

extracted LP2 had a diameter of at least 9 nm. These numbers can be confirmed by using 

the interactive vesicle sedimentation profile web-calculator [154, 155]. 
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7.4 Tau phosphorylation in synaptosomal fractions 

Table A.6: Phosphorylated tau peptides identified in subcellular fractions excised from silver stained gel, 

detected by Orbitrap LC-MS and analysed using PEAKS software. Peptide score: measure of significance, 

peptide mass error: deviation of the measured from the theoretical mass. S: serine, T: threonine. 

Fraction Number of 
peptides 
matched 
(PEAKS) 

Matched phosphorylated 
peptide 

Phospho-
rylation 
site 

Peptide 
score  

-10log(p) 

Peptide 
mass 

Peptide 
mass 
error 
[ppm] 

S1 21 SGYSSPGSPGTPGSR S202 55.03 1472.5933 -0.2  
TPPAPKTPPSSGEPPK T181 47.11 1666.7966 -0.5  
TPPAPKTPPSSGEPPKSGDR T181 37.04 2081.9783 -0.9  
VAVVRTPPKSPSSAK T231 27.30 1602.8494 -0.3 

P2 5 no phosphorylated tau peptides identified 

S2 28 SGYSSPGSPGTPGSR S202 56.04 1472.5933 -0.8  
SGYSSPGSPGTPGSR S199 54.98 1472.5933 0.6  
TPPAPKTPPSSGEPPK T181 52.52 1666.7966 1.1  
TPPAPKTPPSSGEPPKSGDR T181 42.53 2081.9783 -0.8  
VAVVRTPPKSPSSAK T231 32.59 1602.8494 -1.0  
KVAVVRTPPKSPSSAK T231 29.68 1730.9443 -0.2 

P3 14 no phosphorylated tau peptides identified 

S3 22 TPPAPKTPPSSGEPPK T181 45.13 1666.7966 0.3  
TPPAPKTPPSSGEPPKSGDR T181 41.25 2081.9783 -1.5  
VAVVRTPPKSPSSAK T231 27.96 1602.8494 -0.2  
KVAVVRTPPKSPSSAK T231 26.61 1730.9443 0.0 

LP1 20 SGYSSPGSPGTPGSR S202 47.03 1472.5933 -0.4   
TPPAPKTPPSSGEPPK T181 28.49 1666.7966 -0.7   
KVAVVRTPPKSPSSAK T231 25.22 1730.9443 0.0   
TPPAPKTPPSSGEPPKSGDR T181 23.01 2081.9783 -1.4 

LS1 6 no phosphorylated tau peptides identified 

LP2 2 no phosphorylated tau peptides identified 

LS2 1 no phosphorylated tau peptides identified 

 

 

Table A.7 (next page): Human tau peptides identified by Orbitrap LC-MS and Mascot database search in 

subcellular fractions excised from silver stained gel. Nomenclature (Tau-A to Tau-F) according to Uniprot 

database. Tau-X: Transgenic human tau isoform (Tau-F with mutations P301S and G335D). Tau bands were 

excised at 62 kDa, which is specific to human tau, hence only human tau isoforms are shown. Tau-X was only 

identified unequivocally when the sequence coverage was high enough, due to the high sequence homology 

of different tau isoforms. Protein and peptide score: measure of significance, peptide mass error: deviation 

of the measured from the theoretical mass. Regular font: peptides identified from tryptic digest, italics: 

peptides from thermolysin digest, double dagger (‡): peptide identified in both digests.  
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Frac-
tion 

Position 
of tau in 
hit list 

Protein 
isoform 

Protein 
score 

Number 
of 
peptides 
matched 

Matched peptide Peptide 
score 

Peptide 
mass 
error 
[ppm] 

Number 
of missed 
peptide 
cleavages 

S1 15 Tau-X 809 18 LDLSNVQSK 52 3.27 0      
TPSLPTPPTR 31 -1.14 0      
KLDLSNVQSK 71 -0.36 1      
SEKLDFKDR 28 0.81 2      
LQTAPVPMPDLK 56 1.73 0      
SGYSSPGSPGTPGSR 80 0.65 0      
TPSLPTPPTREPK 42 1.12 1      
IGSLDNITHVPGGGNK 40 3.13 0      
VAVVRTPPKSPSSAK 33 0.12 2      
TPPAPKTPPSSGEPPK 42 -1.50 1      
IGSLDNITHVPGGGNKK 36 0.29 1      
STPTAEDVTAPLVDEGAPGK 67 3.06 0      
HVSGGGSVQIVYKPVDLSK 57 -0.44 0      
CGSLGNIHHKPGGDQVEVK 33 -1.53 0      
QEFEVMEDHAGTYGLGDR 48 -3.09 0      
TPPAPKTPPSSGEPPKSGDR 32 -0.08 2      
HLSNVSSTGSIDMVDSPQLATLADEVSASLAK 63 3.71 0      
‡ LQTAPVPMPDLK 64 -0.19 3 

          LDNITHVPGGGNKK 37 -0.25 4 

P2 31 Tau-X 237 4 KLDLSNVQSK 52 -2.57 1   
Tau-D 

  
LQTAPVPMPDLK 56 1.06 0   

Tau-E 
  

SGYSSPGSPGTPGSR 88 -1.33 0 

    Tau-F     IGSLDNITHVPGGGNK 43 0.28 0 

S2 20 Tau-X 777 17 LDLSNVQSK 55 1.70 0      
TPSLPTPPTR 46 -1.41 0      
KLDLSNVQSK 74 1.21 1      
SEKLDFKDR 40 1.89 2      
LQTAPVPMPDLK 54 -0.65 0      
SGYSSPGSPGTPGSR 94 0.19 0      
TPSLPTPPTREPK 30 0.49 1      
IGSLDNITHVPGGGNK 37 1.87 0      
TPPAPKTPPSSGEPPK 33 -0.48 1      
IGSLDNITHVPGGGNKK 37 -0.34 1      
STPTAEDVTAPLVDEGAPGK 82 1.30 0      
HVSGGGSVQIVYKPVDLSK 38 0.35 0      
CGSLGNIHHKPGGDQVEVK 31 -0.08 0      
QEFEVMEDHAGTYGLGDR 54 1.87 0      
HLSNVSSTGSIDMVDSPQLATLADEVSASLAK 74 1.13 0      
‡ LQTAPVPMPDLK 63 -0.78 3      
FEVMEDHAGTYG 44 2.28 2 

          IGDTPSLEDEAAGH 74 -0.36 3 

P3 21 Tau-X 782 14 LDLSNVQSK 41 4.52 0      
KLDLSNVQSK 72 2.15 1      
SEKLDFKDR 39 -0.50 2      
LQTAPVPMPDLK 57 1.12 0      
SGYSSPGSPGTPGSR 84 0.55 0      
TPSLPTPPTREPK 30 3.34 1      
IGSLDNITHVPGGGNK 54 1.89 0      
IGSLDNITHVPGGGNKK 42 -2.90 1      
STPTAEDVTAPLVDEGAPGK 84 2.93 0      
HVSGGGSVQIVYKPVDLSK 62 0.97 0      
CGSLGNIHHKPGGDQVEVK 41 1.74 0      
QEFEVMEDHAGTYGLGDR 45 -0.51 0      
QEFEVMEDHAGTYGLGDRK 37 0.80 1      
HLSNVSSTGSIDMVDSPQLATLADEVSASLAK 96 1.36 0 

          ‡ LQTAPVPMPDLK 53 0.75 3 

S3 20 Tau-X 782 16 LDLSNVQSK 61 2.30 0      
TPSLPTPPTR 31 2.88 0      
KLDLSNVQSK 67 1.73 1      
SEKLDFKDR 30 0.88 2 
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LQTAPVPMPDLK 63 -0.67 0      
SGYSSPGSPGTPGSR 79 -0.19 0      
IGSLDNITHVPGGGNK 53 2.12 0      
TPPAPKTPPSSGEPPK 37 -0.95 1      
IGSLDNITHVPGGGNKK 45 1.64 1      
STPTAEDVTAPLVDEGAPGK 77 1.74 0      
HVSGGGSVQIVYKPVDLSK 52 0.85 0      
CGSLGNIHHKPGGDQVEVK 35 -0.19 0      
QEFEVMEDHAGTYGLGDR 67 0.05 0      
TPPAPKTPPSSGEPPKSGDR 31 -2.72 2      
HLSNVSSTGSIDMVDSPQLATLADEVSASLAK 55 0.22 0      
‡ LQTAPVPMPDLK 54 -0.69 3 

          FEVMEDHAGTYG 48 1.54 2 

LP1 21 Tau-X 625 13 LDLSNVQSK 52 -0.65 0      
TPSLPTPPTR 29 2.16 0      
KLDLSNVQSK 46 1.10 1      
LQTAPVPMPDLK 66 0.59 0      
SGYSSPGSPGTPGSR 76 -1.01 0      
IGSLDNITHVPGGGNK 54 1.40 0      
TPPAPKTPPSSGEPPK 41 -1.50 1      
IGSLDNITHVPGGGNKK 42 0.02 1      
STPTAEDVTAPLVDEGAPGK 91 -2.95 0      
HVSGGGSVQIVYKPVDLSK 39 -0.15 0      
CGSLGNIHHKPGGDQVEVK 36 0.07 0      
QEFEVMEDHAGTYGLGDR 53 0.20 0      
‡ LQTAPVPMPDLK 49 0.79 3 

          FEVMEDHAGTYG 45 -0.06 2 

LS1 30 Tau-X 330 6 LDLSNVQSK 43 0.68 0   
Tau-D 

  
TPSLPTPPTR 36 1.18 0   

Tau-E 
  

KLDLSNVQSK 67 0.58 1   
Tau-F 

  
LQTAPVPMPDLK 66 0.78 0      
SGYSSPGSPGTPGSR 73 -0.41 0 

          IGSLDNITHVPGGGNK 47 -0.20 0 

LP2 43 Tau-X 149 3 LQTAPVPMPDLK 51 -0.39 0   
Tau-Fetal 

  
SGYSSPGSPGTPGSR 63 -0.55 0   

Tau-A 
  

IGSLDNITHVPGGGNK 37 -0.50 0   
Tau-B 

      
  

Tau-C 
      

  
Tau-D 

      
  

Tau-E 
      

    Tau-F             

LS2 59 Tau-X 61 1 SGYSSPGSPGTPGSR 61 -0.37 0   
Tau-Fetal 

      
  

Tau-A 
      

  
Tau-B 

      
  

Tau-C 
      

  
Tau-D 

      
  

Tau-E 
      

    Tau-F             
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