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Abstract 
An essential element of adaptive immunity is the selective binding of peptide antigens by 

major histocompatibility complex class I (MHC-I) proteins. They present antigenic peptides 

to cytotoxic T cells at the plasma membrane of mammalian cells. MHC-I is a heterodimer 

consisting of the strongly conserved beta-2-microglobulin light chain (β2m) and the heavy 

chain (HC), which has a highly variable region that forms a cleft to accommodate a peptide. 

As the peptide dissociates, the two noncovalently bound subunits fall apart. The resulting 

peptide-free state of MHC-I is not well understood, but it is known that free heavy chains 

(FHCs) can assemble in the plasma membrane to form homotypic complexes that perform 

various regulatory functions. In this work, the stoichiometry and dynamics of FHC assembly 

of murine MHC-I H-2Kb were investigated using native mass spectrometry (MS) and 

complementary methods (Chapter 3.1). The FHCs were found to form noncovalently bound 

dimers. Dimerization was shown to be mediated by the α3 domain binding the α3 domain 

of another FHC in a manner similar to binding the β2m subunit. 

The dynamics and structure of the peptide-free but natively assembled complex are of 

particular interest for understanding peptide-binding and -exchange processes. For this 

work, a disulfide-stabilized version of the human MHC-I molecule HLA-A*02:01 (dsA2) was 

thoroughly characterized by native MS and various supporting structural biological 

methods (Chapter 3.2). The dsA2 molecule was designed to be stable in the absence of 

peptides. Successful refolding of the heterogeneous protein complex was verified, and the 

dipeptide used for refolding was not detected either free or bound to dsA2 after removing 

it via buffer exchange (BEX). In striking contrast, only a minimal amount of folded wild type 

A2 (wtA2) was detected in the absence of dipeptide; however, wtA2 remained stable when 

dipeptide was present at millimolar concentrations. It was concluded that wtA2 is 

dependent on high concentrations of dipeptide to maintain its folded conformation, 

whereas dsA2 is conformationally and thermally stable in the absence of dipeptide. 

Nevertheless, dsA2 was still able to specifically bind or exchange peptides. Dipeptides were 

found to settle only in the A pocket or in both the A and F pockets. High-affinity 

nonapeptides were able to bind even at substoichiometric concentrations. The amino acid 

side chains lining the binding pockets switched in a coordinated manner between a 

peptide-free, unlocked state, and a peptide-bound, locked state. 

Peptide binding to the empty dsA2 molecule was studied in detail, and because of its 

unique stability, it was possible to determine the binding affinities of complexes loaded 

with various peptides, including truncated or reduced-charge peptides (Chapter 3.3). It was 
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found that the two already known anchor positions could be stabilized independently. 

Further investigation revealed the contribution of additional amino acid positions to the 

binding strength. 

In addition, it was observed that dsA2 could bind a variety of peptides from a mixture. From 

the relative ratio of the different signals of MHC-peptide complexes, the affinities of the 

peptides could be estimated directly and simultaneously (Chapter 3.4). It became clear 

that the 13+ charge state is the one least affected by dissociation processes and is 

therefore suitable for direct read-out of the relative affinity. Various parameters related to 

the mass spectrometer and the sample were optimized to screen peptides. For example, it 

was determined that the total peptide concentration should be lower than that of MHC-I to 

eliminate time-dependent competition effects. Native MS analysis of MHC-I molecules is 

presented as a versatile tool for peptide screening approaches. As a complement to 

computational prediction tools, the method presented in this work rapidly and efficiently 

estimates the binding strength of even peptides with low affinity for MHC-I complexes. It 

has enormous potential for eliminating binding affinity biases and thus accelerating drug 

discovery in infectious diseases, autoimmunity, vaccine development, and cancer 

immunotherapy. 
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Zusammenfassung 
Ein wesentliches Element der adaptiven Immunität ist die selektive Bindung von 

Peptidantigenen durch Proteine des Haupthistokompatibilitätskomplexes Klasse I (MHC-I). 

An der Plasmamembran von Säugetierzellen präsentieren diese den zytotoxischen T-Zellen 

antigenische Peptide. MHC-I ist ein Heterodimer, das aus der hochkonservierten leichten 

Beta-2-Mikroglobulin-Kette (β2m) und der schweren Kette besteht. Letztere weist einen 

hochvariablen Bereich auf, der eine Tasche zur Aufnahme eines Peptids bildet. Wenn das 

Peptid dissoziiert, fallen die beiden nicht kovalent gebundenen Untereinheiten 

auseinander. Der daraus resultierende peptidfreie Zustand von MHC-I ist nicht gut 

untersucht, es ist jedoch bekannt, dass sich die freien schwere Ketten (FHCs) in der 

Plasmamembran zu homotypischen Komplexen zusammenfinden können, die dann 

verschiedene regulatorische Funktionen erfüllen. In dieser Arbeit wurden die Stöchiometrie 

und die Dynamik der FHC-Assemblierung des murinen MHC-I H-2Kb mit nativer 

Massenspektrometrie (MS) und ergänzenden Methoden untersucht (Kapitel 3.1). Es wurde 

festgestellt, dass die FHCs nichtkovalent gebundene Dimere bilden. Es konnte gezeigt 

werden, dass die Dimerisierung durch die Bindung der α3-Domäne an die α3-Domäne eines 

anderen FHC erfolgt – auf ähnliche Weise wie bei der Bindung zu β2m. 

Die Dynamik und Struktur des peptidfreien, aber nativ assemblierten Komplexes sind von 

besonderem Interesse für das Verständnis von Peptidbindungs- und -austauschprozessen. 

Für diese Arbeit wurde eine Disulfid-stabilisierte Version des menschlichen MHC-I-Moleküls 

HLA-A*02:01 (dsA2) durch native MS und verschiedene unterstützende 

strukturbiologische Methoden gründlich charakterisiert (Kapitel 3.2). Das dsA2-Molekül 

wurde so konzipiert, dass es in Abwesenheit von Peptiden stabil ist. Die erfolgreiche 

Rückfaltung des heterogenen Proteinkomplexes wurde verifiziert und das zur Rückfaltung 

verwendete Dipeptid wurde weder frei noch gebunden an dsA2 nachgewiesen, nachdem 

es mittels Pufferaustausch (BEX) entfernt wurde. In auffälligem Kontrast dazu wurde in 

Abwesenheit des Dipeptids nur eine minimale Menge an gefaltetem Wildtyp-A2 (wtA2) 

nachgewiesen; wtA2 blieb jedoch stabil, wenn das Dipeptid in millimolaren 

Konzentrationen vorhanden war. Daraus wurde gefolgert, dass wtA2 auf hohe 

Konzentrationen von Dipeptid angewiesen ist, um seine gefaltete Konformation 

aufrechtzuerhalten, während dsA2 in Abwesenheit von Dipeptid konformationell und 

thermisch stabil ist. Dennoch war dsA2 immer noch in der Lage, Peptide spezifisch zu 

binden oder auszutauschen. Es wurde festgestellt, dass Dipeptide nur in der A-

Bindungstasche oder sowohl in der A- als auch in der F-Bindungstasche gebunden waren. 

Hochaffine Nonapeptide konnten sogar in substöchiometrischen Konzentrationen binden. 
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Die Aminosäureseitenketten, die die Bindungstaschen auskleiden, wechselten in 

koordinierter Weise zwischen einem peptidfreien, nicht geschlossenen Zustand und einem 

peptidgebundenen, geschlossenen Zustand. 

Die Peptidbindung an das leere dsA2-Molekül wurde eingehend untersucht und aufgrund 

seiner einzigartigen Stabilität war es möglich, die Bindungsaffinitäten von Komplexen zu 

bestimmen, die mit verschiedenen Peptiden beladen waren, einschließlich verkürzter oder 

ladungsreduzierter Peptide (Kapitel 3.3). Es wurde festgestellt, dass die beiden bereits 

bekannten Ankerpositionen unabhängig voneinander stabilisiert werden können. Weitere 

Untersuchungen ergaben, dass zusätzliche Aminosäurepositionen zur Bindungsstärke 

beitragen. 

Darüber hinaus wurde festgestellt, dass dsA2 eine Vielzahl von Peptiden aus einem 

Gemisch binden kann. Aus dem relativen Verhältnis der Signale der verschiedenen MHC-

Peptid-Komplexe konnten die Affinitäten der Peptide direkt und simultan abgeschätzt 

werden (Kapitel 3.4). Es zeigte sich, dass der 13+-Ladungszustand am wenigsten von 

Dissoziationsprozessen betroffen ist und sich daher für das direkte Ablesen der relativen 

Affinität eignet. Verschiedene Parameter in Bezug auf das Massenspektrometer und die 

Probe wurden für das Screenen von Peptiden optimiert. So wurde beispielsweise 

festgestellt, dass die Gesamtpeptidkonzentration niedriger sein sollte als die von MHC-I, 

um zeitabhängige kompetitive Effekte auszuschließen. Die native MS-Analyse von MHC-I-

Molekülen wird als vielseitiges Instrument für Peptidscreening-Ansätze vorgestellt. Als 

Ergänzung zu computergestützten Vorhersagemethoden lassen sich mit der in dieser 

Arbeit vorgestellte Methode schnell und effizient die Bindungsstärke selbst von Peptiden 

mit geringer Affinität für MHC-I-Komplexe bestimmen. Die Technik hat ein enormes 

Potenzial zur Beseitigung von Verzerrungen bei der Ermittlung von Bindungsaffinität und 

damit zur Beschleunigung der Arzneimittelentdeckung in Hinblick auf 

Infektionskrankheiten, Autoimmunität, sowie der Impfstoffentwicklung und 

Krebsimmuntherapie. 
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1 Introduction 

1.1 Structural mass spectrometry 

Parts of this chapter have been published in the following book chapter: 

Dülfer, J., Kádek, A., Kopicki, J.-D., Krichel, B., & Uetrecht, C. (2019). Structural mass spectrometry goes viral. Advances

in virus research, 105, 189–2381. 

Reprinted from DÜLFER et al. (2019) with permission from Elsevier. Copyright © 2019 Elsevier Inc. All rights reserved. 

To completely grasp research problems in disciplines like health, medicine, or ecology, 

understanding living matter is crucial but just the fact that we ourselves are made of it is 

extraordinary fascinating to my mind. In the field of structural biology, we strive to identify 

its individual components, observe their interactions, and decipher the resulting functions 

in vivo. Processes that occur at the molecular level can be astonishingly complex. The 

biomolecules involved are rarely static, but occur in a wide variety of conformations, have 

diverse binding partners, and are also otherwise dynamic in terms of their structure. 

Unfortunately, there is no such thing as a single method that can give us all the important 

structural information, we need to comprehend a biological process. Therefore, structural 

biologists employ a broad range of methods to uncover the organization of biomolecules 

and to understand their function at the molecular level. 

Macromolecular crystallography techniques as well as nuclear magnetic resonance (NMR) 

spectroscopy  routinely provide three dimensional structures with resolution down to single 

atoms, while electron microscopy (EM)-based methods are fast approaching this boundary 

with cryogenic sample preparation and recent developments in detector technology7. 

However, all these techniques have their own challenges and limitations. These can range 

from the frustrating efforts to produce sufficiently large, diffracting crystals, through sample 

size limitations, up to often very significant demands on sample amount and homogeneity 

or limited ability to assign subunit positions or identify post-translational modifications 

(PTMs). Most importantly, however, there is very rarely a single technique to answer all the 

questions at hand. Therefore, structural biology is moving more and more in the direction 

of so-called integrative approaches, where high-resolution structural data from different 

methods are combined with lower resolution information. These data then ultimately feed 

into computational modeling in order to obtain the most detailed functional understanding 

possible of the biological system8–10. 

One of the experimental techniques, which provide invaluable input for the integrative 

structural efforts, is mass spectrometry (MS). MS is a technique for identifying and 
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characterizing chemical compounds based on the masses of their atomic or molecular 

constituents. Analytes are ionized and transferred to the gas phase, separated based on 

their mass-to-charge ratio (m/z) and then detected11. Due to the wide range of possible 

applications diverse scientific fields can benefit from MS. Originally belonging purely to the 

domains of physics and analytical chemistry, MS has changed significantly since the 

revolutionary developments of electrospray ionization (ESI) and matrix-assisted laser 

desorption-ionization (MALDI) in the late 1980s12–16. These two so-called “soft-ionization 

techniques” have enabled the analysis of biomolecules without their unwanted 

fragmentation and allowed MS to expand hugely into the field of biochemistry. There, it has 

ever since been used in proteomics as a method of choice for identifying proteins, 

quantifying them and for analyzing their PTMs17,18. Moreover, and more importantly from 

the point of view of higher order macromolecular structure, so-called structural MS has also 

established itself especially in the last two decades as a powerful method to study proteins. 

This was enabled by two major lines of development. On one hand, pioneering works by 

the groups of Carol Robinson, Albert Heck and Joseph Loo have exploited the softness of 

the ESI process to transfer whole noncovalently bound protein assemblies into the gas 

phase inside a mass spectrometer without disrupting their stoichiometry and interactions 

in a process termed native MS19–22. Additionally, as was shown later, the conformations of 

such protein complex ions often survive largely unperturbed, which opened possibilities for 

further gas-phase structural studies and “gas-phase structural biology”23–25. On the other 

hand, many techniques were developed which probe protein conformations, interactions, 

and dynamics directly in solution. Usually, such methods use some form of chemical 

labeling, be it through isotopic exchange26, chemical cross-linking27 or radical chemistry28, 

and capitalize from the use of MS as a detection method. 

Together, all the various structural MS approaches offer a broad portfolio of experimental 

techniques, which can probe a wide range of protein structural features, while at the same 

time retrieving information about protein identity and PTMs. Moreover, structural MS nicely 

complements the three traditional high-resolution structural biology techniques, albeit with 

lower overall resolution. However, this is often more than balanced by the ability of MS to 

work with low amounts of samples, in low concentrations, and with high throughput. 

Importantly, structural MS can often work in complex mixtures, with several pioneering 

methods probing protein structures directly in cells29–34. Additionally, structural MS is in 

theory unlimited in terms of molecular weight, offering information on systems ranging from 

small, isolated protein domains all the way up to huge multi-megadalton assemblies. 

Perhaps most importantly, structural MS can also provide insight into protein 
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conformational dynamics and coexisting transient species in solution, which is frequently 

missing or can be very challenging to access by static averaged high-resolution structures 

provided by macromolecular crystallography techniques and EM. 

1.1.1 Native mass spectrometry 

The basic requirement for all MS measurements is a configuration that includes a sample 

introduction system, an ion source, a mass analyzer, and a detector, all of which are 

operated in vacuum except for the first component (Figure 1). 

Figure 1 | Basic components of any mass spectrometer. 
Samples can be injected at atmospheric pressure, while ion source, mass analyzer and detector operate under vacuum. 
The analyte is brought into the gas phase and ionized. A mass analyzer separates the ions according to their m/z values. 
Detected ions are visualized in the form of mass spectra. 

For this reason, any samples must first be transferred to the gas phase. Neutral molecules 

are ionized at the ion source. In the mass analyzer, the analyte ions are separated 

according to their different m/z values. The separated ions reach the detector and generate 

a signal that is recorded and finally mapped in the mass spectrum, which shows the signal 

intensity as a function of the m/z value35,11. In a mass spectrum, the signal intensity is 

displayed two-dimensionally depending on the associated m/z value. The displayed signals 

are called peaks. The position of a peak indicates the m/z value of a detected ion. The 

frequency of the detection events defines the intensity of the peak. In a conventional mass 

spectrum, the peak with the highest m/z value is the molecular peak, representing the 

intact molecule with single charge. The peak with the highest intensity, which shows the 

most abundant ion species, is called the base peak. Usually, mass spectra are normalized 

with respect to the base peak, so that the relative intensity is indicated on the ordinate. 

In native MS, the term native refers to the state of biomolecules dictated by external 

conditions prior to mass analysis22. Proteins adopt three-dimensional structures depending 

on their amino acid sequence, chemical environment, and binding partners. Often, homo- 

or heterogeneous complexes are formed by noncovalent binding of other proteins. In 
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solution, this occurs under conditions that simulate a corresponding physiological 

environment. While the experimental preservation of physiological conditions is generally 

a hurdle in structural biology, it has been successfully demonstrated that the structure is 

still native-like after the transition to the gas phase, which is necessary for MS22,36. Native 

MS therefore offers the possibility to analyze the topology, stoichiometry, dynamics, and 

interaction of native protein complexes with high sensitivity. 

The basis of native MS is very soft ESI from volatile buffer surrogates. Nevertheless, other 

more exotic techniques exist, which have higher tolerance to salts or detergents37. The 

main challenge is retaining noncovalent interactions of proteins and their stoichiometry in 

complexes upon transfer into the gas phase. However, ESI is soft enough that even intact 

viruses have been shown to survive the process and keep their infectivity38,39. 

1.1.1.1 Sample preparation 

The better the sample quality, the more likely it is that high-quality spectra can be recorded. 

Similarly, the more homogeneous the sample, the easier it is to obtain well-resolved 

spectra. Having minimal impurities such as co-expressed proteins and as little glycosylation 

or other PTMs as possible contributes to a uniform mass distribution, which is reflected in 

clearly defined peak patterns. As recombinantly produced proteins are the typical sample 

for native MS, these are usually subjected to several (chromatographic) purification steps 

after expression. However, GAN et al. were able to show that this is not always necessarily 

required. They presented a protocol in which sample preparation for native MS is 

performed from crude cell extracts without further purification steps30. 

In general, the ideal protein ion is free of all solvent and buffer adducts but populated by 

multiple charges. The ESI process for native MS used in this work requires BEX into an MS-

compatible solution of volatile salt. This step is usually performed after protein purification 

using centrifugal filters, desalting columns or via dialysis. Time-wise, it is advantageous to 

combine the BEX with the last purification step and thus elute the protein directly in the 

MS solution, for example. 

Ammonium acetate solution is particularly suitable for native MS, due to its adjustable pH 

(4.6-10) and ionic strength (0 to several M), mimicking the natural environment and 

providing favorable conditions for the protein until its desolvation. The two salt components 

buffer the pH at 4.75 ± 1 (acetic acid) and 9.25 ± 1 (ammonia)40. Small amounts of non-

volatile salts or small molecules up to a few mM can be added when required, for example 

bivalent cations or co-factors, which can be essential in case of enzymes. Adduct formation 
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in the presence of non-volatile salts can be limited by the use of smaller diameter ESI 

emitter tips41. Furthermore, some applications require the addition of charge-reducing or 

charge-increasing substances. Here, for example, triethylammonium acetate, for charge-

reduction, or m-nitrobenzyl alcohol, for supercharging, are suitable42–44. In the case of 

membrane proteins, further adjustments are usually necessary. For this, micelle-forming 

detergents or sophisticated systems such as nanodiscs or bicelles are used45–47. 

Ammonium acetate solution is most widely used in native MS. However, there are of course 

also alternatives. One of them would be ammonium bicarbonate, though it has to be 

considered that CO2 outgassing can occur at neutral pH, which in turn can lead to foam-

induced protein unfolding48. If slightly or completely denaturing conditions are required, 

organic solvents such as acetonitrile, methanol and formic acid are typically added for 

protein unfolding. 

Immediately before the actual measurement, the concentration of the analyte is adjusted 

to about 1-10 µM. The analyte concentration refers to the most prevalent species, which 

can be monomers but also large oligomers. For a new sample, the ideal concentration is 

usually evaluated first. Depending on the research question, the ionization efficiency of the 

analyte, or the instrument itself, the concentration may vary. The higher the concentration, 

the stronger the resulting signal, but the more likely it is that nonspecific artifacts will be 

formed during the ESI process. 

1.1.1.2 Nano-electrospray ionization 

In ESI, the protein sample is sprayed from an externally charged capillary into a mass 

spectrometer12,15,16. More precisely, the sample solution is placed in an electrically 

conductive capillary, which is subjected to a potential of several kV (Figure 2). Depending 

on the technique, the capillary diameter and thus the flow rate can vary. In conventional 

ESI, the consumption of analyte solution ranges from one to hundreds of μL/min, while 

nano ESI (capillary diameter < 4 μm11) manages with a much lower flow rate of less than 

10 nL/min. The physical background regarding desolvation, protein charging and structural 

integrity of gas-phase ions was unraveled experimentally and in molecular dynamics (MD) 

simulations49,50. Due to the applied voltage, the sample solution takes the shape of a cone. 

At the tip of this so-called TAYLOR cone, ions with the same charge sign emerge surrounded 

by droplets49. Then, because of COULOMB repulsion, the droplets drift apart, creating an 

aerosol, the actual electrospray. 
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Figure 2 | Schematic representation of the ESI process. 
By applying an electrical potential, the sample solution forms the TAYLOR cone at the tip of the ESI capillary, from which 
positively charged droplets are ejected. The solvent evaporates, forming even smaller droplets. Finally, the exposed, 
charged analyte reaches the mass spectrometer49. 

In positive ion mode, where a positively grounded potential is present, the capillary is the 

anode, and the mass spectrometer acts as the cathode. The droplets carry a positive 

charge due to the adduction of solvents (e.g., H+, NH4+)49. After leaving the TAYLOR cone, 

the volatile solvents (e.g., aqueous ammonium acetate solution) evaporate very rapidly, 

with the charge density at the droplet surface increasing steadily until it bursts, and smaller 

droplets are formed11. This process, controlled by surface tension and COULOMB repulsion, 

continues until the so-called RAYLEIGH limit is reached (Equation 1). 

𝑧R =
8 ∙ 𝜋

𝑒
√𝜀0 ∙ 𝛾 ∙  𝑅3

Equation 1 | Definition of the RAYLEIGH limit. 
zR – number of elementary charges e; R – radius of the droplet; ε0 – electric field constant; γ – surface tension49. 

Based on the assumption a protein's radius corresponds to the protein's molecular weight 

and its density is equivalent to the density of water, the equation can be simplified even 

further51. 

𝑧R = 0.078 ∙ √𝑀

Equation 2 | Simplified definition of the RAYLEIGH limit. 
M – molecular weight of the analyte. 

Continuous fission leaves highly charged droplets with diameters of only a few nanometers. 

From these, the gaseous ions detectable by MS are obtained. Depending on the size of the 

species to be ionized, the ionization process follows a distinct model. For low molecular 

weight analytes, the ion evaporation model (IEM) was proposed. Excess charge forces the 

analyte out of the droplet. A bridge of solvent forms, which shortly thereafter ruptures and 
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releases the ion (Figure 3A). Larger, globular molecules (e.g., natively folded proteins) are 

likely to be transferred to the gas phase using the charged residue model  (CRM). In tiny 

droplets, that contain only one copy of the species to be analyzed, the solvent transfers the 

charge to the analyte, as evaporation proceeds (Figure 3B). For nonpolar polymer chains 

(e.g., unfolded proteins), the chain ejection model (CEM) is adopted. Hydrophobic 

interactions drive the molecule toward the droplet surface. Once a chain end penetrates 

the surface, more and more charges are delivered to the analyte until its complete ejection 

(Figure 3C)49. The surface size and nature of a protein determines to a large extent the 

charge state of the molecule obtained by ESI38,49. 

Figure 3 | Modeled ESI processes for different analytes. 
IEM for small analytes; CRM for large analytes such as globular proteins or protein complexes; CEM for non-polar polymer 
chains such as denatured proteins. 

The protein obtains its net positive charge at the molecular level through the protonation 

of basic amino acids or the N-terminus. Thus, proteins have significantly higher charge 

numbers in the unfolded state than in the folded state. The mass and charge of all protein 

ions can be described according to the following scheme: [M + z∙H]z+ with z >> 138. In 

accordance with the statistical frequency of the occurring charge numbers, a distribution 

of the charge states results that can be analyzed by MS. 
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1.1.1.3 Mass analysis 

ESI mass spectra of proteins or protein complexes have unique characteristics. As 

described above, a protein can adopt different charge states. These are reflected in the 

resulting peak pattern, which is reminiscent of a GAUSS distribution (Figure 4). There again, 

the peak with the highest intensity represents the most frequently detected charge state 

of the molecule. 

Figure 4 | Charge state distribution in ESI. 
The charge states a protein adopts throughout an ESI process are distributed on a GAUSSIAN curve. The highest peak 
presents the most abundant charge state of the analyte. 

Adjacent signals in a peak series have a charge difference of Δz = 1. From the m/z values 

of these peaks, the mass M of the signal-causing analyte can be calculated. The higher 

m/z value of the adjacent peaks is called (m/z)1, the lower (m/z)2. The numbers of charges 

are related as follows (Equation 3). 

𝑛2 = 𝑛1 + 1 
Equation 3 

In the following it is assumed that all charges are caused by protonation ([M + z∙H]z+). Thus, 

using the mass of a proton mH, we obtain (m/z)1 (Equation 4). 

(
𝑚

𝑧
)

1
=

𝑀 + 𝑛1 ∙ 𝑚H

𝑛1

Equation 4 

A substitution with Equation 4 yields the following term for (m/z)2 (Equation 5). 
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(
𝑚

𝑧
)

2
=

𝑀 + 𝑛2 ∙ 𝑚H

𝑛2
=

𝑀 + (𝑛1 + 1) ∙ 𝑚H

𝑛1 + 1
 

Equation 5 

From this, the charge state n1 can therefore be determined as follows (Equation 6). 

𝑛1 =
(

𝑚
𝑧

)
2

− 𝑚H

(
𝑚
𝑧

)
1

− (
𝑚
𝑧

)
2

 

Equation 6 

Last, once n1 is determined, the molecular mass M can be calculated (Equation 7)11. 

𝑀 = 𝑛1 ∙ ((
𝑚

𝑧
)

1
− 𝑚H) 

Equation 7 

Proteins can pick up charge not only by adduction of a proton, but also by other ions present 

in solution, such as sodium, potassium, or ammonium. According to the mass of the 

respective adduct, the formula for mass calculation of the analyte needs to be adjusted. 

These calculations are usually performed for the whole peak series by special mass 

spectrometry software, with which the spectrum was previously processed in a suitable 

manner (calibration, smoothing, peak centering, baseline correction). This type of software 

also allows deconvolution of the signal, obtaining a spectrum that depends only on mass 

instead of m/z52. Only in the case of excellent resolution, the charge state and thus the 

mass can be deduced from the isotopic pattern of the respective peak alone. The resolution 

for the signal in a (native) mass spectrum can generally be estimated using the full width 

half maximum (FWHM). Wide peaks thus indicate low and narrow peaks high resolution.  

When discussing mass spectrometry, the resolution R is defined as the ability to separate 

ions of different m/z and can be calculated as follows. 

𝑅 =  
𝑚

∆𝑚
=

𝑚
𝑧

∆
𝑚
𝑧

 

Equation 8 

In this, Δm or Δ(m/z) refers to the peak width of a specified fraction of the maximum peak 

height that is either 50%, 5%, or 0.5%53,54. Resolution must not be confused with resolving 

power, which describes the ability of the instrument or method to distinguish between two 

adjacent peaks with very similar m/z. The peak width in mass units is given to express the 

resolving power54. 
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Ideally, native MS reveals the charge-state distributions of all mass species, including any 

intermediates, present in the sample in solution (Figure 5). The mass can be deduced from 

the m/z values of neighboring peaks in a charge-state distribution, where charge states of 

the same species differ in z by 1. For similar sized analytes, the signal intensity is 

proportional to the analyte concentration. However, large oligomeric complexes deviate 

from this direct correlation at higher concentrations, which hampers a reliable 

quantification55. Nevertheless, semi-quantification and hence characterizing binding 

affinities is possible as has been shown in antibody dimerization56. Determining the mass 

of a species of interest is not always sufficient to deduce its stoichiometry so that further 

degrees of separation (e.g., ion mobility MS) or tandem MS (MSn) fragmentation 

approaches are necessary. 

 
Figure 5 | Exemplary native ESI mass spectrum of a protein complex. 
Dimeric (blue) and monomeric (red) state are detected simultaneously. 

A mass analyzer separates the previously generated ions according to their m/z and passes 

them in focused state to the detector. The separation of the ions can be spatial or temporal, 

depending on the type of analyzer. The choice of mass analyzer affects the resolution, 

accuracy, and range of the measurement. 

1.1.1.3.1 Quadrupole 

A quadrupole (Q) analyzer (Figure 6) is able to pass on only ions with a certain m/z value 

over short time intervals (ms to s), thus providing temporal separation. A Q consists of four 

parallel rod electrodes, about 20 cm long, which are arranged in a square cross-section35. 
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Figure 6 | Schematic representation of a quadrupole mass analyzer. 
The voltage applied to the electrode rods causes entering ions to oscillate. Ions that oscillate too much have an unstable 
trajectory. They strike the rods or the housing of the Q. Only ions with a certain m/z value can pass through the Q. 

The bars opposite each other are electrically coupled. They are each subject to the same 

electrical potential, which is composed of a DC and a high-frequency AC component. The 

applied voltage is periodic, generating inhomogeneous electric fields that allow the 

oscillating ions to propagate along the analyzer35,11. Depending on how the voltages are 

applied, the Q can be used for simple transmission of the ions or as a mass filter.  If voltages 

and radiofrequency is varied but their ratio is kept constant ions of different m/z will pass 

through the Q. In mass filter mode, the electric fields resulting from the voltages applied 

specifically separate the ions according to their m/z values35. Only ions within the selected 

m/z range (resonant) will pass through, the non-resonant ions cannot pass due to an 

unstable trajectory57,58. 

1.1.1.3.2 Time-of-Flight 

In a time-of-flight (TOF; Figure 7) mass analyzer, spatial separation of ions with different 

m/z values occurs along a field-free drift path of known length11,59. Linear TOF analyzers 

are 1-2 m long evacuated tubes that the ions must pass through on their way to the 

detector35. A pusher deflects the ion stream 90° so that all entering ions experience the 

same acceleration of the TOF35,11. Ion separation occurs based on momentum, which in 

turn depends on the m/z value, since lighter ions can move faster than heavier ones. 
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Figure 7 | Schematic representation of a TOF mass analyzer. 
Bundled ions are introduced into the TOF by the pusher at a 90° angle. According to their m/z values, the ions develop 
different trajectories, allowing them to be detected at different times. A reflectron increases the resolution by improving 
the focusing of like ions. 

The charge q of an ion of mass m is given by the number z of elementary charges e 

(Equation 9). 

𝑞 = 𝑒 ∙ 𝑧 

Equation 9 

The electric energy Eel of an ion under the influence of the electric potential U is defined as 

expressed in Equation 10. 

𝐸el = 𝑞 ∙ 𝑈 = 𝑒 ∙ 𝑧 ∙ 𝑈 

Equation 10 

The acceleration of the ion in the electric field presents a transformation of the electric 

energy Eel into kinetic energy Ekin (Equation 11). 

𝐸el = 𝑒 ∙ 𝑧 ∙ 𝑈 =
1

2
∙ 𝑚 ∙ 𝑣2 = 𝐸kin  

Equation 11 

Assuming that the ion was at rest before the acceleration, the following mathematical 

relationship therefore applies to the velocity v (Equation 12). 
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𝑣 = √
2 ∙ 𝑒 ∙ 𝑧 ∙ 𝑈

𝑚
 

Equation 12 

Applying the law of velocity to the equation results in the following expression for the time 

of flight t of the ion at constant velocity v (Equation 13). 

𝑡 =
𝑠

𝑣
=

𝑠

√2 ∙ 𝑒 ∙ 𝑧 ∙ 𝑈
𝑚

 

Equation 13 

Therefore, the time t that the ion needs to traverse distance s is proportional to the square 

root of its m/z (Equation 14). 

𝑡 =
𝑠

√2 ∙ 𝑒 ∙ 𝑈
∙ √

𝑚

𝑧
 

Equation 14 

Thus, to calculate m/z of an ion, it is sufficient to record the time t required by the ion 

accelerated by the voltage U to cover the distance s (TOF length). The detection of ions 

takes place within microseconds. In mass spectrometers, ion detection is usually 

performed by using secondary electron multipliers, in which the ions strike a surface from 

which electrons are then emitted. The accelerated electrons in turn strike a surface, from 

which more electrons are subsequently released. Repeating this process many times 

creates a cascade of electrons that generates a current. This current can also be 

electronically amplified. The signal is recorded and eventually visualized35. 

Higher resolution can be achieved by using reflectors or orthogonal injection of the ions. 

Combinations of different analyzers (MSn) such as Q-TOF can generate more information 

from one measurement and increase the sensitivity of the measurement35. 

1.1.1.3.3 Orbitrap™ 

The invention of the orbital ion trap, Orbitrap™, was a major breakthrough concerning high-

resolution MS60–63. Ion packets entering the Orbitrap™ are directed to orbit the spindle-

shaped electrode located in the core by ramping the electrode’s potential. A second outer 

barrel-like electrode encases the ion trap. The ions are injected off center, therefore they 

not only oscillate in a simple circular path, but also move axially along the inner electrode 

resulting in an intricate spiral trajectory60,61,64. The motion of the ions along the longitudinal 

axis of the electrode corresponds to a harmonic oscillator whose frequency, unlike the 
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rotational or radial motion, is independent of the energy or spatial spread of the ions60. The 

identification of the ions' m/z ratios is based only on the axial frequency. An image current 

is induced on the outer electrode by the oscillation, which is recorded and assigned to a 

corresponding m/z using Fourier transform operations60,62,65,66. 

 

Figure 8 | Schematic representation of an Orbitrap™ mass analyzer. 
The ion packets are injected into the ion trap at a remove from the center. They orbit around the core electrode on 
elliptical trajectories. From the frequency of the axial oscillation, the m/z of the ions can be determined. 

The special design of the Orbitrap™ allows mass analysis with very high resolution and 

accuracy61. With instruments optimized for high-mass ion analysis, even large biological 

complexes such as virus particles can be detected with high resolution67–71. 

1.1.1.4 Protein structures within the gas phase 

The charge acquired during the ESI process allows protein manipulation and detection in 

the gas phase, opening the door to the application of methods that are incompatible with 

having the protein in solution. For example, to detect the stoichiometry unambiguously, a 

complex ion can be selected in a mass analyzer and dissociated subsequently. The first 

time a protein structure was analyzed by ESI-MS was in 1990 when CHOWDHURY et al. were 

able to show a correlation between the folding of bovine cytochrome C and the number of 

charges adopted72. As unfolding increased due to the addition of higher concentrations of 

acetic acid, the charge states found in the spectrum were significantly higher. This is due 

to the larger solvent-exposed surface area available73,74. Higher charge states are usually 

the result of COLOUMB repulsion-induced unfolding into extended helical or ultimatively 

string-like structures, whereas the protein remains compact at low charge states25,75–78. 
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1.1.1.4.1 Locked up in-solution structures 

Native MS is an appropriate technique for the analysis of proteins and protein complexes 

because their in-solution structures are largely preserved by ESI22,36,79. As a result of 

evaporative cooling, compact structures can be kinetically trapped over several 

milliseconds, even if extended structures would be considered energetically preferable for 

gas phase80,81. Using ion mobility MS, which can also distinguish ions of the same m/z but 

different shape, it was shown that the gas-phase conformations of proteins agreed well 

with structural models obtained by complementary in-solution methods23,76,82–84. 

Furthermore, spectroscopic techniques were used to investigate conformational 

differences between proteins in gas phase and aqueous phase with the result that these 

were rather small and protein folding is maintained25,85–89. In so-called soft-landing 

experiments, the native-like structure was verified by EM even after MS analysis90,91. 

However, there are exceptions where either COULOMB-induced unfolding occurs, or the 

structures collapse in the gas phase92–94. For small proteins such as ubiquitin, secondary 

and tertiary gas-phase structures that were not consistent with a native state were also 

shown via electron capture dissociation95. Although the degree to which the in-solution 

structure of a protein or complex is preserved by native MS is still controversial, it has been 

amply demonstrated that gas-phase structure can reflect many important aspects of the 

native structure. 

1.1.1.4.2 Protein-ligand interactions 

Since many biological processes such as transcriptional regulation, cell differentiation, 

immune response, cell adhesion, or inflammation rely on specific protein-ligand 

interactions, their investigation is of high importance, especially with regard to the 

identification of new drug targets96,97. In addition to the exploration of protein-protein 

interactions in homo- or heterooligomeric complexes, native MS offers the possibility to 

probe the binding of a protein and its specific ligands79,97–101. When a ligand, e.g., a 

peptide, nucleic acid, lipid, carbohydrate, or other small molecule, binds to the protein 

under investigation, a new peak appears in the spectrum that correlates with the mass of 

the resulting protein-ligand complex. Thus, the number of binding sites can be determined, 

the binding strength or affinity for known ligands can be estimated, or completely new 

ligands can be discovered. In all these analyses, it is mandatory to distinguish between 

specific binding and nonspecific clustering, which can occur as a result of artifact formation 

in the ESI process. The use of a non-associated reference species, protein or ligand, can 

help to accurately determine the effect of clustering and correct for it in the final 

analysis102–105. 
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Just recently, SCHULTE et al. reviewed in detail the ways in which native MS is used to 

determine binding affinities between protein and ligand100. Briefly, this can be done either 

by titration experiments106–114, by competition between two ligands for the same binding 

site115–120, or by single point measurements where the peak height or area directly reflects 

the concentration of a component121–123. 

That native MS in the field of drug discovery can provide complementary data or entirely 

new insights compared to other techniques, some of them long established, such as 

isothermal titration calorimetry, surface plasmon resonance, NMR spectroscopy, X-ray 

crystallography, or cryo-EM, has been thoroughly discussed by GAVRIILIDOU et al.96. Recently, 

in an extensive inhibitor screen for the SARS-CoV-2 main protease (Mpro) the binding of 

some compounds, which had previously been investigated by other techniques, could be 

verified by native MS6. This technique has advantages in terms of sensitivity, simplicity, 

speed, dynamic range, and sample consumption. Furthermore, there is the possibility of 

process automation, which even offers the potential for high-throughput drug discovery as 

seen in another recent ligand screen for Mpro96,124. 

1.1.1.4.3 Gas-phase dissociation of protein complexes 

When analyzing protein complexes by MS, MSn techniques, in which m/z-selected ions are 

selectively fragmented or dissociated, are indispensable125. Herein, smaller product ions 

obtained from the precursor ions are subjected to mass spectrometric analysis yet 

again35,11. This allows to identify the constituents of the complex and to understand its 

structure. A prerequisite for performing an MSn experiment is a combined setup of the 

spectrometer that allows an at least two-step mass analysis (MS2). For this purpose, 

collision-induced dissociation (CID) is mostly used, in which additional energy is imparted 

to the analyte ions via high-velocity collisions with heavy inert gas atoms. As the ions collide 

with the collision gas (e.g., argon, xenon, or nitrogen), part of the kinetic energy of the ion 

is converted into vibrational energy. This gradually increases the internal energy of the ion 

until individual subunits of a noncovalent complex unfold and are eventually ejected from 

the complex one-by-one43. 

To employ CID, the mass spectrometer requires a collision cell upstream of the second 

mass analyzer, in which a constant pressure of about 1.5-2-10-2 mbar is set with the help 

of the collision gas126,35,11. Dissociation is usually not controlled by pressure, but by 

adjusting that voltage which accelerates the ions from the first analyzer into the collision 

chamber35. At low energy, the MS2 spectrum of a protein complex shows the peak of the 

selected ions (precursor) alone. With increased the collision energy, regulated via the 
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acceleration voltage, new signals emerge in the low- and high-m/z regions, representing 

the CID products. Initially, the weakest noncovalent bond will be broken, which is why small, 

peripherally localized subunits first exit the complex. While the smaller fragments can be 

detected in the lower m/z region, the residual complex loses charge due to the repulsion 

of a fragment and can therefore be found in the higher m/z region. (Figure 9) 

 
Figure 9 | Representative MS2 spectra of a CID experiment. 
The spectrum of the normal MS mode is shown at the top. The middle spectrum shows the peak of the ions selected in 
the Q. In the bottom spectrum, the same m/z region was selected, but the energy of the system was increased by raising 
the acceleration voltage. As a result, the signals of the dissociation products of the protein complex appear to the left 
and right of the parent peak, respectively. 

Mass information obtained by the detection of the ejected subunits and the remaining 

subcomplexes unequivocally proves stoichiometry of the original complex. The order of 

subunit ejection also correlates with peripheral location in the complex and thus provides 

even more insight into complex architectures. Notably, this dissociation behavior is usually 

distinct from what is observed in solution, where it is a spontaneous (often reversible) 

equilibrium reaction rather than an irreversible consequence of physical collisions with gas 

molecules127. The described method is especially informative if a specific complex species 

is singled out according to its m/z in the gas phase before CID occurs, so that dissociation 

products can be traced back to one single complex species. 

In principle, any combination of protein fragmentation with (native) MS analysis of intact 

proteins is called top-down MS. When harsh CID conditions are used, backbone 

fragmentation of the intact protein occurs on top of subunit dissociation of the protein 

complex. At high collision energy, the selected ions are ruptured, i.e., chemical bonds 

break, so that the intensity of the precursor peak decreases. In the case of CID, proteins 
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fragment along peptide bonds to form b and y ions. Additionally, these backbone 

fragmentations are often induced by other fragmentation techniques such as ultraviolet 

photodissociation and infrared multiphoton dissociation128, impacts with a surface129 or 

electron transfer reactions130 in the gas phase. Thus, information about the primary 

structure of a protein, its PTMs as well as its presence in a complex can be obtained. For 

example, top-down approaches have been used to predict transmembrane regions of 

Hepatitis C virus p7 viroporin sprayed from detergent micelles based on the observed CID 

fragmentation pattern131. Furthermore, the existence of PTMs can be derived from 

fragmentation patterns, e.g., the complex glycosylation profile of influenza 

hemagglutinin132. 
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1.2 Immune regulation via the major histocompatibility complex 

Parts of this chapter have been published in either of the following studies: 

Anjanappa, R., Garcia-Alai, M., Kopicki, J. D., Lockhauserbäumer, J., Aboelmagd, M., Hinrichs, J., Nemtanu, I. M., Uetrecht, 
C., Zacharias, M., Springer, S., & Meijers, R. (2020). Structures of peptide-free and partially loaded MHC class I molecules 
reveal mechanisms of peptide selection. Nature communications, 11(1), 13142. 

Reprinted from ANJANAPPA et al. (2020). Copyright © 2020, The Author(s). 

Dirscherl, C., Löchte, S., Hein, Z., Kopicki, J. D., Harders, A. R., Linden, N., Karner, A., Preiner, J., Weghuber, J., Garc ia-
Alai, M., Uetrecht, C., Zacharias, M., Piehler, J., Lanzerstorfer, P., & Springer, S. (2022). Dissociation of β2m from MHC 
class I triggers formation of noncovalent transient heavy chain dimers. Journal of cell science, 135(9), jcs2594893. 

Reprinted from DIRSCHERL et al. (2022). Copyright © 2022, The Author(s). 

Kopicki, J. D., Saikia, A., Niebling, S., Günther, C., Anjanappa, R., Garcia-Alai, M., Springer, S., & Uetrecht, C. (2022). 
Opening opportunities for Kd determination and screening of MHC peptide complexes. Communications biology, 5(1), 
4884. 

Reprinted from KOPICKI et al. (2022). Copyright © 2022, The Author(s). 

Vertebrates are equipped with a complex system of immune defense. The specific or 

adaptive immune response refers to the organism’s acquired cellular (T lymphocytes) and 

humoral (antibodies from B lymphocytes and plasma cells) immune response, which is 

directed against specific antigens such as certain proteins of a pathogenic microorganism. 

The reactions that occur as part of the specific immune response are based on the 

processing and presentation of these antigens. Responsible for the presentation are 

several cell surface proteins encoded in a highly polymorphic DNA locus, the major 

histocompatibility complex – named as such because of its first discovery during a study 

on transplanted tissue compatibility133. In humans, the MHC region contains 224 genes 

with over 3.6 megabase pairs. The genes are located on the short arm of chromosome 6 

between the flanking genetic markers MOG and COL11A2134. The human MHC complex is 

more specifically referred to as human leukocyte antigen (HLA)134. Specific terms for the 

MHC homologues in other species are e.g., H-2 in mice135, RT-1 in rats136,137, or B-locus in 

chickens138. 

There are three distinct subgroups in the MHC gene family: MHC class I, MHC class II and 

MHC class III (MHC-I/II/III). All nucleated cells bear immunogenic peptide+MHC-I 

complexes. Infected cells and tumor cells, which both produce aberrant proteins, are 

identified by peptide presentation on the cell surface via the MHC-I pathway before being 

eliminated by cytotoxic T cells (CD8+; CTL)139. In turn, via the MHC-II pathway, T helper cells 

(CD4+) can stimulate the production of highly specific antibodies as well as the activity of 

phagocytes. These are then able to inactivate and eliminate pathogens in body fluids as 

part of the humoral immune response. MHC-II proteins are found on so-called professional 

antigen-presenting cells, i.e., B cells, dendritic cells, and macrophages139. Both classes 
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have in common that the respective MHC proteins present peptides on the cell surface, 

and subsequently, the clonotypic T cell receptor interacts with the respective peptide MHC 

protein complex. If necessary, cell-cell contact is sustained and the activation of T cells is 

induced. 

1.2.1 MHC structure 

In terms of structure, the proteins of MHC-I and MHC-II are highly similar (Figure 10). Both 

molecules are heterodimers comprised of two noncovalently linked polypeptide chains. 

Two α helices at the top and a slightly bent β sheet at the bottom together form a cavity, in 

which a peptide can bind. The respective domains are α1 and α2 in MHC-I or α1 and β1 in 

MHC-II. 

 
Figure 10 | Schematic structures of MHC class I and II. 
Both protein complexes – MHC-I (left) and II (right) – have a transmembrane region and four distinct subunits (α1, α2, α3 
and β2m vs. α1, α2, β1 and β2) corresponding to certain domains within the respective gene segment. Disulfide bridges 
are illustrated as dark gray lines. 

This peptide-binding structure is supported by two membrane-proximal domains featuring 

an immunoglobulin-fold (Ig) structure. Each of the two chains in MHC-II contains one 

Ig domain, namely α2 and β2. In MHC-I, the three subunits α1, α2 and α3 are connected 

covalently. Their entirety is also called the heavy chain (HC). Here, the Ig-type domains are 

given by the strongly conserved α3 domain and the non-polymorphic, soluble light chain 

beta-2 microglobulin (β2m), which interacts noncovalently with the HC. MHC-I HC and both 

MHC-II chains are anchored in the membrane via transmembrane helices139. The peptide 

binding groove in MHC-I accommodates peptides derived from proteolysis of endogenously 
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expressed proteins, usually consisting of 8-10 amino acids140. The size restriction is caused 

by two conserved tyrosine residues situated at both ends, which close the peptide-binding 

groove. In turn, the binding cleft of MHC-II has an open structure, allowing longer peptides 

(13-35 residues) to bind. Here, the peptidic N and C-termini protrude from the peptide-

binding groove. 

Due to the high allelic variation within the genetic regions encoding MHC-I (HLA-A, HLA-B 

and HLA-C) and MHC-II (HLA-DR, HLA-DP and HLA-DQ), the peptide-binding groove is very 

polymorphic. This eventually results in the diversity of peptides being bound and presented 

by MHC-I and -II, accordingly139. About 16,000 MHC-I allotypes have been described to 

date, with nine of them found in > 75% of the Caucasian and Asian populations141. 

Structure and function of MHC-III gene products is poorly defined compared to their 

counterparts in the first two subgroups. MHC-III proteins are not involved in antigen binding 

or presentation. Instead, MHC-III encodes diverse signaling molecules within but also 

outside the immune context. These include various tumor necrosis factors as well as heat 

shock proteins142–145. 

1.2.2 MHC class I 

Major histocompatibility class I molecules fulfil central tasks of the adaptive immune 

response against infections and malignancies by presenting antigenic peptides to 

T cells146–148. They bind peptides in the lumen of the endoplasmic reticulum (ER) and 

present tightly binding (high-affinity) peptides on the cell surface for recognition by CTLs, 

which detect non-self-peptide+MHC-I combinations and induce apoptosis in the presenting 

cell146. 

 
Figure 11 | Schematic of MHC-I states at the plasma membrane. 
Dissociation of peptide from the HC+β2m+peptide trimer results in an “empty” HC+β2m heterodimer. Dissociation of β2m 
then produces FHCs, which can form FHC associations (HC+HC dimer and oligomer shown)3. 

MHC-I heterotrimers consist of the polymorphic transmembrane heavy α chain, the 

invariant light chain β2m, and a peptide146,149. In addition to this trimer, two more states of 
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MHC-I occur at the cell surface, the “empty” HC+β2m heterodimer that lacks a 

peptide150,151, and the monomeric “free” heavy chain152,153. Since the binding of peptide 

and β2m is cooperative154,155, HC+β2m heterodimers are conformationally unstable, and 

loss of the peptide leads to the rapid formation of FHCs (Figure 11) and to the subsequent 

endocytic removal of FHCs by a sorting mechanism that is not understood151. 

For FHCs present at the cell surface, important regulatory functions mediated by homo- 

and heteromeric interactions in cis and trans have been proposed156–158, which suggest 

defined spatiotemporal organization and dynamics of FHC in the plasma membrane. 

Indeed, clustering and covalent dimerization of MHC-I have been identified using a variety 

of approaches including recombinant proteins and live cells159–172. Complexes of different 

and largely unclear composition, size and type of intermolecular bonding were found. 

1.2.2.1 Peptide binding and editing 

 
Figure 12 | Overview of the MHC-I peptide binding groove. 
An exemplary MHC-I complex is seen as top view of the peptide pocket, which is edged by the two helices α1 and α2. β2m 
is shown in olive and the HC in green. The nonapeptide’s (blue) N-terminus binds into the A pocket, its C-terminus is 
located in the F pocket. (PDB: 6Q3K173,174). 

A thorough understanding of binding and selection of high-affinity peptides by MHC-I 

molecules is essential for the design of peptide vaccines and for the analysis and prediction 

of CTL responses to infection and cancer175. So far, the structural basis of MHC-I peptide 

binding is well understood176, with > 1500 human MHC+peptide (pMHC) structures in the 

protein data bank173. As briefly mentioned above, the peptide binds into a groove that 
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consists of eight β strands topped by two parallel α helices, with its N-terminus contacting 

the A pocket at one end of the groove177 and the C-terminal carboxylate held by a network 

of hydrogen bonds at the other end140,178 (Figure 12). Further hydrogen bonds between the 

side chains of the MHC molecule and the backbone of the peptide contribute to the 

binding139. In addition, side chains of the peptide, usually two, bind into other pockets at 

the bottom of the groove; one of them is always the F pocket – usually binding the 

hydrophobic side chain of the C-terminal amino acid. However, it will depend on the 

geometry, charge distribution, and hydrophobicity within the pocket how exactly the 

individual amino acid residues interact with the binding groove139. Together, these 

interactions define the peptide-binding motif of a particular MHC-I allotype (such as 

xLxxxxxxV for HLA-A*02:01). In general, these so-called anchor residues of the peptide are 

located in position 2,5 or 6 from the N-terminus, along with the C-terminally positioned 

amino acid179. It was demonstrated that it is also possible for peptides longer than ten 

amino acids to bind into an MHC-I peptide groove. This inevitably bends the peptide and 

the central residues are pushed out of the pocket180–183. 

An effective and specific immune response requires that pMHCs are kinetically stable for 

presentation at the cell surface184,185. To ensure kinetic stability of pMHCs, high-affinity 

peptides must be acquired. Such high-affinity peptides have a low dissociation rate, which 

depends on tight binding to defined pockets of the binding groove, among them the 

A pocket (which binds the amino terminus of the peptide) and the F  pocket (which binds 

the carboxy-terminal side chain of the peptide)177. It is generally assumed that initially, just 

after folding of the HC and its association with β2m in the lumen of the ER, the peptide-

binding site is occupied by low-affinity peptides, followed by iterative peptide exchange and 

cellular quality control such that the MHC-I molecule is associated with high-affinity 

peptides when it reaches the cell surface186–188. This process, known as peptide editing, 

which removes unstably bound peptides and then replaces them with strongly binding 

peptides, is realized by the so-called peptide-loading complex (PLC)175,189–192. Directly after 

expression, the heterodimer consisting of HC and β2m is incorporated into the PLC189. The 

transporters associated with antigen processing (TAP1 and TAP2) translocate proteasomal 

degradation products from the cytosol to the ER lumen, thereby maintaining high local 

peptide concentrations next to the MHC-I184,190,193. Further components of the PLC are 

oxidoreductase ERp57 as well as chaperones calreticulin and tapasin190,192,194. Tapasin 

supports peptide binding by two independent mechanisms, which is evident from the fact 

that the expression of tapasin increases the amount of long-lived pMHCs on cell surface. 

First, tapasin protects peptide-empty MHC-I molecules from denaturation (chaperone 
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function), and second, it catalyzes peptide binding and exchange (peptide optimization 

function). Binding of a high-affinity peptide triggers tapasin to release the pMHC, which is 

subsequently transported to the cell surface to present the antigenic peptide bound185,195–

198. It was shown that during both loading and exchange of peptides, MHC proteins undergo 

changes in conformational dynamics199–202. 

1.2.2.2 Peptide presentation 

Peptide presentation by MHC-I is a crucial process in the immune system to monitor the 

cell's entire proteome, and to identify and destroy abnormal cells, i.e., virally and bacterially 

infected cells or cancer cells. The specificity of this immune response is determined by the 

peptide presented147,203–205. The variety of peptides presented is in turn driven by the 

activity of proteasomes and peptide transporters in the cell. Once a kinetically stable pMHC 

is established in the ER and released by tapasin, the complex is recruited into cargo 

vesicles, and consequently transported via the Golgi apparatus to the plasma membrane 

where it can be recognized by CTLs196,204,206. These carry T cell receptors (TCR) that bind 

the pMHC with their highly polymorphic complementary determining regions. The majority 

of all TCR+pMHC structures resolved so far show contact of the TCR with both the peptide 

and the MHC207. In addition, the CD8 co-receptor increases antigen recognition by 

stabilizing the TCR-pMHC-I binding. CD8 mainly binds the invariant region α3 of the MHC-I, 

further interaction to α2 and β2m was shown208–210. This recognition process between TCR 

and pMHC takes place at two different times in the life of a T  cell: first, naïve T cells may 

be activated by antigen-presenting activated dendritic cells in the lymph nodes, leading to 

the activation of the T cell; and second, activated T cells probe tissue cells in the 

environment of an inflammation, and if they recognize a pMHC-I containing a non-self 

peptide, they destroy the infected or transformed cell. The first process also supports the 

development of immunological memory. Once a CTL was activated by encountering a 

particular pMHC-I, it divides to produce many daughter cells. Some of these daughter cells 

will differentiate into memory T cells that will be able to quickly respond if the same peptide 

is encountered in the future211–213. 

1.2.3 Identifying epitopes for vaccines and immunotherapy 

The identification of high-affinity virus- or tumor-specific peptide epitopes is the key to novel 

immunotherapy approaches, in which antiviral or antitumor CTLs are identified, stimulated, 

and reintroduced into the patient, and to developing efficacious peptide vaccines (as 

prioritized by the WHO214). In terms of production effort, shelf-live and mutation risk, 
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peptide vaccines outperform conventional vaccines. Finding important epitopes across 

alleles has been rather difficult due to the polymorphic nature of human MHC215. This is 

currently achieved either by isolating pMHCs from patient samples, eluting the peptides, 

and sequencing them by MS216; or by sequencing the virus or the exome of a tumor and 

predicting MHC-binding peptides217. Since this approach is highly time- and resource- 

consuming, the research community has long sought to make accurate in silico predictions 

of allotype-specific antigen-MHC interactions139. In the meantime, bioinformatics 

algorithms for such have been continuously optimized218. Structural knowledge and 

extensive databases of eluted peptides have informed the computational methods that 

predict tumor epitopes218. This approach, however, suffers from the uncertainty created by 

matching the eluted peptide to one of the 4-6 MHC-I allotypes present in a human being. 

The predictions to date are not precise enough, false positives occur, and the 

immunological significance of predicted epitopes is often not given219,220. Hence, to 

accelerate biological testing, it is desirable to rank candidate peptides by their binding 

affinity using a direct approach. Yet, to date, simple equilibrium binding assays that support 

high-throughput screening are not available because they require empty peptide-receptive 

MHC-I molecules, which are conformationally unstable140,221. 
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2 Objectives 
The aim of this work was to structurally characterize the major histocompatibility complex 

class I in the presence and absence of peptides using native mass spectrometry and to 

develop a screening for potential T cell epitopes based on the findings. 

Extensive research has been conducted to examine MHC-I molecules bound to either a full-

length peptide or a partial peptide, but limited information was available on the structure 

of these molecules in the empty state so far. An empty wild type MHC-I molecule dissociates 

because the complex is not stabilized without a peptide in the binding pocket. However, 

since regulatory functions related to hormones, growth factors, cytokines, and 

neurotransmitters have already been postulated for the isolated heavy chain156–158, we 

took an integrative approach to shed light on the stoichiometry and conformation of the 

open conformer MHC-I. Since my collaborators had been able to stabilize MHC-I 

independently of peptides and only with the help of an additional disulfide bridge before222, 

this allowed us to conduct structural investigations on the empty but closed conformation 

i.e., the binding groove in its native form. 

Furthermore, peptide binding to both, wild type and disulfide-stabilized MHC-I was ought to 

be investigated and compared. We were interested whether the empty, stabilized molecule 

can bind peptides as well as the wild type, and which properties at the sequence level of 

the peptide ensure particularly stable binding. Another goal was to quantify the binding, 

i.e., to estimate the dissociation constants via a direct read-out of the native mass 

spectrum. It was already shown that peptides smaller than the optimal 8-11-mers bind 

MHC-I as well221,223. We aimed to analyze whether two peptides can be accommodated 

within the binding groove at the same time, and if so, whether the peptide fragments would 

have a synergistic effect with respect to the binding energy, i.e., whether this binding is 

cooperative, which could imply communication of both ends of the binding groove with 

each other. 

Conventionally, peptide binding to MHC-I is probed by trying to fold the molecule in vitro 

with selected individual peptides, followed by testing whether the folding is facilitated, 

which is slow, tedious, and has a low-throughput. Another way is to elute peptides from 

MHC-I molecules isolated from cells, then identifying them by top-down mass spectrometry. 

At this, there is no way of probing a particular peptide of interest, and we are limited to the 

specific set of peptides produced by the cell. Additionally, eluted peptides will vary in 

solubility and ionization efficiency creating a bias. We therefore aimed to design a new 
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method to identify peptides that will bind to the MHC-I molecule of interest. The new 

concept would be to incubate empty MHC-I with any interesting mixture of peptides, and 

then detect high-affinity binders via the signal intensities of corresponding pMHCs in native 

MS. Ideally, bound peptides would be dissociated from the complex and fragmented 

afterwards for an unambiguous identification. 
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3 Results and discussion 

3.1 MHC-I heavy chains form noncovalent dimers in absence of β2m 

Parts of the following chapter have been published in: 

Dirscherl, C., Löchte, S., Hein, Z., Kopicki, J. D., Harders, A. R., Linden, N., Karner, A., Preiner, J., Weghuber, J., Garcia-Alai, 
M., Uetrecht, C., Zacharias, M., Piehler, J., Lanzerstorfer, P., & Springer, S. (2022). Dissociation of β2m from MHC class I 
triggers formation of noncovalent transient heavy chain dimers. Journal of cell science, 135(9), jcs2594893. 

Reprinted from DIRSCHERL et al. (2022). Copyright © 2022, The Author(s). 

3.1.1 Results 

MHC class I complexes are heterogenic trimers, which are composed of a polymorphic 

transmembrane domain called heavy chain, a soluble light chain named beta-2-

microglobulin, and a peptide146,149. Other than this trimer, there are two additional states 

of MHC-I existing at the cell surface: the "empty" HC+β2m heterodimer, lacking the 

peptide150,151, and the monomeric "free" HC152,153. Given that peptide and β2m binding is 

cooperative154,155, HC+β2m heterodimers are conformationally unstable, and losing the 

peptide results in formation and subsequent endocytic removal of FHCs by a sorting 

mechanism that is not yet understood151. Important regulatory functions in connection with 

hormones, growth factors, cytokines, and neurotransmitters being mediated by homo- or 

heteromeric interactions have been proposed for FHCs residing at the cell surface156–158. 

Although both clustering and covalent dimerization of MHC-I have been identified 

numerous times159–172, it was not possible to draw clear conclusions about the 

composition of the complexes or the nature of binding. DIRSCHERL et al. recently succeeded 

in directly detecting homomeric FHC interactions in the intact plasma membrane using a 

live-cell two-hybrid micropattern assay224, in which micrometer-sized patterns of anti-

hemagglutinin tag monoclonal antibodies are printed on glass coverslips225,226. These 

experiments showed that the formation of homomeric MHC-I occurs only in the absence of 

β2m, i.e., only between FHCs. 

While my collaborators employed a combination of a micropattern assay with fluorescence 

recovery after photobleaching (FRAP), and single-molecule tracking (SMT) and co-tracking 

(SMCT) to further understand the molecular mechanisms of HC-HC interactions3, I used 

native MS to analyze the system structurally. The isolated, soluble α3 domain of the murine 

MHC-I H-2Kb (Kb α3), encoded by H2-K1, was expressed in Escherichia coli (E. coli), refolded 

in vitro and isolated by size-exclusion chromatography (SEC). The SEC chromatogram 

(Figure 13A) showed significant formation of homodimers, while no prominent higher-order 
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complexes were observed. Based on non-reducing gel electrophoresis, no disulfide bonds 

linked the detected α3 homodimers (Figure 13B). 

 
Figure 13 | The Kb α3 domains form dimers. 
A: Size-exclusion chromatography of the Kb α3 domain expressed in E. coli and folded in vitro. B: Nonreducing SDS-PAGE 
of the α3 domain homodimer fraction shows absence of disulfide linkage between the monomers. The positive control 
for disulfide-oligomer formation was α3 inclusion bodies, isolated under oxidizing conditions, where some molecules are 
linked by disulfide bonds to form covalent oligomers as indicated on the left. 

Both α3-containing SEC fractions were analyzed mass spectrometrically at three different 

concentrations – 5 µM, 10 µM and 20 µM with respect to the α3 monomer. Measurements 

were carried out at acceleration voltages of both, 10 V and 25 V to investigate potential 

CID effects as well. 

 
Figure 14 | Representative mass spectra of the Kb α3 domain. 
20 µM α3 domain was analyzed, respectively. Both spectra show the charge distributions of the α3 monomer (single-
spheres) and dimer (double-spheres). Dimers originating from the low-mass SEC fraction are highlighted in red shades. 
Dimers from the high-mass fraction are highlighted in blue shades. The acceleration voltage was ramped from 10 V to 
25 V. For both samples, the most prevalent species was the monomer. One notable finding was that in addition to the 
mass of the expected dimer species, smaller mass species were also detected in the high-mass sample, presumably 
being degradation products. 
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Curiously, the analysis revealed the monomer (Mth = 11,475 Da vs. 

Mexp = 11,472.7 Da ± 0.4 Da) to be the predominant species for each individual 

measurement of both, the lower (< 17 kDa) and higher (17-44 kDa) mass fraction as seen 

in the representative spectra (Figure 14). The low-mass fraction will be discussed at first. 

The fractions of the two occurring oligomeric protein states were determined via their 

overall peak areas under the curve (AUC) within the mass spectra. At a concentration of 

5 µM, essentially all protein (98% ± 3%) was present as monomer. 

 
Figure 15 | Percentages of α3 monomer and dimer in two different SEC fractions. 
The AUC was determined over the entire spectrum for the α3 monomeric and dimeric mass species. The mean value of 
the AUC from at least three independent measurements is depicted along with error bars that represent the 
corresponding standard deviation. While the dimeric proportion of the low-mass SEC fraction (red) was concentration 
dependent, the dimer originating from the high-mass fraction (blue) has a higher share and was not entirely depending 
on the α3 domain concentration. Acceleration voltage was either 10 V or 25 V, respectively. 

However, as the total concentration increased, the dimeric fraction (Mth = 22,950 Da vs. 

Mexp = 22,947 Da ± 1 Da) became significantly higher. At 10 µM its proportion made up 

9% ± 1%, at 20 µM already 21% ± 5%. Even at higher acceleration voltage (25 V) inside 

the collision cell, at which artificial electrospray-induced protein clusters are expected to 
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be less abundant, the concentration dependence of dimerization was evident. At 20 µM, 

the proportion of the dimer was increased as well with 15% ± 6%. Thus, the dimeric fraction 

present in the low-mass SEC sample was found to be concentration-dependent, whereas 

the dimer found in the high-mass sample presented a higher proportion and was not 

completely dependent on the concentration of the α3 domain. At 10 V, the dimeric fraction 

appeared to be constant, 20% ± 10%, 18% ± 6%, and 22% ± 5%. At 25 V, on the other 

hand, when more nonspecific cluster products were already dissociated, slightly more 

dimer tended to form at higher concentration. There was 9% ± 2% at 5 µM, 13% ± 2% at 

10 µM and finally 19% ± 8% at 20 µM. 

Dimeric species appearing in both samples were subjected to MS2 analysis. For this 

purpose, the corresponding main peak – charge state 9+ at m/z = 2551 – was selected in 

both cases followed by a stepwise increase of the collision energy (Figure 16). In the 

spectrum of the low-mass sample, the precursor peak separated into the signals of the CID 

products at 50 V entirely. The newly appearing signals could be assigned to the 4+ and 5+ 

charge states of the monomer, confirming the presence of a noncovalently bound dimer. 

At higher acceleration voltage (100 V), the peptide chain partially fragmented, and a 

smaller mass species (Mexp = 10,0621 Da ± 1 Da) could be additionally detected. 

 
Figure 16 | Analyzing the α3 dimers of two different SEC fractions via MS2. 
The 9+ peak at m/z = 2551 corresponding to the α3 dimer was selected for MS2 analysis at an acceleration voltage of 
10 V, 50 V and 100 V. The low-mass SEC fraction dimers (double-spheres) easily dissociated in the gas phase indicating 
a noncovalent rather low-affinity binding event. Already at 50 V, no dimer was detectable anymore displaced by 
monomeric signal (single-spheres). Contrary to this, the dimeric signal was still significant at 100 V for the high-mass SEC 
fraction, where concurrently the monomer already started fragmenting (smaller spheres). The higher gas-phase stability 
suggested stronger binding presumably due to covalent bonds between two α3 domains (connected double-spheres). 

For the sample with the higher mass in the SEC, significant differences were seen in the 

MS2 analysis. Although the same CID products and fragmentation patterns were detected, 
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a distinct signal of the dimeric parent peak was still evident at 50 V and evenly so at 100 V. 

This observation strongly suggested that this sample contained covalently linked dimers 

alongside the noncovalently bound ones. 

The data certainly verified that just the α3 domain of the MHC-I HC can form homodimeric 

interactions. Supplementary to my native MS analysis, a co-patterning experiment with an 

HA+Kb fusion protein that lacked the α3 domain [HA-Kb(Δα3)-RFP] and Kb-GFP was 

performed to investigate whether the α3 domain is indeed required for FHC dimerization3. 

The interaction was significantly reduced, but still measurable, which suggested that the 

α1-α2 domain is also involved in the interaction. 

Furthermore, to image a possible arrangement of the Kb heavy chains in a dimer, my 

collaborators applied molecular docking3. A starting geometry was obtained by placing the 

α3 domain of one Kb HC in the same position as the β2m in the original Kb HC+β2m 

heterodimer and adjusting the α1-α2 superdomain to avoid sterical overlap. The structure 

was then energy-minimized and further refined by MD simulations. During MD simulations 

of 400 ns, no signs of dissociation were observed, and a stable root-mean-square deviation 

from the start structure was reached. In the model, the α3 domain of one FHC substituted 

for β2m, binding both the α3 domain and the α1-α2 superdomain of another FHC with a 

buried interface area of 2480 Å2, which was comparable to the buried interface area of 

2740 Å2 between β2m and the HC in heterodimers, and to other stable protein 

complexes227. Similar results were obtained with other arrangements of the two heavy 

chains. 

Taken all techniques together, we found that the HC+HC complexes contain no β2m and 

that the α3 domain of the HC was sufficient for dimerization in vitro and in cells. The results 

suggest that FHC dimerization in the plasma membrane is at least partly based on the 

intrinsic affinity between the α3 domains. 

3.1.2 Discussion 

Interactions of MHC-I FHC with FHC of the same allotype, of different allotypes, and even 

with other cell surface proteins have been proposed to play an important role in regulating 

adaptive and innate immune responses158,167 but the molecular principles that govern FHC 

interactions have remained unclear. In a highly integrative approach, my collaborators and 

I have shown that, after losing β2m, murine H-2Kb MHC-I molecules at the cell surface 
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interact in a homotypic and heterotypic manner to form dimers, which are transient with a 

stability on the second timescale3.  

As expected, the low-mass SEC fraction of the α3 domain showed mostly monomeric α3. 

However, even at a for native MS moderate to rather low concentration of 5 µM, a small 

fraction of dimers was detected, which must have self-associated after SEC. This binding 

was easily disrupted by CID confirming the noncovalent nature of the interaction. As 

confirmed by the MS data, the α3 domains of the FHCs alone are sufficient to form such 

interactions but it is conceivable that the α1-α2 domain is also involved as suggested by the 

co-patterning study: In addition to the α3-α3 interaction, the α3 domain might also bind to 

the α1-α2 domain of the other protein, or the α1-α2 domains of the two proteins might 

interact with each other. These possibilities could currently not be distinguished. 

Analysis of the high-mass SEC fraction was rather surprising. Based on peak’s position 

within the chromatogram a large percentage of dimeric α3 was assumed, though the 

spectra presented similar to those of the low-mass fraction. Again, mostly monomer was 

observed indicating dimers are transient and dimerization is a low-affinity binding process. 

At increased acceleration voltage (25 V), it was evident that the overall number of dimers 

was higher in the high-mass fraction than in the low-mass pendant. MS2 analysis revealed 

the reason for this: The respective SEC fraction contained a significant amount of covalently 

bound dimers. Since immunoprecipitation experiments and micropatterning of FHC lacking 

free cysteine residues done by my collaborators clearly demonstrated that the FHC 

molecules at the plasma membrane were not covalently linked3, covalent dimers observed 

by native MS were likely refolding artifacts. 

Although my collaborators observed a slightly increased tendency of FHCs to form higher 

oligomers, the data altogether identified noncovalent FHC dimers as the prevalent species 

at the cell surface3. The native MS data did not show any formation of higher oligomers 

even at higher concentrations of up to 20 µM, in fact with a maximum of about 20% even 

the dimeric fraction was rather low. Here, only the α3 subunit was considered. This subunit 

separated from the rest of the FHC, therefore, does not seem to be capable of higher 

oligomerization. Direct detection of FHC interaction by SMCT corroborated transient 

noncovalent dimerization and only minor clustering into higher oligomers3.  

By the use of SMCT, my collaborators estimated a lifetime of t1/2 = 220 ms ± 150 ms for 

the noncovalent FHC-FHC dimer3. The short half-life and the noncovalent monomer-dimer 

equilibrium observed by size exclusion chromatography at higher micromolar concentration 
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for the isolated α3 domain, as well as the MS data presenting the α3 monomer as the most 

prevalent species, pointed to a low-affinity interaction with a dimerization Kd of perhaps 

10 µM to 20 μM. The weak and transient nature of HC-HC dimerization seen by SMT is 

similar to the nature of cell surface protein-protein association measured in other 

systems228. 

In line with the observation of noncovalent dimerization in the plasma membrane, my 

collaborators obtained a robust structural model of a self-contained Kb FHC homodimer 

using molecular docking. The atomistic model was derived from the experimental findings 

that dissociation of β2m is required, that the α3 domains are sufficient, and that a direct 

α3-α3 interaction exists. Both latter findings were confirmed by native MS. We propose that 

β2m dissociation exposes a binding site on the FHC for the α3 domain of another FHC. 

However, other arrangements of the two FHCs in a dimer are theoretically possible, and 

only experimental data will give a definitive answer. 

Several findings in the literature are consistent with the formation of complexes of MHC-I 

HCs in the absence of β2m and peptide; this applies both to the “classical”, or class Ia, 

proteins HLA-A, HLA-B and HLA-C (and in mouse H-2D, H-2K and H-2L) as well as to the 

“non-classical”, or class Ib, protein HLA-F159,161,163,165,171. Still, it is important to 

differentiate these HC-HC dimers from MHC-I associations described elsewhere156–158, 

namely homo- and heterotypic HC+β2m+peptide trimers that are covalently dimerized via 

disulfide bonds in their cytosolic tails160,167. They may play a role in binding the LILRB 

natural killer (NK) cell receptor169. Other are noncovalent nano- and microscale clusters of 

HC+β2m+peptide trimers that might stem from the fusion of exocytic vesicles with the 

plasma membrane and that might play a role in TCR recognition168,170,172,229, macroscopic 

“clusters” of MHC-I molecules at the signaling interface between cells164; and the covalent 

dimers of the HLA-B*27:05 heavy chain that are linked by disulfide bonds through C67230. 

The noncovalent HC+HC dimers described in this work may be a precursor to the formation 

of the latter. 

The unexpected discovery that FHCs noncovalently associate into defined dimers allows 

exciting hypotheses of their distinct functional properties. FHC dimers might be responsible 

for the immunomodulatory functions contributed to cell surface heavy chains, i.e., the 

stabilization of MHC-I trimers assist T cell activation153,231, and also direct binding of FHCs 

to receptors on other cells – for example, FHCs of HLA-F binding to activating receptors on 

NK cell232,233. Furthermore, dimerization of FHCs might enhance endocytosis in order to 

remove the nonfunctional FHCs, which themselves cannot activate T cells and are known 
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to be short-lived151,234. Alternatively or additionally, such associated HCs may bind to other 

proteins in cis and promote their removal from the plasma membrane. Such endocytic 

removal might be achieved by altered endosomal routing, since the local density of 

membrane proteins in endosomes is higher than at the plasma membrane, and thus, 

efficient dimerization of MHC-I FHCs is expected. In such a scenario, even transient 

oligomerization in endosomes might prevent the return of internalized MHC-I FHCs to the 

cell surface151. Taken together, the presence of noncovalently bound transient FHC dimers 

points to exciting new aspects in the regulation of MHC-I functions with much potential for 

further investigation. 
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3.2 Peptide-free, disulfide-stabilized MHC-I molecules 

Parts of this chapter have been published in either of the following studies: 

Anjanappa, R., Garcia-Alai, M., Kopicki, J. D., Lockhauserbäumer, J., Aboelmagd, M., Hinrichs, J., Nemtanu, I. M., Uetrecht, 
C., Zacharias, M., Springer, S., & Meijers, R. (2020). Structures of peptide-free and partially loaded MHC class I molecules 
reveal mechanisms of peptide selection. Nature communications, 11(1), 13142. 

Reprinted from ANJANAPPA et al. (2020). Copyright © 2020, The Author(s). 

Kopicki, J. D., Saikia, A., Niebling, S., Günther, C., Anjanappa, R., Garcia-Alai, M., Springer, S., & Uetrecht, C. (2022). 
Opening opportunities for Kd determination and screening of MHC peptide complexes. Communications biology, 5(1), 
4884. 

Reprinted from KOPICKI et al. (2022). Copyright © 2022, The Author(s). 

3.2.1 Results 

As peptide-free MHC-I molecules could not be crystallized so far, they have been modeled 

in various ways235,236. In these modeling approaches, the conformations of the MHC-I side 

chains that line the peptide-binding groove were derived from peptide-loaded MHC-I 

structures237. Thus, such models cannot claim to represent the true shape of the peptide-

free binding groove at the point of peptide recognition. 

 
Figure 17 | Crystal structure of empty disulfide-stabilized HLA-A*02:01 (dsA2). 
The empty dsA2 complex is seen as top view of the peptide pocket. β2m is shown in olive and the HC in green. The 
stabilizing disulfide bond (positions 84 and 139 mutated to cysteines) is depicted in yellow (PDB: 6TDR238,2). 

To better understand the peptide-binding process to MHC-I, HEIN et al. have stabilized MHC-

I molecules by the introduction of a disulfide bond between the alpha helices in the vicinity 

of the F pocket222. Such disulfide-stabilized MHC-I molecules can be folded in vitro with 

dipeptides to obtain recombinant soluble peptide-free MHC-I molecules that rapidly bind 

exogenous peptide221. The dipeptide can subsequently be removed. Importantly, over a 
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hundred complexes of the disulfide-stabilized form of the frequent human MHC-I allotype 

HLA-A*02:01 (HLA-A*02:01(Y84C/A139C)), in the following named dsA2, with different 

peptides bind the T cell receptor with the same affinities as their wild type A*02:01 

counterparts174.The crystal structure of the complex dsA2 and the 1G4 T cell receptor with 

the cognate peptide shows that peptide binding and interaction with the T cell receptor are 

not affected by the disulfide bond239. Thus, the dsA2 molecule appears as an ideal model 

system to study empty MHC-I molecules. 

For this thesis, a peptide-free dsA2 species (Figure 17) was investigated by native MS to 

demonstrate the absence of any peptide in the binding groove as well as the preservation 

of the ability to bind peptides. My work was part of a large integrative structural analysis of 

the molecule, in which my collaborators employed X-ray crystallography, MD simulations, 

and thermal denaturation assays2. Their findings support the data obtained by native MS 

and are discussed as well. 

 
Figure 18 | Production of dsA2. 
dsA2 is refolded in presence of GM or GL dipeptide, which is then removed via SEC. Afterwards, full-length peptides can 
bind into the empty binding groove. 

Protein samples were provided by the Springer lab (Constructor University Bremen; Figure 

18); wtA2 and dsA2 were bacterially expressed together with β2m and refolded from 

inclusion bodies in presence of high concentrations of dipeptides but without any full-

length peptide221. Subsequently, the protein complexes were purified by SEC. Native MS of 

dsA2 was performed prior to and after removing any external dipeptide by SEC or filtration-

based BEX. As a reference, wtA2 was subjected to the same experimental procedures. 

In presence of 0.5 mM free GM (glycyl-methionine), resulting mass spectra (Figure 19, top 

spectrum) showed that the highest abundant species corresponded to the whole dsA2 

protein complex (45,834 Da ± 3 Da, Figure 20) and the whole wtA2 protein complex 

(43,680 Da ± 2 Da), respectively, confirming a successful refolding. Additionally, the 

absence of other proteins verified sample purity. Presence of GM was confirmed as the 

corresponding peaks appeared in the low-m/z range when added to the solution. 

To determine in which region of the dsA2-binding groove the dipeptides bind, my 

collaborators refolded dsA2 with dipeptide (GL or GM) and crystallized the complex with 

2 mM free dipeptide present2. The structures showed one dipeptide in the A pocket and in 
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addition one glycerol molecule from the buffer in the F pocket (Figure 53, Supplement). In 

terms of its conformation, the GL dipeptide in the A pocket was identical to the first two 

residues of the peptide in the wtA2+GLCPLVAML crystal structure (PDB: 3MRF)173. Thus, 

the A pocket of A2 can bind a dipeptide in the same manner as it binds the first two 

residues of a longer peptide. In the structure dsA2+GM+GM, two GM dipeptides were 

present in the peptide-binding groove, one in the A pocket and one in the F pocket. The 

latter GM occupied positions P8 and P9 of a full-length nonamer peptide, and the C-

terminus of the GM superimposed well with the C terminus of previously determined 

structures with full-length peptides that have a C-terminal leucine. In this crystal, there was 

no other ligand in the peptide-binding groove apart from the two dipeptides, and the rest 

of the groove was filled with solvent molecules. From this structure, it was concluded that 

dsA2 can accommodate two dipeptides at the same time, one in the A and one in the 

F pocket, and that they are bound like the N- and C-termini of a nonamer peptide. 

 
Figure 19 | Representative mass spectra of wtA2. 
Spectra recorded in presence (top) and absence (bottom) of dipeptide GM. 10 μM wtA2 in 250 mM ammonium acetate, 
pH 8, were recorded at an acceleration voltage of 50 V. In presence of 0.5 mM GM, the wtA2 complex (yellow) could be 
detected in high abundance, although the wtA2+GM complex was not observed. Note, the low-affinity dipeptide 
dissociated easily at the activation energies necessary to resolve the peaks sufficiently. Without GM, the HC (green) is 
not stable and unfolds already in solution. Thus, the wtA2 complex could not be maintained and both were hardly visible. 
The β2m subunit (olive) was more prevalent without GM. 

After removing the external dipeptide, a vast difference between the resulting spectra of 

the two protein species was observed. As expected, the wtA2 complex could not be upheld 

without peptide. The folding of the HC in the absence of peptide cannot be maintained, 
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whereas the folding of β2m is peptide-independent. This is reflected in the spectrum, where 

the signal of the free β2m subunit could be detected but only minute amounts of folded HC 

and the entire wtA2 complex were observed when dipeptide was absent (Figure 19, bottom 

spectrum). In contrast, the spectrum of dsA2 remained unchanged – regardless of peptide 

presence or absence. Importantly, no dipeptide used for refolding, neither free nor bound 

to dsA2, was detected, which confirmed that the dsA2 complex is indeed empty and stable 

in absence of any peptide in the binding groove (Figure 20). The noncovalent binding 

showed to be quite robust and therefore withstanded even when facing higher acceleration 

voltages of up to 125 V within in the mass spectrometer. 

 
Figure 20 | Representative mass spectra of dsA2. 
Spectra recorded in presence (top) and absence (bottom) of dipeptide GM. 10 μM dsA2 in 250 mM ammonium acetate, 
pH 8, were recorded at an acceleration voltage of 50 V. Comparing the spectrum of dsA2 alone with the spectrum of dsA2 
in the presence of 0.5 mM GM, the low-m/z range (zoom) clearly showed that the protein complex no longer contained 
any dipeptide used for refolding. Note, the low-affinity dipeptide dissociated easily at the activation energies necessary 
to resolve the peaks sufficiently. The stability of dsA2 did not depend on the presence of dipeptide resulting in almost 
identical spectra. 

Thus, it was concluded that although wtA2 was dependent on a high concentration of 

dipeptide to maintain its folded conformation, the dsA2 molecule was conformationally and 

thermally stable in the absence of any peptide or dipeptide in the binding groove.  

To quantify the stabilization of dsA2 by the disulfide bond, my collaborators then performed 

thermal denaturation assays at different concentrations of free GM (glycyl -methionine) 
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dipeptide2. In these assays, the characteristic decrease of tryptophan fluorescence upon 

protein unfolding was used to determine the transition midpoint of denaturation (melting 

temperature Tm) of the protein (Figure 54, Supplement). The fluorescence vs. temperature 

curves for both wtA2 and dsA2 showed two separate melting events, one at Tm = 62 °C for 

β2m and another at lower temperature for the heavy chain. The melting event for the heavy 

chain was sensitive to the concentration of free GM, suggesting that GM binds to and 

stabilizes the peptide-binding site as predicted221. The dependence of the Tm on dipeptide 

concentration matched previous observation for low-affinity ligands240. Remarkably, the 

dsA2 heavy chain gave a clear transition signal even at low dipeptide concentrations (at 

< 5 mM), whereas wtA2 did not give a distinct transition under these conditions. It was 

concluded that the C84-C139 disulfide bond of dsA2 enables it to remain folded even at 

low concentrations of dipeptide. 

 
Figure 21 | MS2 analysis of empty dsA2. 
Top spectrum showed the empty dsA2 recorded in regular MS mode. The 12+ peak at m/z = 3820 resulting from a native 
mass spectrum of dsA2 (yellow) was selected for MS2 analysis at an acceleration voltage of 50 V (middle). The bottom 
mass spectrum (100 V) showed the dissociation of the complex, which allowed an accurate mass determination of the 
HC (green) and β2m (olive). The methionine-processed species could only be seen when zoomed in closely. 
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When dsA2 was further activated in the mass spectrometer, individual HC or β2m 

molecules were released from the complex and appeared as individual peaks (Figure 21; 

Table 8, Supplement). MS2 analysis revealed that both HC under investigation lacked a 

methionine suggesting the proteins were N-terminally processed during expression (dsA2: 

33971 Da ± 2 Da; wtA2: 31,799 Da ± 4 Da). The same held true for the β2m chain 

although here, the N-terminal methionine was processed only to some extent represented 

by adjacent peaks of diverging intensities (11729 Da ± 1 Da vs. 11859.9 Da ± 0.4 Da). 

Since the β2m chain partially constitutes dsA2 and wtA2, this distinctive peak pattern 

reoccured for the signals of the whole complex (dsA2: 45703 Da ± 2 Da vs. 45,834 Da ± 3; 

wtA2: 43,548 Da ± 5 Da vs. 43,680 Da ± 2 Da). 

To obtain a peptide-free structure of dsA2 of the dsA2+GM crystals described above, my 

collaborators vacated the peptide-binding groove of the GM dipeptide applying a cycle of 

crystal washing in cryobuffer (lacking dipeptide) and crystal cryo-cooling2. There was one 

molecule of 1,2-ethanediol, which was used as a cryo-protectant, in the A pocket mimicking 

the N-terminal amino group and the peptide backbone conformation. The lack of peptide 

in the A pocket of dsA2 was accompanied by a conformational change of some side chains. 

In the empty structure, the side chain of Y99 on the β sheet floor of the peptide-binding 

groove had changed its conformation to point further into the A pocket, away from H70 on 

the α1 helix (Figure 53, Supplement). There was no longer a hydrogen bond network 

connecting these residues. The side chain of H70 had moved out of the B pocket into the 

C pocket. It occupied an area that in peptide-bound structures is filled with the side chain 

of the P6 residue. The side chain of F9, which was also situated on the β sheet floor, had 

turned perpendicular to the peptide-loaded conformation. The A pocket had expanded as 

a consequence of the rearrangements and thus appeared ready to accommodate an 

incoming peptide. This peptide-receptive conformation was proposed to be named “the 

unlocked state” of the A pocket, whereas the “locked” state described the peptide-bound 

conformation. Out of the 258 peptide-loaded structures in the PDB, only three structures 

showed a F9 side chain conformation that is similar to the empty dsA2 structures173. Taken 

together, the comparison with the PDB structures demonstrated that the locked A pocket 

corresponds to the peptide-bound state and the unlocked A pocket corresponds to the 

peptide-receptive state of A2. Similar to that, the F pocket on the opposite side of the 

peptide-binding groove also rearranged a triad of side chains, R97-H114-Y116, to 

accommodate a bulky amino acid such as GM’s C-terminal methionine. 
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However, when comparing with the wtA2+peptide structures from the PDB database, it was 

found that in about 25% of the deposited wtA2+peptide structures the conformation of the 

F pocket was partially unlocked. In addition to that, my collaborators performed MD 

simulations. The results thereof reinforced the conclusions drawn from the crystal 

structures and suggested a significant energy barrier between the unlocked and the locked 

conformational states, and a concerted conformational change of the R97-H114-Y116 

triad upon peptide binding. 

 
Figure 22 | Superstoichiometric binding of high-affinity peptide NV9 to dsA2. 
A mass spectrum of 10 µM dsA2 at acceleration voltage of 50 V is given as a reference (top). Upon addition of 0.1 mM 
NV9, the peptide-bound complex (blue) was the most abundant species at low acceleration voltage (10 V; middle). When 
the voltage was increased to 50 V (bottom), the complex began to dissociate into β2m (olive) and HC (green). However, 
some HC+NV9 complex could be detected (8+ peak; teal), indicating high stability. The low-affinity control YF9 recorded 
at same conditions is displayed in the background. 

Since it was shown that dipeptide complexes of wild type MHC-I molecules can exchange 

bound dipeptide for a full-length high-affinity peptide221, it was next investigated whether 

the artificial construct of empty dsA2 was able to bind cognate peptides. Being a high-

affinity nonapeptide, A2 epitope NV9 from human cytomegalovirus pp65 (sequence 

NLVPMVATV) was the first control peptide of choice. A second nonapeptide (YPNVNIHNF, 

YF9) with low affinity was used as a negative control. A tenfold molar excess of respective 

peptides was added to dsA2, and the resulting complexes were analyzed (Figure 22). In 

presence of nonapeptide NV9 (1:10), peptide binding to dsA2 was observed showing that 
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the empty pocket could easily be filled again. As predicted, dsA2+NV9 (46778 Da ± 1 Da) 

was by far the most-abundant species at low acceleration voltage. The NV9 peptide 

remained bound at higher activation up to 75 V suggesting a stable interaction. At tenfold 

molar excess of the peptide, ESI-clustering induced species like dsA2+NV9+NV9 

(47723 Da ± 3 Da) were observed. Therefore, measurements with substoichiometric 

peptide concentration (10:1) were performed to exclude the possibility of artifactual 

complex formation. Despite this low NV9 concentration, dsA2+NV9 was detected by native 

MS, whereas the low-affinity control YF9 was not visible (Figure 23). 

 
Figure 23 | Substoichiometric binding of high-affinity peptide NV9 to dsA2. 
A mass spectrum of 10 µM dsA2 and 1 µM NV9 at acceleration voltage of 50 V is given as a reference (top). Peaks for 
dsA2+NV9 (blue) had a very low intensity, whereas the low-affinity control YF9 gave no signal for the peptide-bearing 
complex at all (background). The 12+ peak of dsA2+NV9 at m/z = 3723 was selected for MS2 analysis at 10 V (middle). 
The MS2 spectrum measured at 100 V (bottom) clearly shows the dissociation of the complex into dsA2 as well as its 
subunits (β2m, olive; HC, green) and NV9. 

In MS2 experiments, the selected protein-peptide complex dissociated into the dsA2 

HC+β2m dimer (without the peptide) as well as into the individual subunits and the 

nonapeptide (Figure 23, bottom spectrum). Because signal for HC+NV9 (without β2m) was 

still visible at high voltages, it could be concluded that the binding between dsA2 and NV9 

is very strong. Thus, the two protein subunits partly dissociated first, before the peptide is 

released from the binding pocket. From these observations it is clear that the binding of 

full-length peptides to dsA2 is not affected by the presence of the C84-C139 disulfide bond. 
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In addition to all expected dsA2 mass species – empty dsA2, dsA2+peptide, HC, and β2m 

– an additional species was detected whose origin was initially unknown (Figure 24). A 

fraction of dsA2 was found to carry a small molecule adduct, 337 Da by tandem MS 

analysis, that is easily released at ≥ 50 V by CID. 

 
Figure 24 | Erucamide detected in all dsA2 samples. 
Different spectra of the same measurement of 10 µM dsA2 performed at 1.45 V at the capillary and 25 V in the collision 
cell in absence of any peptide are displayed. Full MS spectrum (top, left) shows the expected mass species, empty dsA2 
(yellow), dissociated β2m (olive) and heavy chain (green), but also the contaminant-carrying dsA2+erucamide (coral). The 
deconvoluted spectrum (top, right) illustrates its high proportion. The zoom (bottom) revealed that the proportion varies 
depending on the charge state. 

By small-molecule MS (Figure 25), the compound was most likely identified as erucamide 

((Z)-docos-13-enamide), probably originating from laboratory plastic ware as reported241–

243. This contaminant appeared consistently in all protein batches (dsA2 and wtA2) studied. 

Interestingly, the size of the respective erucamide-binding MHC-I fraction differed 

depending on the peptide introduced. This phenomenon, as well as details of the 

erucamide’s binding position, will be discussed in more detail in the following chapter.  
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Figure 25 | Erucamide identified as contaminant using small molecule MS. 
Small molecule MS2 analysis verified that erucamide accounts for a large proportion of the contaminants found in dsA2 
samples. Displayed is a spectrum resulting from the subtraction of the spectrum of plastic ware contaminants (empty 
vial) from the one of the dsA2 sample itself. Erucamide (337 Da) was hereby identified as the contaminant adducted to 
dsA2. Although oleamide is also found in the sample, there was no evidence of binding to the protein in the native MS 
analysis, unlike for erucamide. 

3.2.2 Discussion 

The binding of a peptide to a particular MHC-I allotype (and thus its surface presentation) 

depends on the match of its N-terminus and some of its amino acid side chains into the 

binding pockets of the peptide-binding groove. Until now, the study of the dynamic 

processes that accompany peptide binding has been hindered by the lack of a crystal 

structure of the peptide-free form of MHC-I. Using an integrative approach, my collaboration 

partners and I were able to present the structure of the disulfide-stabilized form of HLA-

A*02:01. The molecule was thoroughly characterized by X-ray crystallography, MD 

simulations, thermal denaturation assays, and native MS – the latter serving to assess the 

proteins’ quality, i.e., correct folding and stoichiometry, but also to verify its peptide-free 

state as well as to confirm its ability to bind peptides. 

Native MS analysis clearly demonstrated that the wild type A2 complex could not be 

maintained in the absence of a peptide ligand. However, stabilization by a dipeptide such 

as GM or GL was quite sufficient to observe the intact complex in the spectrum. Only few 

amounts of free HC or β2m were observed which could be attributed to in-source 
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dissociation (ISD) or CID effects. In contrast, it was clearly demonstrated that a single 

genetically introduced disulfide bridge between the alpha helices near the F pocket 

stabilizes the peptide-binding groove in a manner that preserves the complex of HC and 

β2m even in the absence of a ligand. Spectra of dsA2 in the presence or absence of a 

dipeptide effectively did not differ. In both cases, the protein complex appeared 

homogeneously and natively folded apart from the slight dissociation effects just 

mentioned with respect to wtA2. 

The empty mutant complex could easily bind a new peptide added to the sample solution. 

In the case of a high-affinity peptide such as NV9, if the peptide was at least equimolar to 

the protein, the dsA2+peptide mass species became the new predominant signal in the 

spectrum. Interestingly, despite a clear excess of the peptide, we still saw a fraction of the 

empty protein complex. In the case of dipeptides, in fact, only the ligand-free complex was 

detected. This observation was also true for wtA2. Here we know that it is definitely 

unstable without peptide. Therefore, this mass species could only be the product of 

dissociation in the gas phase and could not have existed in solution before. In contrast to 

the high-affinity NV9, which gave a strong signal together with A2, GM and GL did not seem 

to be detectable when bound under the same conditions. The binding appeared to be too 

weak and could be easily disrupted by ISD, CID, or a combination of both. The relationship 

between the degree of occupancy of the protein and the affinity of the peptide is discussed 

in more detail in Chapter 3.3. 

If ten times more NV9 as protein was present, dsA2+NV9+NV9 complexes were also 

detected. Accommodation of two nonapeptides within the peptide pocket of dsA2 is utterly 

inconceivable for steric reasons – especially considering the newly introduced disulfide 

bond, which makes a possibly imaginable opening of the pocket impossible. Furthermore, 

a complex of dsA2 and YF9 was also identified, although this peptide is unrelated to A2 

and does not contain a binding motif of known epitopes. Both phenomena can be explained 

clustering102–105, i.e., nonspecific attachment to the analyte, in the ESI process. In fact, 

these effects could be eliminated by reducing the peptide concentration. At 10 µM protein 

and only 1 µM peptide, no dsA2+YF9 and no dsA2+NV9+NV9 mass species were observed 

anymore. In contrast, the high-affinity binding between dsA2 and NV9 was still detectable 

at this substoichiometric condition. 

Concerted conformational changes of the amino acid side chains lining the MHC-I peptide-

binding groove that occur during peptide binding were described. It was found that both, 

the A and F pocket, contain side chain triads that undergo such concerted changes. In the 
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A pocket, peptide or dipeptide binding switched the F9-H70-Y99 triad into a locked state 

that affected other pockets. MD simulations on the empty dsA2 confirmed this. In the 

F pocket, however, GM-binding, with a methionine in the F pocket, supported the unlocked 

state of the R97-H114-Y116 triad that is otherwise found in the peptide-free structure. MD 

simulations indicated a considerable energy barrier between the locked and unlocked 

states in the absence of a ligand and hence supported the view of a concerted 

conformational switch between these two states, rather than a mere conformational 

fluctuation. The results concerning the F pocket explain why methionine is not a common 

C-terminal residue of A2-binding peptides. Methionine-binding switched the F pocket to the 

unlocked conformation, even with the peptide bound, which impacts the conformation 

such that it interferes with the binding of the peptide backbone. The binding of a peptide 

that inserts a C-terminal methionine into the F pocket is thus predicted to be weak, which 

potentially explains why there are only four A2 crystal structures in the PDB that contain 

methionine as the C-terminal peptide residue. 

When the observations from native MS and X-ray crystallography are combined, it appears 

that, in the absence of peptides, small, organic molecules enter the binding pocket of dsA2. 

In the spectra, erucamide derived from the laboratory plastic was detected, and the crystal 

structures showed that glycerol or 1,2-ethanediol were embedded in the pocket. Glycerol 

molecules are known to bind into the MHC-I peptide-binding groove and to stabilize the 

MHC fold in partially empty crystal structures244. Structurally, of course, there are clear 

similarities between the glycerol and the 1,2-ethanediol, which makes the appearance of 

at least one of these molecules in the peptide pocket not surprising. It was observed that 

in the A pocket, the 1,2-ethanediol bound in a manner similar to that of the N-terminus of 

a peptide. Erucamide has great importance for the aspects discussed in Chapter 3.3, so 

its binding behavior will be further elaborated there. Taken together, it appears that 

although dsA2 does not rely on stabilizing ligands to maintain its own integrity, the exposed 

binding sites intended for peptides seem prone to form bonds to molecules that meet 

minimal requirements (free electron pairs, charge, size). 

Of all MHC-I allotypes, A2 is most thoroughly studied in structural terms. This helped to 

conduct an extensive assessment of the changes in the conformational state of the 

peptide-binding groove after peptide removal by comparing our structures to 258 

A2+peptide structures in the PDB. It was possible to define two states for both, the A and 

the F pocket – the locked state, which represents most peptide-loaded MHC structures, 

and the unlocked state, which is found in peptide-free MHC- I molecules. Crystal structures 
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and MD simulations allowed to conclude that upon binding of a full-length peptide to an 

empty MHC-I molecule, the A pocket switched to the locked state in nearly all cases, 

whereas the F pocket remained unlocked in 25% of A2 structures with full-length peptide. 

The unlocked state of the F pocket is more open to the solvent. Thus, the lower tendency 

of the F pocket to switch to the locked state, even when high-affinity peptides are bound, 

supports the notion that peptide exchange at the F pocket can occur unassisted. This effect 

has been shown before for a number of MHC-I allotypes186,245. The chaperones TAP-binding 

protein related (TAPBPR) and tapasin can further destabilize the peptide-binding groove to 

remove peptides from the F pocket and, in consequence, the binding groove197. Indeed, 

recent structures of MHC-I in complex with TAPBPR246,247 or a tapasin loop fragment248 

suggest that such a transition state at the F pocket contributes to peptide exchange. Taken 

together with the literature, our data confirmed the importance of the F pocket as the 

region of the protein where peptide binding can be modulated by external factors.  

It is likely that the concerted switch to unlock the F pocket described above is not limited 

to A2 but may apply to many other allotypes. A similar movement upon the opening of the 

F pocket of HLA-B*44:02 has been suggested previously to contribute to chaperone-

independent peptide exchange249. In addition, from a survey of MHC-I structures in the 

PDB, another series of structures that illustrate the presence of an allosteric switch in the 

F pocket is evident. HLA-A*24:02 (A24) binds the highly immunogenic peptide 

RYPLTFGWCF (PDB 3QZW)173,250. The C-terminal peptide residue, phenylalanine, binds into 

the F pocket, which contains Y116 in a position identical to A2. The side chain of Y116 

locks the F pocket by forming a hydrogen bond with D74 on the α1 helix. Interestingly, a 

truncated octamer peptide with the sequence RYPLTFGW can also bind A24 in a stretched 

backbone conformation such that W8 fills the F pocket (PDB 5HGB)173,251. The bulky side 

chain of W8 then unlocks the F pocket, and Y116 switches conformation to form a 

hydrogen bond with H114 on the β sheet floor. That very same hydrogen bond is formed in 

A2 when the F pocket unlocks. The third member of the allosteric triad in A24 is M97, which 

points upwards, out of the peptide-binding groove, when the F pocket is unlocked. These 

examples suggest that the concerted side chain switches involved in unlocking the 

F pocket may occur in many MHC-I allotypes. 
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3.3 MHC-I peptide binding 

Parts of the following chapter have been published in: 

Kopicki, J. D., Saikia, A., Niebling, S., Günther, C., Anjanappa, R., Garcia-Alai, M., Springer, S., & Uetrecht, C. (2022). 
Opening opportunities for Kd determination and screening of MHC peptide complexes. Communications biology, 5(1), 
4884. 

Reprinted from KOPICKI et al. (2022). Copyright © 2022, The Author(s). 

3.3.1 Results 

3.3.1.1 Peak intensity in native MS reflects peptide-MHC binding affinity 

 
Figure 26 | dsA2 in absence of peptides. 
Raw (top) and deconvoluted (bottom) native mass spectra of peptide-free dsA2 were recorded at an acceleration voltage 
of 25 V. The empty dsA2 was the predominant species (yellow). In addition, dsA2+erucamide (coral) and dissociated β2m 
(olive) and HC (green) could be seen. 

As already described in the previous Chapter 3.2, empty dsA2 consists of the disulfide-

stabilized HC (HLA-A*02:01(Y84C/A139C)) and the light chain, beta-2 microglobulin 

(Figure 17). Bacterially expressed dsA2 HC and β2m were folded in vitro into the dsA2 

complex with dipeptides (GM or GL) and purified by SEC2,221. Again, during SEC, the 

dipeptide was removed and was no longer detected by native MS, resulting in an empty 

binding groove (Figure 18). At a low acceleration voltage of 25 V in the collision cell, raw 

and deconvoluted spectra (Figure 26) demonstrated a stable complex of HC and β2m in 

the absence of any peptide. Some minor ISD (< 5%) occured upon activation in the mass 
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spectrometer, independently of either the addition of a peptide or the peptide 

characteristics. 

 
Figure 27 | Raw spectrum of dsA2+NV9. 
A native mass spectrum dsA2 in presence of NV9 (protein-peptide ratio 1:5) recorded at an acceleration voltage of 25 V 
is shown. The dsA2+NV9 was the predominant species (light blue). In addition, peptide-free dsA2 (yellow), dissociated 
β2m (olive) and HC (dark green) as well as free NV9 (purple) could be seen. 

It was next examined whether native MS can differentiate the binding of high-affinity and 

low-affinity peptides by comparing the A2 epitope NV9 from human cytomegalovirus pp65 

(sequence NLVPMVATV; theoretical dissociation constant, Kd,th = 26 nM predicted by 

NetMHC218) with the irrelevant YF9 (YPNVNIHNF; Kd,th = 27 μM) and with GV9 

(GLGGGGGGV; Kd,th = 2.7 μM), a simplified NV9 derivative that retains the anchor residues, 

L and V. After a short incubation, dsA2 with 5 × excess peptide was subjected to native MS 

with increasing acceleration voltages. Since β2m dissociated from the HC above 75 V2 only 

results for 10 V, 25 V, and 50 V were considered. An exemplary spectrum of dsA2 and NV9 

at 25 V is shown in Figure 27. While at 10 V and 25 V the distribution of the different mass 

species was very similar, the ratios changed significantly at 50 V. It is a frequent 

observation with the ESI process in native MS that noncovalent hydrophilic bonds such as 

those between dsA2 and high-affinity peptides are retained252–255, but hydrophobic 

interactions are weakened. By increasing the acceleration voltage, the dissociation of a 

protein-ligand complex usually does not occur gradually but spontaneously beyond a 

certain threshold, at which an energetic state is encountered that denatures the complex, 

here between 25 V and 50 V. Therefore, measurements at 10 V were used to calculate the 

Kd. In the presence of low-affinity YF9, the empty dsA2 molecule (43,733 Da ± 4 Da) 

generated the largest signal (56% ± 3% at 10 V; Figure 28A; reference spectra in Figure 

28B). Most of the remaining dsA2 carried only erucamide (44,071 Da ± 5 Da; 39% ± 2%). 

There was very little dsA2+YF9 complex (4% ± 2%), and because of the very low binding 
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affinity of YF9, it was assumed that this signal does not correspond to real binding but 

rather to an artifact of the ESI process. 

Assuming that the other tested peptides cluster to the same extent, all native MS data were 

corrected for the clustering determined with YF9, for which thus no affinity can be 

calculated (raw data see Table 9, Supplement). For NV9, in contrast, strong binding is 

observed, with 64% ± 3% for dsA2+NV9 at 10 V and 40% ± 4% at 50 V. 

Figure 28 | Determining the binding affinities of YF9, NV9 and GV9 to dsA2. 
A: The AUC was determined over the entire spectrum for the respective mass species at acceleration voltages of 10 V, 
25 V, and 50 V. The cone voltage was kept constant at 150 V. The mean value of the AUC in the presence of the different 
peptides (protein-peptide ratio 1:5) from at least three independent measurements is depicted along with error bars that 
represent the corresponding standard deviation. The different complexes were assigned in yellow (empty dsA2), light blue 
(dsA2+pep), dark blue (dsA2+pep+pep), and coral (dsA2+erucamide). The negative control YF9 (uncorrected) barely 
associated with dsA2, whereas the positive control showed a high proportion of dsA2+NV9, indicating high affinity. GV9, 
which contains only the two anchor residues L2 and V9 of NV9, still showed a high affinity, and at 50 V, their dsA2+pep 
proportions were very similar, showing that their gas-phase stability is comparable. B: Representative charge-
deconvoluted spectra of the distinct protein and protein-peptide complex species recorded at 25 V. Olive and dark green 
correspond to the free β2m domain and HC, respectively. Teal corresponds to a FHC still attached to a peptide.  

The dsA2+erucamide complex was completely absent, suggesting that erucamide was 

displaced by NV9. Hence, erucamide either bound into the peptide-binding groove, or 
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bound elsewhere and was displaced by a conformational change caused by peptide 

binding. 

 
Figure 29 | ISD causes linear dependence of the ligand-bound dsA2 fraction on cone voltage. 
A: Native MS fractions of empty dsA2 (yellow) and dsA2+erucamide (coral) were likewise dependent on the activation 
energy of the cone voltage. As the cone voltage was raised, the percentage of empty dsA2 increased because the adduct 
binding could not withstand the energy in the ion source and therefore dissociated. The proportionality was linear, and 
therefore a theoretical cone voltage of 48 V could be calculated at which a full occupancy with ligand would be reached. 
This voltage was too low to obtain stable electrospray and a resolved spectrum. B: Peptide binding was equally subject 
to ISD. NV9-bound dsA2 (light blue and dark blue annotated peaks) became less prominent with increasing cone voltage, 
while empty dsA2 (yellow) increased at the same time. 

A small amount of another mass species (45,624 Da ± 4 Da) corresponds to dsA2 with two 

molecules of NV9 (dsA2+NV9+NV9) with an abundance of 4% ± 4% (10 V) and 1% ± 2% at 

50 V was also observed. The latter was likely the result of unspecific clustering, as the 

abundance correlated with the intensity of the first binding event and was similar to the 

intensity of unspecific YF9 clustering. Within NV9, the leucine in the second position and 
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the C-terminal valine bind into the B and F pocket of the peptide-binding groove, 

respectively256,257,174. 

 
Figure 30 | Affinities determined via iDSF and native MS correlate. 
Displayed data points represent the relationship of both apparent Kd for all different dsA2+peptide systems analyzed. 
The dsA2 complex and peptide were deployed in a ratio of 1:5. The native MS derived Kd for the various peptides is based 
on measurements performed at 10 V of acceleration voltage and 150 V of cone voltage. Both axes are scaled 
logarithmically. *iDSF reaches its limits at affinities below 200 nM, hence the values of grayed-out peptides are not 
reliable. 

The proportion of dsA2 occupied with GV9 at 10 V (43% ± 2%, and 1.5% ± 0.4% for 

dsA2+GV9+GV9) was significantly lower than the proportion of dsA2+NV9. Thus, the 

minimal binding motif could not support the same affinity as NV9, suggesting that other 

amino acids contribute significantly to the binding. At 50 V, however, the abundance of the 

dsA2+pep complex was the same for GV9 and NV9. This indicates that the strong B and 

F pocket side chain interactions together with the binding of the termini determine pMHC 
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gas-phase stability. Despite strong binding with nM affinity258, the obtained Kd (Kd,high, 

defined below) for NV9 was only 8 µM ± 2 μM, and the expected fully occupied (> 99%) 

peptide-binding pocket was not observed (Figure 28A). 

Protein denaturation due to storage or other stresses could be excluded from standard 

control experiments. Instead, ISD is the cause. Indeed, lower, i.e., gentler, cone 

voltages259,260 increased the occupancy of the peptide-binding groove with both the 

peptide and erucamide. This linear relationship wa most evident with dsA2 and erucamide 

in absence of any peptide (Figure 29A). The proportion of the dsA2+pep species was 

likewise linearly dependent on the cone voltage (Figure 29B). The extent to which the 

protein-peptide complex is affected by ISD depends on the gas-phase properties and the 

binding affinity of the peptide in question. Extrapolated data suggested that at a cone 

voltage of ≤ 48 V (which is unfeasible experimentally), dsA2 is 100% occupied with 

erucamide. Thus, erucamide was used as a reference species for peptide-binding 

measurements, assuming that in solution, all free dsA2 protein is initially bound to 

erucamide as suggested by the zero-cone voltage extrapolation, and that the peptide 

replaces it. This way, the fraction of peptide-free dsA2 (identical to the fraction of 

dsA2+erucamide complex) in the sample was calculated from a measurement at 150 V 

cone voltage using the correction factor of 2.2 (cf. Chapter 5.4), and from this, the fraction 

of dsA2+peptide could be inferred. The resulting Kd is a reliable approximation for binding 

in in solution. Standardizing ISD to the dsA2+erucamide complex is advantageous since 

for individual pMHCs, the ISD is naturally influenced by peptide size and sequence, 

precluding compensation, while the ISD of the MHC-erucamide complex is invariant and 

peptide-independent. Therefore, for each peptide, both a Kd for the high cone voltage 

(150 V) based on the clustering-corrected pMHC signal (Kd,high) and another for the 

theoretical low cone voltage of 48 V based on the MHC-erucamide signal (Kd,low) were 

described (Table 10, Supplement). While the experimentally determined Kd,high was 

overestimated due to ISD, the Kd,low was a more reliable approximation, well demonstrated 

by the example of NV9. In the following figures, therefore, Kd,low is given. Next, a series of 

sixteen peptides, most of them variations or truncations of the sequence of NV9, were 

compared in native MS and in the previously validated method, isothermal analysis of 

nanoscale differential scanning fluorimetry (iDSF)261. Kd values from native MS and iDSF 

correlated very well over a wide range (Table 9, Supplement, and Figure 30). It has to be 

noted though that affinities below 200 nM have to be treated with caution as the peptide 

concentration, and hence the fraction of dsA2+pep, is very low in iDSF. It was also found 
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that Kd values from native MS correlated well with the thermal stabilization ΔTm of dsA2 by 

peptide binding (protein-peptide ratio: 1:10, Figure 31), i.e., the increase in the midpoint of 

thermal denaturation (melting temperature, Tm) above that of the empty dsA2 

(35.7 °C ± 0.6 °C) as measured by tryptophan nanoscale differential scanning fluorimetry 

(nDSF)240,262. 

 
Figure 31 | Relation of thermal stability and affinity for dsA2+peptide complexes. 
Thermal denaturation measurements availing intrinsic tryptophans’ change in fluorescence were used to define protein 
complex stabilization upon peptide binding, whereas an apparent Kd for the various peptides was determined using native 
MS (10 V acceleration voltage and 150 V cone voltage). The dsA2 complex and peptide were deployed in a ratio of 1:10 
(ΔTm) or 1:5 (Kd) depending on the experiment. Peptides showing a small Kd,low for binding dsA2 and being concomitantly 
able to stabilize the protein complex were defined as strong binders (white area). The remaining peptides (red area) lack 
crucial features, making them unable to form strong bonds to dsA2 indicated by low binding affinities and Tm. The 
standard deviation for both methods is displayed by error bars. The x coordinate is displayed logarithmically. *nDSF 
reaches its limits at affinities below 200 nM, hence the values of grayed-out peptides are not reliable. 

While the negative control YF9 clearly showed no stabilization (ΔTm = 1 K ± 1 K), the 

positive control NV9 showed a high ΔTm (23.4 K ± 0.6 K) in agreement with published 

data174; this represented the maximum ΔTm possible since NV9 stabilizes the binding 

groove so strongly that upon heating, other domains unfold first (Figure 27)240,262. All other 
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peptides showed an excellent correlation between Kd and ΔTm. Those identified as strong 

binders by their Kd exhibited a ΔTm of at least 6.4 K ± 0.6 K (GV9), while the ΔTm for the 

low-affinity peptides ranged between ≈ 0 K and ≈ 3 K (Figure 31, red area). A closer 

evaluation of the data showed that peptides with a Kd,low < 1 μM also had an increased 

gas-phase stability of the complex at 50 V (dsA2+pep + dsA2+pep+pep > 35%) and 

presented only negligible amounts of dsA2+erucamide at any voltage. Therefore, we 

defined all peptides that fall within this range as strong binders for dsA2 (Figure 31, white 

area). These results demonstrated that by simply comparing the intensities in the native 

mass spectrum, it is possible to determine the Kd and hence high-affinity epitopes for HLA-

A*02:01. 

3.3.1.2 Neutralizing the terminal charges of the peptide reduces binding 

efficiency 

 
Figure 32 | Determining the binding affinities of charge-reduced NV9 variants to dsA2. 
The AUC was determined over the entire spectrum for the respective mass species at an acceleration voltages of 10 V. 
The cone voltage was kept constant at 150 V. The mean value of the AUC in the presence of the different peptides 
(protein-peptide ratio 1:5) from at least three independent measurements is depicted along with error bars that represent 
the corresponding standard deviation. The corresponding Kd,low is shown for respective peptides. The different complexes 
were assigned in yellow (empty dsA2), light blue (dsA2+pep), dark blue (dsA2+pep+pep), and coral (dsA2+erucamide). 
By modifying only one terminus (Ac-NV9 and NV9-NH2), the affinity of the peptide to dsA2 changed only marginally, but if 
the charges on both termini were neutralized (Ac-NV9-NH2), the peptide binding was greatly reduced. 

Next, the influence of the charged termini of the peptide upon the Kd was analyzed. We 

hereby simulated the binding of deca- or undecapeptides but also peptides with common 

naturally occurring modifications in eukaryotes such as Nα-acetylation263,264. For this 
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purpose, three variants of NV9 were designed: Ac-NV9-NH2 has an acetylated N-terminus 

and an amidated C-terminus, whereas Ac-NV9 and NV9-NH2 each carry only one of these 

modifications. For the dsA2+pep fraction at 10 V, Ac-NV9 and NV9-NH2 showed only a small 

difference from unmodified NV9, with comparable apparent Kd values 

(Kd,low = 0.11 µM ± 0.05 μM and 0.004 µM ± 0.003 μM). Further, no increase of 

dsA2+erucamide was observed (Figure 32; reference spectra in Figure 33). For both 

peptides, the protein-ligand complex was still stable at 50 V (Figure 34). For Ac-NV9, the 

proportion of the occupancy was even higher than for NV9 itself (57% ± 2% and 8% ± 1% 

vs. 40% ± 4% and 1% ± 2%, Table 9, Supplement). 

 
Figure 33 | Analyzing the charge-reduced NV9 variants using native MS. 
Representative charge-deconvoluted spectra of the distinct protein and protein-peptide complex species recorded at an 
acceleration voltage of 10 V. Olive and dark green correspond to the free β2m domain and HC, respectively. Teal 
corresponds to a FHC still attached to a peptide. The different complexes were assigned in yellow (empty dsA2), coral 
(dsA2+erucamide), light blue (dsA2+pep), and dark blue (dsA2+pep+pep). 

Remarkably, all modified peptides had an increased double occupancy. For the previously 

discussed peptides, dsA2+pep+pep was significantly lower with the result that correction 

for nonspecific clustering reduced it to a value below the threshold of meaningful signal. 

For Ac-NV9, this effect was significant, since even at 50 V the proportion of dsA2+pep+pep 

(dark blue) was still 8% ± 1% indicating altered clustering or self-interaction. This clearly 

showed the benefit of the indirect erucamide approach. 

However, the stabilization effect on dsA2 in a 1:10 thermal denaturation approach was 

rather moderate for Ac-NV9 (ΔTm = 7.5 K ± 0.8 K), while it was very strong for NV9-NH2 

(ΔTm = 14.6 K ± 0.6 K), indicating that the N-terminus has more relevance for tight peptide 

binding than the C-terminus. For Ac-NV9-NH2, the affinity decreased significantly 
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(Kd,low = 7 µM ± 3 μM) due to the dual modification, and at an acceleration voltage of 50 V 

the complex was no longer stable. The nDSF measurements likewise showed that the 

stabilization effect (ΔTm = 2.7 K ± 0.6 K) is rather weak. At the same time, there was no 

significant increase in double binding events. In summary, NV9-NH2 was far better rated in 

terms of affinity and stabilizing effect (Figure 30 and Figure 31), but Ac-NV9 still fell into 

the category of a strong binder. For Ac-NV9-NH2, which no longer carries terminal charges, 

a loss of binding efficiency was observed, indicating that the respective hydrogen bonds 

are indispensable in the formation of the pMHC. 

 
Figure 34 | dsA2 and charge-reduced NV9 variants at higher collision energies. 
The AUC was determined over the entire spectrum for the respective mass species at acceleration voltages of 25 V (solid 
colors) and 50 V (diagonal pattern). The cone voltage was kept constant at 150 V. The mean value of the AUC in the 
presence of the different peptides (protein-peptide ratio 1:5) from at least three independent measurements is depicted 
along with error bars that represent the corresponding standard deviation. The different complexes were assigned in 
yellow (empty dsA2), coral (dsA2+erucamide), light blue (dsA2+pep), and dark blue (dsA2+pep+pep).  

3.3.1.3 NV9 truncations disclose preferred binding positions in the peptide 

Since the anchor residues do not determine affinity alone, the effect of stepwise truncation 

of NV9 from either terminus on binding was analyzed. Building on the knowledge from the 

dsA2+NV9 crystal structure2,174, the peptide-binding groove can thus be mapped and 

further understood. In vivo, MHC-I predominantly binds peptides with a length of eight to 

eleven amino acids265,140,235. It is therefore not surprising that octa- and nonapeptides 

showed the highest affinity (Figure 35 and Table 10, Supplement). Still, the effects of the 

loss of either terminal amino acid were strikingly different. Without the N-terminal 

asparagine (LV8), the affinity (Kd,low = 0.07 µM ± 0.06 μM) was still comparable to NV9, 

with considerable thermal stabilization (1:10, ΔTm = 11.6 K ± 0.6 K). At 50 V, dsA2+LV8 

even appeared to be more stable than dsA2+NV9. In contrast, loss of the C-terminal valine 

(NT8) strongly decreased affinity (Kd,low = 30 µM ± 20 μM). The erucamide was no longer 

fully displaced by NT8, only a small fraction of the protein+peptide complex was resistant 
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to 50 V acceleration voltage, and no significant stabilization effect (ΔTm = 3.1 K ± 0.6 K) 

was measured. Thus, the interactions of the C-terminal amino acid, an anchor residue, are 

more important for overall binding than those of the N-terminal amino acid. However, when 

the second amino acid from the N-terminus, leucine, was also eliminated (VV7), affinity and 

stabilization were strongly diminished as expected, since the second position is an anchor 

residue. Strong binding between peptide and A2 only occured if both B and F pockets are 

occupied with peptide side chains. 

 
Figure 35 | Determining the binding affinities of truncated NV9 variants to dsA2. 
The AUC was determined over the entire spectrum for the respective mass species at an acceleration voltages of 10 V. 
The cone voltage was kept constant at 150 V. The mean value of the AUC in the presence of the different peptides 
(protein-peptide ratio 1:5) from at least three independent measurements is depicted along with error bars that represent 
the corresponding standard deviation. The corresponding Kd,low is shown for respective peptides. The different complexes 
were assigned in yellow (empty dsA2), coral (dsA2+erucamide), light blue (dsA2+pep), and dark blue (dsA2+pep+pep). 
Octa- and nonapeptides had the highest binding efficiency in accordance with their biological function. Without the anchor 
residues L2 and V9 in a truncated NV9 variant, the affinity decreased drastically. A terminal methionine appeared to 
enhance the affinity of the peptide to dsA2. 

Still, the difference between GV9 and LV8 pointed towards an additional contribution of 

the other amino acids that is in sum larger than the N-terminal contribution. While none of 

the examined tetra- to heptapeptides were strong binders, VV7, still containing the C-
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terminal anchor residue V9, performed worse than NA7, which in contrast carries L2. NA7 

displaced more of the erucamide, and at 50 V, significantly more NA7 than VV7 was 

observed (Figure 36). Thus, L2 appeared to impart stronger binding than V9. Curiously, the 

N-terminally truncated pentapeptide MV5 performed significantly better than the 

corresponding hexa- (PV6) and heptapeptides (VV7). The increased proportion of 

dsA2+MV5 at 50 V (Figure 36) and the simultaneous occurrence of dsA2+MV5+MV5 (dark 

blue bars, Figure 35) strongly suggested that MV5 occupies an additional binding site 

within the peptide-binding groove. Because this effect was not apparent for the smaller 

VV4, the terminal methionine seemed to be decisive. Since no increased dual occupancy 

was observed for NM5, and binding at 50 V was weaker than for MV5, it seemed that the 

terminal methionine as such is not determinant on its own, but rather the relative position 

within the peptide. Considering the tetrapeptides, again the N-terminally truncated peptide, 

VV4, bound better than the C-terminally truncated NP4 at all acceleration voltages, pointing 

to the positioning of the erucamide within the peptide pocket. While NP4 carries only the 

anchor peptide L2, it seemed that VV4 has a higher chance to bind to the dsA2 peptide 

groove due to its two terminal valines. 

 
Figure 36 | dsA2 and truncated NV9 variants at higher collision energies. 
The AUC was determined over the entire spectrum for the respective mass species at acceleration voltages of 25 V (solid 
colors) and 50 V (diagonal pattern). The cone voltage was kept constant at 150 V. The mean value of the AUC in the 
presence of the different peptides (protein-peptide ratio 1:5) from at least three independent measurements is depicted 
along with error bars that represent the corresponding standard deviation. The different complexes were assigned in 
yellow (empty dsA2), coral (dsA2+erucamide), light blue (dsA2+pep), and dark blue (dsA2+pep+pep).  
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3.3.1.4 The binding groove may be occupied simultaneously by two short 

peptides 

 
Figure 37 | Detected dsA2 mass species in presence of two corresponding truncated NV9 variants. 
The native MS data suggested that the truncated peptides did not bind cooperatively as the amount of dsA2+pep1+pep2 
remained small in all measurements. Rather, the affinity of the individual peptides was independent of each other. The 
AUC was determined over the entire spectrum for the respective mass species at 10 V. The mean value of the AUC in the 
presence of the different peptides (protein-peptide ratio 1:10:10) from at least three independent measurements is 
depicted along with error bars that represent the corresponding standard deviation. Yellow corresponds to the empty 
disulfide mutant complex (dsA2), light blue to dsA2 bound to one peptide (dsA2+pep1), dark blue to dsA2 bound to two 
molecules of this certain peptide (dsA2+pep1+pep1), purple to dsA2 bound to another peptide when two different 
peptides were present (dsA2+pep2), dark red to dsA2 bound to two molecules of the second peptide (dsA2+pep2+pep2), 
green to dsA2 bound to one molecule of each of both peptides (dsA2+pep1+pep2) and coral to dsA2 bound to the 
erucamide respectively. 

Next, the simultaneous presence of two peptides in the binding pocket was further 

investigated266. Since native MS measures the binding of either peptide independently of 

the presence of the other in a single experiment, this allowed us to assess whether peptide 

binding to the two ends of the peptide-binding groove is cooperative. The truncated 

peptides of NV9 were combined with their corresponding counterparts from the opposite 

terminus. 

Two short peptides that bind to different sites in the binding groove could either bind 

independently without any communication between the binding sites or in a cooperative 

manner, where the two binding sites communicate by a conformational or dynamic change 

in the protein and one peptide stabilizes (or destabilizes) the binding site for the other, 

such that the binding affinity for the second peptide is higher (or lower) in presence of the 

first. Figure 37 shows single and double occupancy in native MS measurements for either 

peptide and for both together. The affinities of the two individual peptides found earlier are 

reflected well in this combined experiment. 
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Figure 38 | Tm of dsA2 in presence of two corresponding truncated NV9 variants. 
nDSF was employed to study thermal denaturation of dsA2 in presence of two peptides at once. 2 μM dsA2 were 
combined with either exclusively the N- (teal) or C-terminal peptide (blue) or both peptides together (purple) at different 
concentrations. Results for ∆Tm along with respective standard deviations are displayed. 

No double-occupied complex could be detected in the pairing of the pentapeptide NM5 

and the hexapeptide PV6, presumably, due to spatial restriction. In the other combinations, 

dsA2+pep1+pep2 was detected. Yet only when MV5 is involved in the binding, the complex 

could withstand higher acceleration voltages. It was assumed, however, that this is not due 

to a cooperative binding between NP4 and MV5, NM5 and MV5 or NV6 and MV5, but can 

rather be explained by the higher affinity of MV5 described above. Remarkably, VV4 
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achieved a significantly higher occupancy when combined with the corresponding 

hexapeptide (NV6), which was not the case for NP4 with PV6. This once again suggests 

that VATV appears to have more binding options due to its two terminal valines. In addition 

to the native MS measurements, nDSF measurements were performed with higher peptide 

excess to evaluate whether two peptides are able to synergistically stabilize dsA2. 

 
Figure 39 | Synergistic stabilization of dsA2 in presence of two corresponding truncated NV9 variants. 
The matrix visualizes the changes of Tm in case half of the peptide amount was either exchanged for the corresponding 
N- (teal) or C-terminal (blue) peptide respectively or alternatively omitted. Teal marks the occurrence of major N-terminal 
stabilization whereas, for the light blue cells, the complex was primarily stabilized by the C-terminal peptide. Purple cells 
show peptide coupling with a significant synergistic effect or potential synergy (light purple). For respective peptide pairs, 
the Kd,low is shown in brackets. 

The Tm of dsA2 exposed to one of the truncated NV9 variants (Figure 38) was compared to 

the resulting Tm with two peptides, while the ratio of protein to total peptide concentration 

was kept constant at 1:1000. If no synergistic effect occured, then the resulting Tm was 

expected less than or equal to that of the peptide complex with higher affinity. In line with 

the native MS results, most peptide pairs did not show additional stabilization by peptide 

combinations. Only for NP4 and VV4 (and to a lesser extent for NP4 and PV6), a higher Tm 

was measured for both peptides together, which demonstrated that dsA2 can be stabilized 
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by two shorter peptides in a synergistic fashion if they do not compete with each other for 

binding (Figure 39). 

Once again, MV5 stood out particularly in this experiment. Two parts of MV5 provided 

significantly more thermal stability to dsA2 than one part of MV5 together with one part of 

one of either of the corresponding N-terminal peptides, again suggesting that MV5 can bind 

into two positions in the binding groove. Taken together, these observations suggested that 

the unfolding of MHC-I (or at least of the disulfide mutant) can begin at either end of the 

peptide-binding groove and that the opposite ends of the groove cannot communicate 

conformationally, which was already described for the corresponding wild type222. 

 
Figure 40 | dsA2 and two corresponding truncated NV9 variants at higher collision energies. 
The AUC was determined over the entire spectrum for the respective mass species at acceleration voltages of 25 V (solid 
colors) and 50 V (diagonal pattern). The cone voltage was kept constant at 150 V. The mean value of the AUC in the 
presence of the different peptides (protein-peptide ratio 1:10:10) from at least three independent measurements is 
depicted along with error bars that represent the corresponding standard deviation. The different complexes were 
assigned in yellow (empty dsA2), light blue (dsA2+pep1), dark blue (dsA2+pep1+pep1), purple (dsA2+pep2), dark red 
(dsA2+pep2+pep2), green (dsA2+pep1+pep2), and coral (dsA2+erucamide). 

3.3.2 Discussion 

While only wild type pMHC had been studied by native MS so far267, we have recently 

demonstrated that peptides added to empty disulfide-stabilized MHC-I molecules can be 

detected as well2. This work shows that this method, being fast and amenable to high-

throughput approaches, can be used to measure MHC-I peptide-binding affinities and to 

map the contributions of parts of the peptide to high-affinity binding. 

Our data affirmed the key interactions between dsA2 and its high-affinity ligand NV9 that 

were described previously268–270: The termini as well as L2 and the C-terminal V9, both 

binding into specific pockets, contribute the major portion of the binding energy. For the 

F pocket, it is well established that V or L are the strongest anchor residues with V being 
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the more preferred one, but our data suggest that MVATV can also stabilize the B pocket 

via its first valine similarly and possibly even simultaneously.  

 
Figure 41 | Favored amino acid positions within the HLA-A*02:01 peptide-binding pocket. 
Native MS confirmed L2 in the B pocket and V9 in the F pocket respectively as the main anchor positions of the pMHC. 
The analysis of truncated NV9 variants reveals that V2 is also a favored binding site. Moreover, M5 or V5, as well as V6, 
also contribute significantly to binding under certain circumstances. Among the anchor residues, L2 contributes 
significantly more to the binding than V9. Concerning the termini, the N-terminus is of greater importance for binding than 
the C-terminus. 

The extraordinary thermal stabilization observed for dsA2+MV5, especially in comparison 

with potentially synergistic peptide pairs, gives rise to the assumption that even more than 

two binding modes are available for MV5. As reported before215, along with leucine and 

methionine, valine is indeed one of the amino acid residues preferred by the HLA-A*02:01 

and moreover by the entire A2 supertype as an anchor residue in the second position. Since 

proline in the N-terminal position was found to be a deleterious factor for binding, this could 

explain the poor performance of PV6 in our experiments despite the preferred methionine 

in the second position. Surprisingly, NV6 scored low in all our tests despite having leucine 

in the second position and a C-terminal valine. Given the two different binding modes, at 

least a higher proportion of singly-bound species would be expected here, similar to MV5, 

for statistical reasons. A potential explanation could be self-competition of the peptide for 

the two separate binding sites. Based on their sheer size, two NV6 molecules sterically 

hinder each other as opposed to the pentapeptide MV5. 

As previously demonstrated2, the F pocket can be occupied by GM with methionine as 

anchor residue. Methionine in the C-terminal position is not preferred but only tolerated by 

HLA-A*02:01, as reported before215. Compared to MV5, which could bind with either valine, 

the second pentapeptide, NM5, therefore did not show the same strong binding behavior 

in our experiments. PARKER et al.269. claimed that GLGGGGGGV, carrying the minimal 

binding motif, is not sufficient for the stabilization of HLA-A*02:01. However, GV9 bound 

well in our native MS experiment, and GV9 also increased thermal stability. Nevertheless, 
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the weaker binding compared to NV9 showed that other amino acids contribute 

substantially to the binding energy. From the shorter peptide-binding data, we propose that 

the disulfide-stabilized MHC-I molecule has at least two positions that can be stabilized 

independently upon peptide binding (Figure 41). Our findings with modified peptide termini 

support published observations140 that the single-modified nonapeptides can indeed 

stabilize MHC-I, albeit to a lesser extent. In contrast, the weak binding of the double-

modified Ac-NV9-NH2 confirmed that one of the termini needs to be intact to form strong 

binding to either of the outer pockets. Thus, for example, undecapeptides with an overhang 

on both sides will have reduced affinity, as neither of the termini is intact. According to our 

data, the short, truncated peptides, which are unable to bind using both termini due to 

spatial limitations, could also stabilize their respective binding pocket individually, once 

again supporting our hypothesis concerning the independent stabilization of A and 

F pocket. 

Binding of lipophilic small molecules into the MHC-I binding groove has been shown several 

times, sometimes quite tightly and (because of alteration of the bound peptidome) with 

medical consequences215. In our MHC-I samples, erucamide was identified as the most 

prevalent contaminant, most likely from plastic ware243. It appeared to bind specifically into 

the peptide-binding groove, since it is displaced by peptides. An alternative explanation, 

binding outside the groove and displacement by a peptide-induced conformational change, 

we consider less likely due to the structural similarity of empty and peptide-bound dsA22. 

Thus, erucamide was used as a reference species to estimate the Kd of the peptides: an 

increase of dsA2+pep with a simultaneous decrease of dsA2+erucamide demonstrated 

that the corresponding peptide actually occupied the space in the peptide pocket due to 

its affinity to dsA2 instead of just clustering nonspecifically on the protein. Interestingly, 

other lipids have been shown to bind MHC-I271,272, and since erucamide and related 

compounds are present in nutritional plants273 and produced by E. coli274, the binding 

could have biological relevance worth investigating. 

HLA-A*02:01 is one of the most prevalent A2 allotypes among Caucasians and Asians, and 

it has been shown that high binding affinity to A*02:01 correlates with binding affinity to 

the entire A2 supertype, making A*02:01 a suitable candidate for comprehensive peptide 

screening215. Epitope-based peptide vaccines offer various advantages regarding 

production, stability, and mutation risk. However, since HLA exhibits a strong 

polymorphism, the search for relevant, allele-spanning peptides has so far been 

challenging215. With native MS, we have wide latitude in our approach to identify and 
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analyze potential epitopes. Measurements at low acceleration voltages yielded good 

estimates for the peptides’ binding affinities. In contrast, prediction tools such as NetMHC 

cannot predict the Kd for shorter or modified peptides. Furthermore, we noted 

inconsistencies between our data and the affinities predicted by NetMHC. While this is 

reasonable in terms of the numerical values, the relative affinities for our fairly large 

number of peptides were also incongruent with the predictions (Table 10, Supplement). 

Moreover, the affinities determined by native MS and iDSF were in the same order of 

magnitude and correlate well. Thus, our work showed that the accuracy of affinity ranking 

by artificial neural networks needs to be debated. 

Our measurements at higher energies yielded a simple test for strong peptide binding. We 

show that pMHC gas-phase stability is mainly determined by side chain interactions within 

the B and F pockets as well as by binding of the peptide termini. At an acceleration voltage 

of 50 V, only strongly bound ligands were retained. This value hence served as a cut-off 

value in our native MS approach that could easily be employed in a native MS-based 

screening. Apart from some attempts275–277, there is currently no high-throughput method 

for the identification of MHC-I binding peptides with immunogenic potential that is 

elaborated and reliable. Still, such high-throughput screenings are the ultimate key to the 

development of synthetic peptide vaccines that offer decisive advantages over 

conventional vaccines, as there is a lesser risk of unwanted host responses, no possibility 

of reversion to pathogenic phenotypes, and no limitation for target diseases214,278,279. 

Vaccine production is rather easy and detached from the natural source itself, which may 

be challenging to culture214,278. The greatest advantage of peptide vaccines lies in their 

stability. Especially in the context of the SARS-CoV-2 pandemic, mRNA vaccines have 

become very popular. However, especially these and other conventional vaccines are highly 

dependent on a continuous cold chain, whereas peptides show long-term thermal 

stability214,279,280. This feature is of particular importance, as the need for vaccination is 

often especially high in tropical and hot climates with limited medical infrastructure. Taken 

together, our work provides a valid, sensitive, and rapid method to determine the Kd of the 

MHC-I-peptide complex and also the basis to develop a novel high-throughput peptide 

screen for MHC-I epitopes. Since our technique is based on MS, it allows working with very 

low sample consumption, and it also offers the possibility of simultaneous multi -species 

analysis. 
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3.4 Establishing a high-throughput peptide screening 

Parts of the following chapter are in preparation for publication: 

Kopicki, J. D., Springer, S., & Uetrecht, C. (in preparation). 

3.4.1 Results 

As MHC-I has already been characterized in detail in the previous chapters (3.2 & 3.3) and 

having demonstrated in particular that native MS is wonderfully suitable for providing 

qualitative as well as quantitative information on MHC peptide binding, we can now finally 

address the elaboration of an actual peptide screening, the prospective benefits of which 

have already been discussed previously. Once again, method development will be 

demonstrated using HLA-A*02:01 or its disulfide-stabilized counterpart as the exemplary 

MHC molecule. 

 
Figure 42 | The idea for peptide screening using native MS. 
An MHC molecule in MS-compatible solution is incubated with the peptide pool in question and the mixture is analyzed 
with a mass spectrometer. The signals of the empty MHC and the different pMHCs are simultaneously displayed in the 
spectrum. The peak intensity reflects the affinity of the respective peptide ligand to the MHC molecule of interest. Based 
on the mass comprised of MHC and peptide, the peptides with the best binding properties can be accurately assigned. 
In the example spectrum, this would be the peptide shown in blue with the sequence SMWSFNPET, a peptide from the 
M protein of SARS-CoV-2. 

The ideal peptide screening for MHC-I should, above all, work quickly and with a high 

throughput rate while using only low amounts of sample; implementation and application 

should ideally be simple and inexpensive, and at best the process should even be 

automated. In the native MS approach (Figure 42), we strive to measure a mixture of the 
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MHC molecule of interest together with a pool of potential binding peptides and 

immediately identify the most affine candidates from the spectrum based on the peak 

intensities of the different pMHCs without bias. 

3.4.1.1 Charge state 13+ best resembles in-solution conditions 

All spectra analyzed for this work, when measured under the same conditions, showed the 

same distinct distribution of charge states. The charge state envelopes of the empty and 

peptide-bound MHC overlapped but are not congruent – there are clear differences 

depending on the charge state when comparing the respective signal intensity ratio of 

empty and peptide-bound MHC (Figure 43, full spectrum). While the relative intensity ratios 

of different pMHCs within a sample mixture did not differ significantly between charge 

states, the occupancy rate of the MHC molecule did vary a lot (cf. deconvoluted spectrum, 

12+ and 13+ in Figure 43). Here, the fraction of pMHC decreased with declining charge 

state. Among all clearly prominent charge states, the 13+ was the one with the highest 

fraction of peptide-bound MHC molecule. As discussed earlier, in equimolar or 

superstoichiometric presence of affine peptides, high or complete occupancy of MHC 

molecules is expected when in solution. Thus, this native state was best represented by 

the 13+ charge state. In-source dissociation of the ligand resulted in the loss of one charge 

as the peptide drags it along explaining the higher proportion of empty MHCs at lower 

charge states. We therefore observed the least gas-phase and dissociation effects and 

consequently the best representation of the pMHC composition in solution at 13+, which 

allowed us to neglect the other charge states. By this, we avoid further steps like 

deconvoluting the spectrum providing a clear read-out of the intensity distribution directly 

from the regular spectrum. In the following, therefore, all further evaluation steps are based 

solely on the 13+ charge state. 
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Figure 43 | Charge state 13+ best resembles in-solution conditions. 
Different spectra of the same measurement of 10 µM dsA2 together with the SARS-CoV-2 derived peptides N-YL10, M-
ST9, S-FV10 and S-YL10 (10 µM each) are displayed. The latter was not detectable in bound form due to its low affinity 
for dsA2. The overview spectrum shows the most prevalent charge states 13+, 12+ and 11+. The level of occupancy of 
the MHC molecule decreased with decreasing charge state due to dissociation effects. The deconvoluted spectrum thus 
gives the average occupation level over all charge states – unlike the native state in solution, plenty of free MHC could 
be seen. Though, compared to 12+ and 13+, no differences concerning the relative intensities of the different pMHC 
fractions were observed. Hence, the only differences were in the degree of occupancy. Since at 13+, this degree was 
closest to the in-solution state, we neglected all other charge states and read the intensities exclusively from this m/z 
range. 
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3.4.1.2 Saving time during buffer exchange 

The crucial step in sample preparation for native MS is the exchange of the buffer  

environment to a volatile and thus MS-compatible buffer surrogate such as ammonium 

acetate. Usually, this is also the most time-consuming step. In terms of a high-throughput 

screening, this step therefore offers great potential for saving time. For this reason, the 

first test was to determine whether combining MHC and peptides before or after BEX made 

a significant and effective difference. Two different mixtures of peptides – one with lower 

and one with higher average affinity – were assessed. Comparing the spectra for both BEX 

procedures, it was evident, especially with the low-affinity mix, that the overall occupancy 

of the protein decreased substantially (Figure 44). 

 
Figure 44 | Saving time during buffer exchange. 
10 µM wtA2 was incubated with 50 µM of each peptide – GV9, LV8, NA9, NV9 and YF9 vs. NV9, GL9, AV9 (not visible), 
YF9 and FV9. The intensities of resulting pMHCs were compared. The components were mixed either before or after BEX 
for both peptide pools. For the spectra on the left, the high-affinity peptide NV9 was incubated with wtA2 together with 
the lower affinity peptides GV9, LV8, NA9 and YF9. The right side shows NV9 with two other high-affinity peptides (GL9 
and FV9). The associated bar plots show the mean percentages of all peptide-bound MHC complexes based on the 
respective peak intensities of the 13+ charge state from at least three different measurements. The error bars symbolize 
the corresponding standard deviations. The teal columns show the intensity ratios for the measurements where BEX was 
performed only after incubation of protein and peptides. The dark pink columns show those where incubation happened 
after BEX. 

For the high-affinity mix, the total occupancy decreased just slightly when BEX occured after 

incubation of MHC, here wtA2, and peptide mixture. However, neither observation is 

relevant in terms of a successful screening approach as long as the intensity ratios among 

the pMHCs do not change. The changes observed are either not significant or minimal, as 

indicated by the graphs accompanying the spectra. In the case of LV8, the occupancy level 
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changed from 18.3% ± 0.9% to 12% ± 1%, and in the case of NV9, there was a change 

from 45% ± 1% to 52% ± 2%, depending on whether incubation or BEX was performed first. 

The fact that regardless of the procedure, the good binding partners could be reliably 

distinguished from the bad ones and that the best candidates were easily identified within 

the peptide pools supports the strength of the overall method. As a result, it is perfectly 

sufficient to exchange the buffer of the MHC protein of interest prior to screening and then 

add the respective peptides in the desired combinations directly ahead of the 

measurement. As mentioned, this saves a lot of time and allows much more flexibility with 

respect to the composition of the ligand pools. 

3.4.1.3 Selecting a suitable mass spectrometer 

 
Figure 45 | Selecting a suitable mass spectrometer. 
The spectrum must be sufficiently resolved – like the top spectrum, which was recorded an Orbitrap™-bearing instrument 
(QE-UHMR) – to allow an easy and quick readout of relative affinity from the spectrum directly based on the peak heights 
of the pMHC signals. With insufficient resolution, as in the bottom Q-Tof 2 spectrum, low signals (here S-FV10) may be 
masked by those with high intensity (here M-ST9), making them difficult or impossible to detect. Both spectra were 
recorded with comparable energy settings (1.45 V at the capillary, 50 V in the collision cell), and dsA2 and all peptides 
(N-YL10, M-ST9, S-FV10 and S-YL10) had equimolar concentrations in both measurements (10 µM each). 

Experimentation was performed in parallel on two mass spectrometers, the Q Exactive™ 

UHMR Hybrid Quadrupole Orbitrap™ (QE-UHMR; Thermo Fisher Scientific) and the Q-Tof 2 

(Waters/Micromass), to test robustness and universality of the method. As expected, the 

measurements on the QE-UHMR, which employs Orbitrap™ technology, all yielded spectra 
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with significantly better resolution. Although, as seen in the two example spectra in Figure 

45, the ratio of relative peak intensities appears to be the same for both instruments, the 

lack of resolution on the Q-Tof 2 is critical, as the higher FWHM causes peaks to overlap. 

Consequently, if peptide masses and resultant m/z are rather close to each other, weaker 

signals will be lost in the large peaks and cannot be detected. This was the case for peptide 

S-FV10 in the example below, which could not be discriminated from the peptide 

corresponding to the main peak (M-ST9). The instrument must have sufficiently high 

resolution to ensure that the pMHCs of the entire ligand pool can be imaged simultaneously 

in terms of rapid screening. Further details of how the method can reach its limits in terms 

of resolution and how the problem can be circumvented are given below in Chapter 3.4.1.8. 

All the following data shown in this thesis were generated by measurements on the QE-

UHMR. 

3.4.1.4 Choosing suitable temperature and energy settings 

In the following, the optimal energy and temperature settings of the mass spectrometer 

are evaluated for both instruments in use. In the complex instruments, there are of course 

various variables to establish a stable spray to represent the native environment. As shown 

in the previous chapters, suitable settings for well-resolved display of intact pMHCs have 

already been found. However, these were evaluated again for their suitability with respect 

to the peptide screening. In general, mild settings reflect the in-solution environment better 

due to smaller dissociation effects. The MHC-protein complex tends to remain intact, and 

more peptides occupy the binding pockets (cf. Chapter 3.3.1). Harsher conditions have the 

advantage that peptides clustering outside the binding pocket to the protein – i.e., not 

representing real binding – can be easily stripped off. Similarly, peptides with poor affinity, 

in other words weak candidates, that are of no interest in screening anyway, can dissociate 

beforehand. A cut-off value could be set in the energy settings, at which the poorly 

performing peptides would not be detected at all and thus would not need to be evaluated 

further. Capillary temperature, ISD energy and collision energy are the variables that have 

the strongest impact with respect to the requirements mentioned above. In the previous 

chapters it was already shown how a change of the collision energy is manifested in the 

spectrum. If the acceleration voltage was higher than 50 V, the proportion of CID products 

was too high to ensure sufficient peptide-binding analysis. At lower voltages, the resolution 

was insufficient and the risk of detecting nonspecific binding was higher. With 50 V in the 

collision cell, we have thus found a good compromise that meets the demands of the 

screening. 
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Figure 46 | Impact of the ISD energy. 
10 µM dsA2 was incubated with 50 µM of each peptide – NV9, GL9, AV9 (not visible), YF9 and FV9. Measurements were 
performed on a QE-UHMR at 1.45 V and 50 °C at the capillary and 50 V in the collision cell. The ISD energy was increased 
stepwise from 0 eV to 129 eV (some intermediate steps are left out). This series of measurements showed that the ISD 
energy had no effect on the intensity ratios. Depicted is the 13+ charge state respectively. 

Next, the impact of the ISD energy was assessed. The energy was gradually increased from 

0 eV to a maximum of 129 eV (Figure 46). Apparently, the increase in ISD energy had no 

effect on the resulting spectra. The overall occupancy remained unchanged and the 

relative intensity ratios were constant, which is why we decided to use the mildest setting 

(0 eV) throughout all further measurements. Using the QE-UHMR, it was also possible to 

vary the temperature of the capillary. As shown in Figure 47, the temperature was 

increased from 50 °C to 300 °C in 50 K steps. The analysis clearly showed that 50 °C was 

the best setting for our purpose, since the degree of occupancy is drastically reduced at 

higher temperatures. The temperature therefore had a strong effect on peptide binding. 

Here, mild settings are certainly more beneficial for the screening approach. 
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Figure 47 | Impact of the capillary temperature. 
10 µM dsA2 was incubated with 50 µM of each peptide – NV9, GL9, AV9 (not visible) YF9 and FV9. Measurements were 
performed on a QE-UHMR at 1.45 V at the capillary and 50 V in the collision cell. In-source energy was set to 0 eV. The 
temperature of the capillary was increased stepwise from 50 °C to 300 °C (some intermediate steps are left out). This 
series of measurements shows that the capillary's temperature had a strong influence on the intensity ratios of the peaks. 
If the temperature was above 50 °C, there was a large drop in the peptide occupancy rate. Depicted is the 13+ charge 
state respectively. 

3.4.1.5 Choosing the optimal peptide concentration 

The peptide concentration best suited for the screening approach was examined. Different 

peptide pools were tested both equimolar (10 µM each) and superstoichiometric (10 µM 

MHC vs. 50 µM for each peptide) to the MHC molecule. In general, higher (ligand) 

concentrations in native MS entail the risk of nonspecifically bound spray-induced artifacts. 
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This effect was also seen in the lower spectrum (Figure 48), where the peptides are present 

in 5-fold excess. The peaks in the range between m/z = 3500 and m/z = 3550 

corresponded to the respective complexes, which carried a further peptide mass in addition 

to their specifically bound peptide ligand. As already discussed in the previous chapter, 

given the steric limitations within the peptide pocket, this was likely nonspecific clustering 

providing no additional value in terms of the screening. Direct comparison of the spectra 

showed that in presence of a high peptide excess the total occupancy of dsA2 was slightly 

higher and the signals of the low-affinity peptide complexes (here primarily S-FV10) were 

somewhat more prominent, which may also have arisen from nonspecific clustering. 

 
Figure 48 | Choosing the optimal peptide concentration. 
10 µM dsA2 was incubated with SARS-CoV-2 derived peptides N-YL10, M-ST9, S-FV10 and S-YL10. Measurements were 
performed on a QE-UHMR at 1.45 V at the capillary and 50 V in the collision cell. Protein concentration was kept constant 
while the concentration of each peptide was either 10 µM or 50 µM. Depicted is the 13+ charge state respectively. The 
overall appearance of both spectra is very similar. However, the degree of occupancy of MHC molecules and the 
occurrence of nonspecific peptide clusters increased with higher peptide concentrations – visible between m/z = 3500 
and m/z = 3550. 

Otherwise, both spectra appeared very similar. The peptide with the highest affinity in the 

peptide pool, M-ST9, was identified unambiguously. The weakly binding peptides, N-YL10 

and S-FV10, showed comparable poor relative intensity in both measurements. S-YL10, 

which was also included in the peptide mixture, was not detected on either occasion due 

its low affinity. In summary, higher peptide concentration did not improve accuracy and 
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efficiency of the screening at all. There were fewer ESI artifacts when MHC and peptides 

were equimolar, yielding an image of primarily specific binding events. 

 
Figure 49 | Substoichiometric peptide concentration allows for determination of unbiased affinities. 
This time, 10 µM dsA2 was incubated with just 1 µM of each peptide (N-YL10, M-ST9, S-FV10 and S-YL10). 
Measurements were performed on a QE-UHMR at 1.45 V at the capillary and 50 V in the collision cell. Depicted is the 
13+ charge state respectively. We saw a drastic reduction of the population because there were now significantly more 
MHC molecules than ligands in the mixture. If only the occupied dsA2 were considered, we saw the affinity of the 
individual peptides represented by the peak height unaffected by ligand competition or ESI artifacts. 

However, if the overall peptide concentration is lower than the concentration of the protein, 

then theoretically all peptide pockets can be filled, which would eliminate any competition 

effects, and thus the binding affinities of the individual peptides, as the only limiting factor, 

would be reflected completely unbiased in the signal heights. The result of such a 

measurement is shown in Figure 49. Here, as before, the protein concentration was 10 µM 

and the concentration of each peptide in the mixture was 1 µM. There were four peptides 

in the mixture, i.e., the ratio was 10:1:1:1:1. With this vast excess of protein, a much larger 

percentage remained without ligand, hence a strong signal for empty dsA2 was observed 

this time. In contrast to what was described earlier, however, the low abundance of the 

peptide-bearing MHC molecules in this case did not result from energy-induced 

dissociation, but only due to the molar ratios, and is therefore not to be interpreted as a 

flaw. It was sufficient to focus on the MHC fraction binding peptides – in the range between 

m/z = 3420 and m/z = 3480 for the example in Figure 49. Not surprisingly, once again we 

saw that the peak corresponding to MHC+[M-ST9] had the highest intensity. Interestingly, 

the signal heights of the complexes binding N-YL10 and S-FV10, respectively, relatively 

decreased to some extent, again supporting the hypothesis on clustering effects at high 

peptides concentrations, but they could still be detected. As intended, at a total peptide 

concentration lower than that of the MHC, we obtained a simultaneous reflection of the 
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unbiased affinities of all ligands in the mixture as both competition effects and ESI artifacts 

were minimized. 

3.4.1.6 Impact of incubation time and ethanol 

 
Figure 50 | Impact of incubation time and ethanol. 
9.5 µM dsA2 was incubated with 9.5 µM of each of the eight peptides (GV9, LV8, NA9, NV9, AV9, GL9, YF9, FV9) and 
measured immediately (purple), after 3 h (teal), after 12 h (yellow), and after 24 h (light blue) using 1.45 V on the capillary 
and 50 V in the collision cell. The resulting intensities of all appearing MHC mass species in the 13+ peak were plotted 
according to their percentages (top). The entire series of experiments was repeated in the presence of 5% ethanol 
(bottom). Some peptides appeared to bind well initially (e.g., LV8 and NA9) but were then displaced by more affine 
peptides (e.g., GL9 and FV9). Ethanol slightly accelerated peptide exchange. 

As mentioned in the previous section on searching for the appropriate peptide 

concentration (3.4.1.5), if the ligand concentration is too high, meaning if there are more 

ligands in total than available binding sites, competition may occur amongst the peptides. 

We first wanted to test whether the competition is time-dependent, i.e., whether the relative 
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peak intensities of the different pMHCs remain constant or change over time. The 

hypothesis here is that the MHC molecules initially bind the most proximal peptides, but 

subsequently a peptide exchange to higher affinity ligands takes place at  the binding sites. 

Such peptide exchange is known to be catalyzed by different factors – in the case of MHC-

I for example by heat281 or with the help of dipeptides223. For MHC-II, it has been shown 

that small organic molecules such as alcohols promote the exchange282. While the native 

MS experiments for this thesis were designed, our collaborators used nDSF and 

fluorescence anisotropy to address the question of how small molecules affect the 

dynamics of peptide exchange283. To support these experiments, we analyzed the influence 

of ethanol (EtOH) as well. 

Two mixtures of dsA2 and eight different peptides were prepared in parallel, each with a 

concentration of 9.5 µM for all components. In one of the mixtures, 5% EtOH was added, 

while the other was made up accordingly with more ammonium acetate solution. Then, 

using the previously evaluated settings (1.45 V, 50 V), spectra were recorded at different 

time points – immediately after preparation of the protein-peptide solution, after 3 h, after 

12 h, and finally after 24 h of incubation on ice. For all recorded spectra, the percentages 

of total intensity of all dsA2 species – the empty MHC, all pMHC as well as MHC+erucamide 

– within the 13+ charge state were examined (Figure 50). Overall, the intensities of all 

species were heterogeneously distributed according to the peptide affinity. Due to the high 

total peptide concentration (76 µM vs. 9.5 µM dsA2), only few empty dsA2 were present. 

Over time, the fraction decreased even further. Since the peptide pool contained high-

affinity candidates, the MHC+erucamide fraction was also very low or non-existent after 

12 h at the latest. GV9, AV9, and YF9 were consistently low, without any temporal 

dependence observed. NV9 also tended to be in the lower intensity range, and again there 

was no change over time. This is not unexpected for YF9, since this peptide, as shown in 

Chapter 3.3.1, has no significant affinity for dsA2. For NV9, which with its known high 

affinity had previously served as a positive control, but also for GV9 and AV9, which had 

performed well to very well in the single experiment (Kd in Table 10, Supplement), these 

results were very surprising. LV8 and NA9 dropped dramatically over time, while the 

intensity of GL9 and FV9 increased accordingly. This indicated that although LV8 and NA9 

initially bind dsA2 well, as soon as peptides with higher affinity appear, they easily displace 

LV8 and NA9. Thus, it may take time for the MHC molecule to bind the best available 

peptide. The results show that the equilibration may even take longer than 24 h. The 

bottom diagram in Figure 50 depicts the same series of experiments when using 5% EtOH. 
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The intensities' percentage distribution in the immediate measurement (purple) nearly 

coincided with the measurement without EtOH. The occupation of the initially empty MHC 

occured comparably fast in the presence of 5% EtOH, but the exchange of the lower affinity 

peptides (LV8 and NA9) and the simultaneous binding of the high affinity peptides (GL9 

and FV9) was substantially faster. For example, the proportion of dsA2+NA9 after 12 h 

without EtOH is 15.8% ± 0.5%, with only 5.0% ± 1.0%, after 24 h it was 8.2% ± 0.5% 

without, with already as low as 1.6% ± 0.1%. In contrast, the GL9 fraction after 12 h without 

EtOH was at 18.1% ± 0.6%, with already at 22% ± 2%. Another 12 h later it was 19% ± 1% 

without and already 23.6% ± 0.2% when using EtOH. Thus, the addition of 5% EtOH to the 

solution accelerated peptide selection and exchange when peptides were in a competitive 

situation due to a molar deficiency of MHC binding sites. NV9 but also LV8 both performed 

well in the single peptide experiment in terms of binding ability (cf. Chapter 3.3.1.3). The 

Kd,low determined before are also in a similar range – 0.06 µM ± 0.08 µM and 

0.07 µM ± 0.06 µM, respectively. When both peptides were in competition, LV8 bound 

significantly better immediately after the addition of the protein; after equilibrium had been 

reached, significantly more binding sites were occupied by NV9 than LV8. In a competitive 

approach, peptides that bind well can be identified reliably, but there is a risk that other 

peptides, which also have good affinity remain undetected because the signal is 

suppressed by the more affine ligands. However, this problem can be easily circumvented 

by working with the MHC molecule in excess (cf. Chapter 3.4.1.5). That way, there are 

enough binding sites for all peptides and the affinities are directly and temporally 

independently represented by the peak intensity. 

3.4.1.7 Screening low-affinity peptides 

Since there is no high-throughput screening for MHC-I epitopes yet, a rapid alternative, as 

already mentioned above, is the use of neural networks to predict epitopes. However, these 

are only as accurate as the underlying databases. Poor or incomplete data can lead to 

biased predictions. For peptides shorter than the optimal length, Kd predictions can usually 

not be made at all. The same is true for modified peptides. With our method, however, we 

could easily analyze these peptides, as can be seen in Figure 51. Even peptides with very 

low or barely any affinity could be screened reliably. That nonapeptides in particular, which 

are known to bind well anyway, can be evaluated properly, which has now been 

demonstrated several times (top spectrum). GV9, LV8, NA9, YF9 are peptides of optimal 

length for MHC-I (middle spectrum). However, according to the prediction tool NetMHC, 

these have rather low affinities for HLA-A*02:01 (188.84 nM < Kd,th < 26704.52 nM). This 
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was indeed reflected in the overall occupancy of dsA2, the empty dsA2 peak was 

significantly higher than in the spectrum with the high-affinity mix. Nevertheless, we saw 

for each pMHC a nicely separated peak with an intensity corresponding to the respective 

affinity of the ligand to dsA2. Examination of the tetra- and pentamers, which have no 

effective affinity for MHC-I due to their length alone, was even more interesting (bottom 

spectrum). 

 
Figure 51 | Screening low-affinity peptides. 
10 µM dsA2 was incubated with either of three mixtures: “high-affinity peptides” – NV9, GL9, AV9 (not visible), YF9, FV9; 
“low-affinity peptides” – GV9, LV8, NA9, NV9, YF9; “no-affinity peptides” – GG4, VV4, NP4, MV5, NM5. Peptide 
concentration was 10 µM of each peptide. Measurements were performed on a QE-UHMR at 1.45 V at the capillary and 
50 V in the collision cell. Depicted is the 13+ charge state respectively. Even for very short peptides, we could estimate 
affinities easily. 
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As expected, by far the most prevalent species is empty dsA2. A closer look at the region 

between m/z = 3380 and m/z = 3420 revealed the intensity distribution of the very few 

pMHCs. It is striking that MV5 performed significantly better in this mixture in contrast to 

the other pentamer NM5. This is in accordance with the results of the single peptide 

experiments from Chapter 3.3.1.3. In turn, NP4 also bound significantly worse than VV4, 

which is also consistent with the previous analyses. Thus, even for peptides exhibiting very 

low Kd, we could still obtain the individual values from the spectrum. 

3.4.1.8 Is resolution the limit? 

As mentioned earlier when discussing the selection of the appropriate mass spectrometer 

(cf. Chapter 3.4.1.3), resolution can be the bottleneck of this screening approach. 

 
Figure 52 | Facing the limits of resolution for the peptide screening approach. 
Top: 10 µM dsA2 was incubated with 10 µM of each of the peptides GV9, LV8, NA9, NV9, YF9 and FV9. The peptide 
masses Mpep are significantly distinct so that sufficient peak separation for the pMHC signals was achieved with the 
resolving power of the mass spectrometer used. Bottom: 10 µM dsA2 was incubated with 50 µM of a mixture of twenty 
NV9 derivates differing in the amino acid in fifth position. Only three distinct pMHC signals were detected in the range of 
interest. These, however, could not be assigned to the respective peptides with sufficient certainty. 
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One problem may be instrument-specific resolving power or insufficient resolution due to 

a poor electrospray, which in turn can be caused by improper capillaries or an insufficient 

BEX, etc. On top of this, a proper protein quality is crucial for high-quality spectra. But 

leaving these points aside, there can still be problems if there are too many peptides in a 

pool to be tested – but especially if at least two peptides have too similar masses, so that 

the resulting m/z of the corresponding pMHCs are too close to each other. In order to 

evaluate the limits, first, a mixture of six different nonapeptides and one octapeptide was 

analyzed (Figure 52, top spectrum). Concentration of dsA2 was 10 µM as it was for each 

peptide. The peptide masses ranged from 629.66 Da to 1169.24 Da with the lowest mass 

difference of ΔMpep = 28.05 Da. The resulting m/z values were in the range of 

m/z = 3412.67 to m/z = 3454.15, and here the lowest calculated difference between two 

peaks was Δm/z = 2.15. Despite the short distance, the peaks of dsA2+NA9 and 

dsA2+NV9 could be easily distinguished from each other. 

Furthermore, we examined a mix of twenty different variants of the peptide NLVPMVATV. 

The mixture contained equal parts of NV9 derivatives, in which the methionine (M5) of the 

peptide was replaced with all possible essential amino acids. For this sample, the 

maximum m/z range for all pMHCs (Δm/z = 9.93) and also the minimum differences 

between two individual masses or m/z values were significantly lower – ΔMpep = 0.04 Da 

and Δ(m/z) < 0.00. The two peptides whose M5 have been substituted by leucine and 

isoleucine were not even included in this calculation, since the two amino acids have the 

same molecular mass anyway. For this experiment, the protein’s concentration was 10 µM 

with a total peptide concentration of 50 µM, i.e., 2.5 µM per peptide. We observe 

incomplete occupancy of the MHC, suggesting that several of the NV9 variants lose their 

binding affinity when M5 is substituted. In the range from m/z = 3431.08 to 

m/z = 3441.01 only three fairly separated peaks were detected: 3432.89, 3436.11 and 

3439.53. The first one most likely corresponded to NAV9, which has a theoretical affinity 

of 37.04 nM. The base peak could not be assigned confidently since there were four 

possible candidates (NIV9, NLV9, NNV9 and NDV9) with very similar masses and predicted 

Kd. For the third peak, there were again two peptides worth considering: NRV9 with 

Kd,th = 68.88 nM and NYV9 with Kd,th = 12.75 nM. Unfortunately, with this particular 

situation it was not possible to make more accurate statements about the peptides’ 

affinities by this experimental set-up. 
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3.4.2 Discussion 

Knowledge of the immunopeptidome is the basis for developing both peptide vaccines and 

immunotherapy to treat cancer147,214,278–280,284–287. T cell epitopes include a subset of 

MHC-binding peptides. Thus, the first step in identifying immunogenic epitopes is to search 

for these very MHC-binding peptides. Several methods have already been proposed to 

identify potential T cell epitopes based on predicting or measuring peptide binding to MHC-

I molecules218,288–291. The methods that measure binding usually rely on laborious low-

throughput experiments while algorithmic approaches do not measure actual binding but 

are limited to evaluating the theoretical potential for epitope binding of common MHC 

allotypes292. The algorithms are usually trained with affinity data of in vitro binding 

assays258,293,294. Naturally, efforts to develop high-throughput approaches have already 

been made, such as by HAJ et al. using ultradense peptide arrays277. The screening was 

rapid and could provide large amount of peptide binding data but failed to identify many 

already known epitopes. Mass spectrometry is considered to be the method with the lowest 

bias for the identification of MHC-binding peptides216,295. Apart from our approaches2,4 and 

the efforts of SCHACHNER et al. these MS-based methods are mostly non-native proteomics 

studies216,295. Fragment ions are matched against previously acquired MHC peptidomics 

data. De novo methods are also possible but are less accurate. Another drawback here is 

that some peptides remain undetected due to their poor ionizability or inefficient 

fragmentation296. 

The native MS screening approach for MHC epitopes presented here has great potential to 

fill this gap and counteract the bias of prediction tools. Native MS had already proven on 

many occasions to be an excellent method when searching for compatible protein ligands 

by quantifying upcoming protein-ligand complexes using respective intensities or areas of 

the peaks100 either by titration106–114, or using two ligands that compete for the same 

binding site115–120. But native MS even enables to estimate affinities directly from single 

point measurements121–123 as long as the ligand is significantly smaller than the protein, 

since response factors of complex and the hosting molecule are identical in this case, and 

there is enough knowledge on the amount of dissociation affecting the complex55,98,100,297. 

In general, native MS has the advantage of reliably representing the entirety of all species 

present in the sample, even at low sample volume and concentration. At proper conditions, 

spectra can be recorded for many hours with only 1-2 µL of a sample solution of only about 

1 µM. Thus, temporal dynamic changes can be observed quite easily. A few scans obtained 

within a few seconds are usually sufficient to directly display a current image of all 
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components of the solution, which results in an enormous advantage with regard to a high-

throughput screening. 

Soft ionization via electrospray can preserve noncovalent bonds, which is obligatory for 

analyzing ligand interactions. The less dissociation effects, source energy- or collision-

induced, affect the analyte, the more the spectrum reflects the structures present in the 

solution. In the experiments presented here, excellent resolution was achieved for both 

instruments (Q-Tof 2 and QE-UHMR) at 1.45 kV at the capillary and 50 V in the collision cell 

while maintaining the quaternary structure of the pMHC. At the same time, these voltages 

were high enough to sufficiently decimate any occurrence of nonspecific adducts. An 

increase of the capillary temperature was not beneficial. Here, at more than 50 °C such 

noncovalent bonds could not be preserved (Figure 47). On the other hand, no effective 

change was observed at the QE-UHMR when the ISD energy was increased, which is why 

this was also omitted in the following (Figure 46). 

The excellent resolution, especially obtained with the QE-UHMR, allowed us to estimate the 

quantity of abundant mass species using the peak intensity. However, for inhomogeneous 

samples (e.g., occurrence of multiple sodium adducts), the area of the peak would typically 

be the better choice, as it is much more accurate. The disadvantage in terms of screening 

is the extra time that has to be spent for additional analysis steps, since the area usually 

cannot be determined directly during the measurement. If this step can be bypassed with 

a software-based solution, the peak area is preferable to the peak intensity in terms of 

accuracy. 

Interestingly, the overall occupancy of the MHC molecule was found to vary between the 

different charge states within a spectrum (Figure 43). Consequently, this means that each 

charge state represents a certain ion species, which was affected by dissociation effects 

to a different extent on its way through the instrument. The most prevalent charge state 

with the lowest proportion of empty MHC was the 13+ charge state. At 12+, there was 

already a significantly increased amount of empty MHC, which can be explained by the loss 

of the singly charged peptide. However, the relative distribution of peak intensities of all 

pMHCs contained in the sample did not change significantly. In subsequent analyses, only 

the 13+ charge state was considered. In addition to minimizing dissociation products, this 

also had the advantage of a very simple and fast read-out. In this work, only the system of 

disulfide-stabilized or wild type HLA-A*02:01 in combination with different synthetic 

peptides was analyzed. If the method is to be applied to another MHC molecule, for 



Results and discussion 
 

 

95 

example, a preliminary test must first be performed to determine which charge state is 

equivalent to the 13+ shown here. It is conceivable that for MHC molecules in the same 

size range the 13+ is also applicable, but this would have to be confirmed in further 

experiments. 

The most time-consuming aspect in native MS is buffer exchange. Since peptide screening 

aims to combine an MHC molecule with different peptide combinations, it seemed 

advantageous to prepare only the protein alone with the MS-compatible solution and add 

the peptides afterwards instead of first preparing the MHC-peptide mixtures and then 

subject them to BEX – also to ensure flexibility regarding the peptide combinations in use. 

Especially if we think of the wild type, i.e., non-stabilized, MHC, which would be the focus 

of the analyses if this screening were to be used more widely, the protein complex would 

disintegrate in the buffer exchange without the addition of peptides. So here the more 

cumbersome way could be taken – or the problem could be circumvented by adding a small 

stabilizer, in our case a dipeptide like GM or GL, to the MS solution. It was shown that this 

is indeed feasible. The peptide helped to maintain complex integrity and yet could be easily 

replaced by the high-affinity peptides of interest due to its weak affinity (Figure 44). For the 

two exemplary peptide combinations shown only minor decrease was observed for the total 

pMHC amount, in other words, slightly more free protein was detected. Since the relative 

intensities of the pMHC did not change significantly, this loss is completely negligible. 

Working concentration for the peptides was assessed thoroughly. As expected, the higher 

the total amount of peptide within the sample the lesser empty MHC was observed. At the 

same time, in the case of strong excess (five times more peptides than protein per peptide), 

naturally more unspecific adducts were observed than with lower peptide concentrations. 

In Figure 48, this was evident from the appearance of dsA2+pep+pep species at higher 

m/z. In case the total amount of peptide is higher than that of the protein, there will 

inevitably be competition for the single binding site. In view of the screening, this has the 

disadvantage that in a mixture a peptide with satisfactorily high affinity together with at 

least one peptide with significantly higher affinity could remain undetected and missed. 

Furthermore, the peak intensities of pMHC were found to vary temporally in a competitive 

situation. In the setup with equimolar concentration of all components (MHC and eight 

peptides), equilibration took at least 24 h (Figure 50). The addition of 5% ethanol 

accelerated the process slightly. This observation was consistent with the findings of 

investigations by my collaborators, who identified ethanol as a good catalyst for peptide 

exchange283. It has been known for quite a while that dipeptides such as GM or GL, which 
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have been frequently mentioned here, accelerate the dissociation of peptides already 

bound to MHC-I by occupying the F pocket given a partially dissociated C-terminus, thus 

preventing rebinding223. Using 10% ethanol an even higher exchange rate was achieved 

compared to 10 mM GM, 20% methanol also led to a significant increase283. Longer 

alcohols such as propanol or butanol had no positive effect, so it was concluded that the 

catalyst cannot be larger than a certain size. Conversely, 1,2-ethanediol, which was shown 

to occupy A and F pocket (Chapter 3.3), had almost no catalytic effect on peptide exchange. 

Despite the similar size, this one carries another hydroxyl group, unlike methanol and 

ethanol, which seems to worsen the interaction with the peptide pocket here. We could 

speculate that other dipeptides, single amino acids, or small monothiols that are very 

similar to the alcohols could also help to increase the peptide exchange rate.  In vivo, the 

exchange to higher affinity peptides is catalyzed by the cofactor tapasin194,198. This can 

accelerate the dissociation of initially bound peptides – either by direct binding into the 

F pocket or by triggering a conformational change197,248,298,299. 

Analysis of the pMHC distribution at different time points showed that some of the peptides 

(here: LV8 and NA9) are replaced over time by stronger binding ones (here: GL9 and FV9). 

In this work and many times before, the structural aspects that make a peptide a good 

binder, from which a kinetically stable pMHC can emerge, have been discussed. However, 

it is unclear which properties a peptide must have in order to bind effectively initially or 

whether such properties do not exist at all and, at the first moment, all peptides are 

distributed statistically to all available MHC molecules. Continuing the thought, the 

question is whether all allotypes have the same initial binders or whether there are 

differences. Purely speculatively, peptides from the conserved region of the MHC itself 

could be considered due to the ultimate availability, but this needs to be verified in further 

peptide binding studies. 

Finally, to avoid handling such competition effects in our screening in the first place, the 

total peptide concentration was set below that of the protein. In the substoichiometric 

situation, each peptide has at least one binding site available, eliminating competition 

effects, and allowing immediate identification of the peptides with the best affinity without 

having to wait for equilibrium to be established (Figure 49). Although only a low overall 

abundance was observed, highly affine as well as less affine peptides combined with dsA2 

could be detected simultaneously. In order to further minimize sample consumption, the 

working concentration of MHC should be reduced to approximately 1 µM in the future with 

corresponding substoichiometric concentration of the peptide pool. With sufficiently high 
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concentration of available binding sites despite competing peptides, the only remaining 

variable affecting peak intensity under similar measuring conditions is the sequence-given 

affinity of the peptide to the respective MHC molecule. The low peptide concentration has 

the additional advantage that fewer ESI artifacts, i.e., nonspecific adducts, occur. 

Both, low and high-affinity peptides were reliably discriminated from different mixtures of 

peptides. We mainly used peptides whose affinities were known to us in order to be able 

to probe all possible ranges. In addition, we also successfully analyzed the first viral peptide 

pool with the mixture of synthetic peptides derived from SARS-CoV-2. The method has been 

successfully tested at two different mass spectrometers (Q-Tof 2 vs. QE-UHMR). However, 

it must be noted that the better the resolution, the easier the read-out. A mass 

spectrometer optimized for high-resolution analysis of proteins and protein complexes is 

therefore essential for this application. Even with very high resolving power of the mass 

spectrometer, there may still be the problem that the 13+ charge states of two pMHCs 

cannot be distinguished because the peptide masses are too close as it was the case for 

the different NV9 derivates (Figure 52). One possibility to overcome the limitations owing 

to insufficient resolution could be achieved by applying an MS2 approach. High-intensity 

signals corresponding to pMHCs containing the high-affinity peptides of interest would be 

isolated and subjected to CID in order to identify bound ligands. Furthermore, it is 

conceivable to verify a peptide’s identity via fragmentation in a MS3 or pseudo MS3 

experiment. Ideally, the whole screening process would also be automated here, for 

example with the aid of a pipetting robot. Then, in cases where signals inevitably overlap 

due to too similar peptide masses, one would be flexible enough to quickly create and 

analyze new mixtures that circumvent the problem.  



Outlook
 

 

98 

4 Outlook 
For this work, extensive structural characterizations were performed on MHC-I molecules. 

Aspects of the peptide-free state were investigated. Thus, the free heavy chains of murine 

H-2Kb were shown to form dimers by interaction of the α3 domains. How α1 and α2 

contribute to the binding can be determined in future native MS experiments. For human 

HLA-A*02:01, two variants were investigated with respect to peptide binding, exchange, 

but also within a peptide-free environment. The variants analyzed were the wild type on the 

one hand and on the other hand, a disulfide-stabilized molecule, which could maintain its 

structure even in the absence of a peptide. This molecule is an excellent candidate for a 

peptide screening approach due to its high prevalence and its unique role within the entire 

A2 supertype. It was shown that high-affinity peptides can be identified from a peptide pool 

using a simple native MS assay of the MHC molecule. Thereby, the straightforward reading 

of the peak intensity of the pMHCs from only one charge state was sufficient. No further 

data processing was necessary for this. 

Some finishing touches still need to be made to finalize the screening approach. As 

analyzed in detail, the total concentration of all peptides in the mixture needs to be below 

the protein concentration in order to exclude competitive effects and to be able to 

doubtlessly detect all good peptide candidates of the pool. To waste as little as possible of 

the often rather valuable MHC samples, we will reduce the concentration to about 1-2 µM 

in future experiments with peptides still below that concentration. To overcome resolution-

dependent limitations when analyzing two peptides of very similar mass simultaneously, 

extensive tandem MS experiments will be performed in the future. This will help to 

determine the best settings for isolation and dissociation of the pMHC of interest as well 

as fragmentation of the peptide in question. With regard to increasing the overall 

throughput, we are targeting the implementation of a pipetting robot. The commercially 

available TriVersa NanoMate® (Advion) is particularly suitable for this application, as it 

automates the entire preparation from sample mixing to establishment of the electrospray, 

which is achieved via a so-called ESI Chip® containing hundreds of nano-electrospray 

nozzles300,301,96. 

We will then put our method to the test with assorted synthetic peptide mixtures. We will 

focus on peptides of viral origin, for example derived from SARS-CoV-2 or Ebola virus, for 

which high affinities have been predicted or are already known, as well as other epitopes 

that seem promising in other ways. Since the screening approach presented here can 
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easily screen very short peptides, most of which have lower affinity, we will also look at 

small synthetic peptides that could potentially be used as peptidomimetic drugs302,303. 

After the principle of screening has been shown in detail with HLA-A*02:01, we will move 

on to other human, but also nonhuman MHC-I molecules soon. Selected disulfide-stabilized 

mutants of highly prevalent allotypes – HLA-A*11:01, HLA-A*24:02 and HLA-B*02:02 – 

are ready to be probed. As shown for wtA2, the method also works with wild type MHC-I as 

long as a stabilizing molecule such as a dipeptide is added to the protein solution, which is 

then exchanged with peptides from the analysis pool. At this point it should be mentioned 

that of course it will also be checked whether the analyses with MHC-I can be transferred 

to MHC-II. 

Furthermore, we plan to study peptides produced in vivo. For example, it is rather simple 

to isolate pMHCs from human blood samples304. From this, mild acid elution305–307 can be 

used to obtain the peptides, which can then be mixed together with known MHC-I 

molecules and subsequently measured. In the case of an unknown set of peptides, the 

above-mentioned identification of the peptides by (pseudo) MS3 is obligatory. Peptidome 

analysis, for example in the context of a viral infection, is yet another conceivable 

application. Small animal models from which the corresponding pMHCs can be isolated 

may be used for this purpose. 

The high-affinity peptides identified in this work are potential epitopes for the T cells, but 

an immune response provoked by these is not necessarily implied. Thus, further evaluation 

of T cell reactivity is required to confirm immunogenicity. This is usually done using flow or 

mass-cytometry308–311. Other approaches promising higher throughput have been 

suggested, e.g., by BENTZEN et al. who employed DNA-barcode labels for the identification 

of the peptides recognized by individual T cells312. How the native MS-based screening 

shown in this thesis can be linked to testing for immunogenicity has not been sufficiently 

evaluated to date. However, that T cell assays can be coupled downstream with native MS 

has indeed just been suggested by SCHACHNER et al.313. 
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5 Materials and methods 

Parts of this chapter have been published in either of the following studies: 

Anjanappa, R., Garcia-Alai, M., Kopicki, J. D., Lockhauserbäumer, J., Aboelmagd, M., Hinrichs, J., Nemtanu, I. M., Uetrecht, 
C., Zacharias, M., Springer, S., & Meijers, R. (2020). Structures of peptide-free and partially loaded MHC class I molecules 
reveal mechanisms of peptide selection. Nature communications, 11(1), 13142. 

Reprinted from ANJANAPPA et al. (2020). Copyright © 2020, The Author(s). 

Dirscherl, C., Löchte, S., Hein, Z., Kopicki, J. D., Harders, A. R., Linden, N., Karner, A., Preiner, J., Weghuber, J., Garcia-Alai, 
M., Uetrecht, C., Zacharias, M., Piehler, J., Lanzerstorfer, P., & Springer, S. (2022). Dissociation of β2m from MHC class I 
triggers formation of noncovalent transient heavy chain dimers. Journal of cell science, 135(9), jcs2594893. 

Reprinted from DIRSCHERL et al. (2022). Copyright © 2022, The Author(s). 

Kopicki, J. D., Saikia, A., Niebling, S., Günther, C., Anjanappa, R., Garcia-Alai, M., Springer, S., & Uetrecht, C. (2022). 
Opening opportunities for Kd determination and screening of MHC peptide complexes. Communications biology, 5(1), 
4884. 

Reprinted from KOPICKI et al. (2022). Copyright © 2022, The Author(s). 

5.1 Sample preparation 

5.1.1 Proteins 

All protein samples were produced by my collaborators from the Springer lab (Constructor 

University Bremen) following the same protocol. 

Table 1 | Overview of all proteins used in this work. 
label sequence Mth (Da) 

α3 
(H-2Kb) 

MAIQRSPKAH VTHHSRPEDK VTLRCWALGF YPADITLTWQ LNGEELIQDM 

ELVETRPAGD GTFQKWASVV VPLGKEQYYT CHVYHQGLPE PLTLRWDRDM 
11,475 

β2m 
(HLA-A*02:01) 

MIQRTPKIQV YSRHPAENGK SNFLNCYVSG FHPSDIEVDL LKNGERIEKV 

EHSDLSFSKD WSFYLLYYTE FTPTEKDEYA CRVNHVTLSQ PKIVKWDRDM 
11,862 

wtA2-HC 
(HLA-A*02:01) 

GSHSMRYFFT SVSRPGRGEP RFIAVGYVDD TQFVRFDSDA ASQRMEPRAP 

WIEQEGPEYW DGETRKVKAH SQTHRVDLGT LRGYYNQSEA GSHTVQRMYG 

CDVGSDWRFL RGYHQYAYDG KDYIALKEDL RSWTAADMAA QTTKHKWEAA 

HVAEQLRAYL EGTCVEWLRR YLENGKETLQ RTDAPKTHMT HHAVSDHEAT 

LRCWALSFYP AEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP 

SGQEQRYTCH VQHEGLPKPL TLRWE 

31,808 

dsA2-HC 
(HLA-A*02:01) 

GSHSMRYFFT SVSRPGRGEP RFIAVGYVDD TQFVRFDSDA ASQRMEPRAP 

WIEQEGPEYW DGETRKVKAH SQTHRVDLGT LRGCYNQSEA GSHTVQRMYG 

CDVGSDWRFL RGYHQYAYDG KDYIALKEDL RSWTAADMCA QTTKHKWEAA 

HVAEQLRAYL EGTCVEWLRR YLENGKETLQ RTDAPKTHMT HHAVSDHEAT 

LRCWALSFYP AEITLTWQRD GEDQTQDTEL VETRPAGDGT FQKWAAVVVP 

SGQEQRYTCH VQHEGLPKPL TLRWEP 

33,977 

5.1.1.1 Expression 

The α3 domain of H-2Kb (residues 205-295) was cloned into pET-3a (preceded by the 

residues MAIQR and followed by DRDM) and expressed in E. coli BL21(DE3)pLysS. Full-

length HLA-A*02:01 HC as well as its corresponding HLA-A*02:01(Y84C/A139C) disulfide 

mutant were cloned into pGMT7 and expressed in E. coli Rosetta™ (DE3)pLysS The β2m 

light chain was cloned into pHN1+ and expressed in E. coli Rosetta™ (DE3)pLysS. 
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Expression was induced with isopropyl-β-D-1-thiogalactopyranosid (IPTG), executed at 

37 °C, and stopped after 4 h. The cells were harvested by centrifugation (5000 × g, 4 °C, 

10 min), the pellet was resuspended in in 50 mM Tris-HCl pH 8.0, 25% sucrose, 1 mM 

ethylenediaminetetraacetic acid (EDTA), and frozen (-20 °C or -80 °C) afterwards. Cell lysis 

was achieved by thawing the pellet in a 30 °C water bath. 10 mM dithiothreitol (DTT) and 

1 mM phenylmethylsulfonyl fluoride (PMSF) were added to the solution. This was followed 

by a sequence of sonication, centrifugation (40,000 × g, 4 °C, 15 min), and removing 

supernatant (wash cycle). The protein-containing pellet was resuspended in 50 mM Tris-

HCl pH 8.0, 25% sucrose, 1% Triton™ X-100, 5 mM EDTA, 2 mM DTT for a second wash 

cycle. Next, the pellet was resuspended in 50 mM Tris-HCl pH 8.0, 2 M NaCl, 2 M urea, 

2 mM DTT for another wash cycle. Final wash cycle was done in 50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 0.5 mM PMSF. Finally, the pellet was resuspended by sonication in 50 mM 

HEPES pH 6.5, 6 M guanidine hydrochloride, 0.5 mM PMSF, 100 µM 2-mercaptoethanol. 

The protein was solubilized by gently shaking for 48 h at 4 °C. Afterwards, the solution was 

centrifuged twice (40,000 × g, 4 °C, 15 min) to remove remaining insoluble pellet. 

5.1.1.2 Refolding and purification 

For A2 complexes, the refolding was performed by slowly diluting 1 μM of A2 heavy chain 

and 2 μM of β2m in a refolding buffer (100 mM Tris-HCl pH 8, 500 mM arginine, 2 mM 

EDTA, 0.5 mM oxidized glutathione, 5 mM reduced glutathione, 10 mM GM or GL, 100 µM 

PMSF). The same procedure was followed for sole α3. The solution was incubated for 4-5 d 

at 4 °C with constant stirring, followed by protein concentration using membrane filters 

(Vivaflow® 200; Sartorius) – 30 kDa cut-off for A2 complexes and 3 kDa cut-off for α3, 

respectively. Concentrated protein was purified by SEC in 20 mM Tris-HCl pH 8.0, 150 mM 

NaCl on an ÄKTA™ system (Cytivia) using a Hiload Superdex 200 16/600 column (Cytivia). 

For A2 complexes a constant concentration of 10 mM dipeptide (GM or GL) was 

maintained. Peak fractions were pooled and concentrated to 15 mg/mL. 

5.1.1.3 Quality control 

While preparing α3, molecular masses of the peaks were determined by comparison to SEC 

protein standards (Cytiva). Purified proteins were analyzed by SDS-PAGE with standard 

protein markers. For α3, the fraction corresponding to the elution peak at ≈ 20-30 kDa, 

was boiled with or without 600 mM DTT in sample buffer (350 mM Tris-HCl pH 6.8, 10.28% 

SDS, 36% glycerol, 0.012% bromophenol blue). Inclusion body extract boiled without DTT 

(nonreducing) served as the positive control for the formation of covalent oligomers.  
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Protein quality control after refolding and SEC was performed by nDSF (cf. Chapter 5.3) 

runs acquired with a Prometheus NT.48 fluorimeter (NanoTemper Technologies) controlled 

by PR.ThermControl 2.1.2 (NanoTemper Technologies). 

5.1.2 Peptides 

Peptides were custom-built. The majority was purchased from GeneCust with a minimal 

purity of 95%. GM and GL were purchased from Bachem. 

Table 2 | Overview of all peptides used in this work. 
label sequence Mth (Da) 
GL GL 188.12 
GM GM 206.07 
GG4 GSFG 366.15 
VV4 VATV 388.23 
NP4 NLVP 441.26 
MV5 MVATV 519.66 
NM5 NLVPM 572.72 
PV6 PMVATV 616.77 
GV9 GLGGGGGGV 629.67 
NV6 NLVPMV 671.85 
VV7 VPMVATV 715.91 
NA7 NLVPMVA 742.93 
LV8 LVPMVATV 829.07 
NT8 NLVPMVAT 844.04 

NGV9 NLVPGVATV 869.03 
NAV9 NLVPAVATV 883.06 
NSV9 NLVPSVATV 899.06 
NPV9 NLVPPVATV 909.09 
NVV9 NLVPVVATV 911.11 
NTV9 NLVPTVATV 913.08 
NA9 NLVPMVATA 915.12 

NCV9 NLVPCVATV 915.12 
NIV9 NLVPIVATV 925.14 
NLV9 NLVPLVATV 925.14 
NNV9 NLVPNVATV 926.08 
NDV9 NLVPDVATV 927.07 
NQV9 NLVPQVATV 940.11 
NKV9 NLVPKVATV 940.15 
NEV9 NLVPEVATV 941.09 

NV9-NH2 NLVPMVATV-NH2 942.18 
NV9 NLVPMVATV 943.17 

NHV9 NLVPHVATV 949.12 
NFV9 NLVPFVATV 959.15 
NRV9 NLVPRVATV 968.16 
NYV9 NLVPYVATV 975.15 

N-YL10 YLGTGPEAGL 977.08 
Ac-NV9-NH2 Ac-NLVPMVATV-NH2 984.22 

Ac-NV9 Ac-NLVPMVATV 985.20 
NWV9 NLVPWVATV 998.19 
AV9 ALFDIESKV 1021.18 
GL9 GLYGDMEHL 1034.15 
LV9 LLFGYPVYV 1070.30 

M-ST9 SMWSFNPET 1098.20 
YF9 YPNVNIHNF 1117.23 
FV9 FLYDDNQRV 1169.26 
YL9 YLLEMLWRL 1236.54 

S-FV10 FIEDLLFNKV 1237.46 
S-YL10 YIKWPWYIWL 1467.78 
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5.2 Native mass spectrometry 

5.2.1 Buffer exchange 

In advance of native MS measurements, different centrifugal devices were used to 

exchange purified protein samples to ammonium acetate (99.99% purity; Sigma-Aldrich) 

solution as sodium-free and volatile buffer surrogate. Ammonium hydroxide (extra pure, 

25% solution in water; Thermo Fisher Scientific) and acetic acid (100%, extra pure; Roth) 

were used to adjust the pH. 

Amicon® Ultra 0.5 mL centrifugal filter units (Merck Millipore) 

According to the manual, 500 µL of sample and buffer surrogate were added to the filter 

unit and spun at 14,000 × g and 4 °C until a volume below 50 µL was reached which took 

approximately five to thirty minutes depending on the respective sample and the device’s 

nominal molecular weight limit. This procedure was repeated applying new buffer surrogate 

five to six times in total to ensure quantitative desalting. The sample was recovered by 

placing the filter device upside down in a clean microcentrifuge tube and spinning for two 

minutes at 1000 × g and 4 °C. 

Vivaspin® 500 Centrifugal Concentrators (Sartorius) 

According to the manual, 500 µL of sample and buffer surrogate were added to the filter 

unit and spun at 14,000 × g and 4 °C until a volume below 50 µL was reached which took 

approximately five to thirty minutes depending on the respective sample and the device’s 

nominal molecular weight limit. This procedure was repeated applying new buffer surrogate 

five to six times in total to ensure quantitative desalting. The sample was recovered directly 

from the concentrator. 

Micro Bio-Spin 6 Columns (Bio-Rad) 

The column was prepared according to the manufacturer's recommendations by 

resuspending the gel matrix and removing tip and cap to remove excess packing buffer by 

gravity drain. Remaining packing buffer was removed by spinning for two minutes at 

1000 × g and 4 °C. 500 µL buffer surrogate was loaded onto the column, then the column 

was spun for one minute at 1000 × g and 4 °C. This step was performed four times in total. 

Next, 20 µL to 75 µL sample was applied to the center of the column, which was then spun 

for four minutes at 1000 × g and 4 °C. The whole procedure was repeated one more time 

using a fresh column for the same sample to ensure quantitative desalting. The particular 

device that had been used is listed in Table 3. 



Materials and methods 
 

 

104 

The final concentration of the analyte ranged between 1 µM and 20 µM with respect to the 

monomeric subunit. Refer to Table 3 for the specific concentrations of each sample. The 

concentration of peptidic ligands was kept between 1 µM and 50 µM per ligand. In total, it 

ranged between 1 µM and 400 µM depending on the experiment.  

Table 3 | Overview of all samples used in this work. 
For each chapter, the samples used are listed together with their concentration. Furthermore, the BEX used, the 
corresponding molecular weight cut-off (MWCO) and the buffer surrogate used are given. 

chapter sample concentration BEX device MWCO buffer surrogate 

3.1 α3 
5 µM 

10 µM 
20 µM 

Amicon® Ultra 0.5 mL centrifugal 
filter units (Merck Millipore) 3 kDa 150 mM ammonium 

acetate, pH 7.2 

3.2 wtA2 & 
dsA2 

1 µM 
10 µM 

Vivaspin® 500 Centrifugal 
Concentrators (Sartorius) 10 kDa 

250 mM to 1 M 
ammonium acetate, 

pH 8.0 

3.3 dsA2 10 µM Micro Bio-Spin 6 Columns (Bio-

Rad) 6 kDa 250 mM ammonium 
acetate, pH 8.0 

3.4 wtA2 & 
dsA2 

9.5 µM 
10 µM 

Micro Bio-Spin 6 Columns (Bio-

Rad) 6 kDa 250 mM ammonium 
acetate, pH 8.0 Vivaspin® 500 Centrifugal 

Concentrators (Sartorius) 10 kDa 

5.2.2 Instruments and settings 

Native MS analysis was either implemented on a Q-Tof 2 hybrid quadrupole time of flight 

mass spectrometer (Waters/Micromass) or a Q Exactive™ UHMR Hybrid Quadrupole 

Orbitrap™ mass spectrometer (Thermo Fisher Scientific) in positive ESI mode, respectively. 

Q-Tof 2 was modified to enable high mass experiments (MS Vision)314. 

Sample ions were introduced into the vacuum using homemade capillaries via a nanoESI 

source. Borosilicate glass tubes (inner diameter: 0.68 mm, outer diameter: 1.2 mm; World 

Precision Instruments) were pulled into closed capillaries in a two-step program using a 

squared box filament (2.5 mm × 2.5 mm) within a micropipette puller (P-1000; Sutter 

Instruments). The capillaries were then gold-coated using a sputter coater (5.0 × 10-

2 mbar, 30.0 mA, 100 s, 3 runs to vacuum limit 3.0 × 10-2 mbar argon, distance of plate 

holder: 5 cm; CCU-010; safematic). Capillaries were opened directly on the sample cone of 

the mass spectrometer or using precision tweezers. 

When using Q-Tof 2, a spectrum of cesium iodide (25 g ∙ L-1; 99.999% trace metals basis, 

Sigma-Aldrich) was recorded on the same day of the respective measurement to calibrate 

the data. QE-UHMR was calibrated monthly according to the manufacturer's 

recommendations. 
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5.2.2.1 Pressure settings 

The experiments were carried out using argon (Q-Tof 2) or nitrogen (QE-UHMR) as collision 

gas. 

The exact vacuum settings are stated in Table 4. 

Table 4 | Overview of all pressure settings used in this work. 
chapter sample instrument source pressure (mbar) collision cell pressure (mbar) 

3.1 α3 Q-Tof 2 10 1.2 × 10−2 
3.2 wtA2 & dsA2 Q-Tof 2 10 1.2-2.0 × 10−2 
3.3 dsA2 Q-Tof 2 10 1.2 × 10−2 

3.4.1.1 dsA2 QE-UHMR 1.4-1.7 2.0 × 10−10 
3.4.1.2 wtA2 Q-Tof 2 10 1.2 × 10−2 

3.4.1.3 dsA2 QE-UHMR 1.4-1.7 2.0-3.0 × 10−10 
Q-Tof 2 10 1.2 × 10−2 

3.4.1.4 dsA2 QE-UHMR 1.4-1.7 2.0-3.0 × 10−10 
3.4.1.5 dsA2 QE-UHMR 1.4-1.7 2.0-3.0 × 10−10 
3.4.1.6 dsA2 QE-UHMR 1.4-1.7 2.0-3.0 × 10−10 
3.4.1.7 dsA2 QE-UHMR 1.4-1.7 2.0-3.0 × 10−10 
3.4.1.8 dsA2 QE-UHMR 1.4-1.7 2.0-3.0 × 10−10 

5.2.2.2 Voltage settings 

In regular MS mode, spectra were recorded at a capillary voltage between 1.2 kV and 

1.45 kV and a cone voltage ranging from 75 V to 175 V. The settings were optimized to 

keep proteins and protein complexes in a folded state within the gas phase. Protein species 

with quaternary structure were assigned by MS2 analysis. Hereby, the acceleration voltage 

ranged between 10 V and 100 V. 

Applied voltages can be found in Table 5. 

Table 5 | Overview of all voltage settings used in this work. 
chapter sample instrument capillary (kV) cone (V) collision cell (V) in-source energy (eV) 

3.1 α3 Q-Tof 2 1.45 100-150 10-100 0 
3.2 wtA2 Q-Tof 2 1.2-1.45 120-150 10-100 0 
3.2 dsA2 Q-Tof 2 1.45 150 10-150 0 

3.3.1 dsA2 Q-Tof 2 1.45 75-175 10-100 0 
3.3.1.2 dsA2 Q-Tof 2 1.45 150 10-50 0 
3.3.1.3 dsA2 Q-Tof 2 1.45 150 10-50 0 
3.3.1.4 dsA2 Q-Tof 2 1.45 150 10-50 0 
3.4.1.1 dsA2 QE-UHMR 1.45 150 50 0 
3.4.1.2 wtA2 Q-Tof 2 1.45 150 50 0 
3.4.1.3 dsA2 Q-Tof 2 1.45 150 50 0 
3.4.1.3 dsA2 QE-UHMR 1.45 150 50 0 
3.4.1.4 dsA2 QE-UHMR 1.45 150 50 0-129 
3.4.1.5 dsA2 QE-UHMR 1.45 150 50 0 
3.4.1.6 dsA2 QE-UHMR 1.45 150 50 0 
3.4.1.7 dsA2 QE-UHMR 1.45 150 50 0 
3.4.1.8 dsA2 QE-UHMR 1.45 150 50 0 

5.2.3 Other instrument-specific settings 

More instrument-specific settings are listed in Table 6. 
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Table 6 | Overview of all relevant instrument-specific settings used in this work. 

chapter sample instrument m/z 
interval 

Q-Tof 2: pusher time (µs) 
QE-UHMR: injection time (ms) 

MS2 selection 
interval 

capillary 
temperature (°C) 

3.1 α3 Q-Tof 2 100-
10,000 192 0.2-10  

3.2 wtA2 Q-Tof 2 100-
20,000 192 10  

3.2 dsA2 Q-Tof 2 100-
10,000 192 10-20  

3.3.1 dsA2 Q-Tof 2 100-
10,000 192 10-20  

3.3.1.2 dsA2 Q-Tof 2 100-
10,000 192 10-20  

3.3.1.3 dsA2 Q-Tof 2 100-
10,000 192 10-20  

3.3.1.4 dsA2 Q-Tof 2 100-
10,000 192 10-20  

3.4.1.1 dsA2 QE-UHMR 500-
15,000 100 5-100  

3.4.1.2 wtA2 Q-Tof 2 100-
10,000 192 0-30  

3.4.1.3 dsA2 Q-Tof 2 100-
10,000 192 10-20  

3.4.1.3 dsA2 QE-UHMR 500-
15,000 100 5-100 50 

3.4.1.4 dsA2 QE-UHMR 500-
15,000 100 5-100 50-300 

3.4.1.5 dsA2 QE-UHMR 500-
15,000 100 5-100 50 

3.4.1.6 dsA2 QE-UHMR 500-
15,000 100 5-100 50 

3.4.1.7 dsA2 QE-UHMR 500-
15,000 100 5-100 50 

3.4.1.8 dsA2 QE-UHMR 500-
15,000 100 5-100 50 

For each instrument, an exemplary experiment file including all available settings is given 

in the supplement (cf. Exemplary experimental files). 

5.2.4 Spectra analysis 

Peak assignment and mass analysis were executed via MassLynx 4.1 (Waters) and 

Massign (Nina Morgner)315. The AUC of detected mass species was determined using 

UniDec 5.2.0 (Michael T. Marty)52. The software mMass 5.5.0 (Martin Strohalm)316 was 

used to define the FWHM of the peaks. Narrow peak widths indicate rather homogeneous 

samples. The values of the shown averaged masses, FWHM, and AUC of the different 

species as well as the corresponding standard deviation result from at least three 

independent measurements. 
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5.3 Differential scanning fluorimetry 

DSF experiments were executed by Ankur Saikia from the Springer lab (Constructor 

University Bremen) as well as Christian Günther and Stephan Niebling from the Garcia-Alai 

lab (EMBL Hamburg). 

Thermal stability and binding affinity were determined using nanoscale differential 

scanning fluorimetry on a Prometheus NT.48 (NanoTemper Technologies). Capillaries were 

filled with 10 μL of respective samples in duplicates and loaded into the reading chamber. 

The scan rate was 1 °C/min ranging from 20 °C to 80 °C for thermal stability and 95 °C 

for binding affinity measurements. Protein unfolding was measured by detecting the 

temperature dependent change in intrinsic tryptophan fluorescence at emission 

wavelengths of 330 nm and 350 nm. 

5.3.1 Thermal stability (nDSF) 

About 2 μM of empty dsA2 were dissolved in citrate phosphate buffer, pH 7.6317, and 

incubated with peptidic ligands (0.2 μM to 2 mM) on ice for 30 min Melting curves and Tm 

values were generated by PR.ThermControl 2.1 (NanoTemper Technologies) using the first 

derivative of the fluorescence at 330 nm. 

5.3.2 Binding affinity (iDSF) 

Empty dsA2 dissolved in 20 mM Tris pH 8, 150 mM NaCl was incubated with peptidic 

ligands at different concentrations depending on their predicted or assumed Kd range. For 

each peptide, a twofold serial dilution series (11 concentrations) was prepared, while 

protein concentration was kept constant at 2.2 μM. A pure protein was analyzed as well. 

PR.ThermControl 2.1.2 (NanoTemper Technologies) was used to control the device. Data 

processing and evaluation was executed via the FoldAffinity web server (EMBL Hamburg, 

https://spc.embl-hamburg.de/)261. 

  

https://spc.embl-hamburg.de/
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5.4 Mathematical methods 

5.4.1 Eliminating nonspecific ESI clustering 

In Chapter 3.3, AUC determined based on the spectral raw data were affected by 

nonspecific ESI clustering. In order to eliminate the clustering within the results, the raw 

data were corrected using the dsA2+pep fraction of the negative control YF9. For this, the 

clustering factor f was defined as quotient of the total AUC for the mass species 

“dsA2+YF9” and the total AUC of all other dsA2 mass species found (dsA2YF9-unbound). 

𝑓 =
(dsA2+YF9)

dsA2YF9-unbound
 

Equation 15 

All values used for the calculations are the respective arithmetic means of at least three 

replicates. “dsA2” corresponds to the empty HLA-A*02:01(Y84C/A139C) disulfide mutant 

complex, “dsA2+pep” to dsA2 bound to one peptide, “dsA2+pep+pep” to dsA2 bound to 

two molecules of this certain peptide, and “dsA2+erucamide” to dsA2 bound to the 

erucamide, respectively. The AUC fractions of dsA2, dsA2+pep and dsA2+pep+pep were 

corrected as follows. 

dsA2corr = dsA2 + 𝑓 ∙ (dsA2+pep) + 𝑓2 ∙ (dsA2+pep+pep) 
Equation 16 

(dsA2+pep)corr = (dsA2+pep) − 𝑓 ∙ (dsA2+pep) + 𝑓 ∙ (dsA2+pep+pep) 
Equation 17 

(dsA2+pep+pep)corr = (dsA2+pep+pep) − 𝑓 ∙ (dsA2+pep+pep) − 𝑓2 ∙ (dsA2+pep+pep) 
Equation 18 

Erucamide initially binds dsA2 when the protein solution is in contact with laboratory plastic 

ware. The compound is substituted by peptides introduced into the solution. Therefore, the 

total concentration of erucamide can never be high enough to cause significant clustering 

artifacts. As such, the AUC fraction of dsA2+erucamide does not need to be corrected. 

(dsA2+erucamide)corr = (dsA2+erucamide) 
Equation 19 

The calculations presented were performed using Excel 2301 (Microsoft). 
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5.4.2 Calculating affinities 

Peptide-binding affinities in Chapter 3.3  were calculated using the law of mass action. 

Since MHC-I has exactly one binding groove for ligands, the binding process for dsA2 is 

defined as follows. 

dsA2 +  peptide ⇌ (dsA2+peptide) 
Equation 20 

Association constant Ka describes the speed of the binding reaction and Kd that of the 

reverse reaction, hence the term dissociation constant. This is defined as follows. 

𝐾𝑑 =
[dsA2] ∙ [peptide]

[dsA2+peptide]
 

Equation 21 

[dsA2] represents the concentration of the empty dsA2 and equals the total concentration 

introduced to the sample [dsA2]0 subtracted by all dsA2 occupied by a peptide (dsA2peptide-

bound). The latter value is extracted directly from the native mass spectrum using the AUC 

as read-out. This was done in different ways for Kd,high and Kd,low. More information about 

this follows below. 

[dsA2] =  [dsA2]0  − dsA2 peptide-bound 

Equation 22 

Concentration of the peptide [peptide] is defined as the initial concentration [peptide]0 

minus peptidedsA2-bound, which can equally be derived from AUC values of respective spectra. 

[peptide] =  [peptide]0  − peptide dsA2-bound  
Equation 23 

Conversely, the [dsA2+peptide] is defined as the subtraction of [dsA2] and dsA2peptide-

unbound. This variable can be retrieved from the spectrum as well. 

[dsA2+peptide] =  [dsA2]0  − dsA2 peptide-unbound 
Equation 24 

The calculations presented were performed using Excel 2301 (Microsoft). 

5.4.2.1 Calculating Kd,high 

The affinity Kd,high was calculated directly from AUC measured at 150 V cone voltage and 

10 V acceleration voltage. The dsA2 and peptide concentrations used initially are known, 

i.e., [dsA2]0 = 10 µM and [peptide]0 = 50 µM in the single-peptide experiment. dsA2peptide-
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bound is the summand of the (clustering-corrected) AUC for dsA2+pep and dsA2+pep+pep 

multiplied by [dsA2]0. Thus, with regard to Equation 22, we define [peptide] as follows. 

[dsA2] = [dsA2]0  − [dsA2]0 ∙  (AUCdsA2+pep +AUCdsA2+pep+pep) 

Equation 25 

Peptide concentration [peptide] is similarly described. 

[peptide] =  [peptide]0  − [peptide]0 ∙  (AUCdsA2+pep+AUCdsA2+pep+pep) 
Equation 26 

The variable dsA2peptide-unbound required to calculate [dsA2+peptide] can be expressed as the 

summand of the (clustering-corrected) AUC for dsA2 and dsA2+erucamide multiplied by 

[dsA2]0. Together with Equation 24 we get the following description. 

[dsA2+peptide] = [dsA2]0  − [dsA2]0 ∙  (AUCdsA2+AUCdsA2+erucamide) 
Equation 27 

The calculations presented were performed using Excel 2301 (Microsoft). 

5.4.2.2 Calculating Kd,low 

The affinity Kd,low was indirectly derived from the AUC of the dsA2+erucamide fraction. Since 

the cone voltage is linearly proportional to the ISD, the distribution of peptide-bound and 

peptide-unbound dsA2 at nondissociating conditions can be estimated. According to the 

equation derived from the linear relationship of cone voltage and occupancy, the binding 

groove is fully occupied at 48 V and thus reflects the in-solution conditions of the 

superstoichiometric mixture (cf. Figure 29A). 

occupancy =  −0.005496 ∙  cone voltage +  1.285 
Equation 28 

The peptide-free (erucamide-bound, dsA2+erucamide) fraction of the protein measured at 

a cone voltage of 150 V can be corrected using the linear equation. According to Equation 

28, the occupation, which would be complete at a hypothetical cone voltage of 48 V, would 

in turn be only about 46% at 150 V. The factor for the loss is 2.2, when rounded. Thus, the 

AUC fraction of dsA2+erucamide was multiplied by this factor in order to eliminate the ISD 

effects, from which the variables dsA2peptide-unbound is derived. Subsequently, if this fraction 

is subtracted from the possible 100% occupancy, the fraction that binds the peptide is 

obtained providing the variables dsA2peptide-bound and peptidedsA2-bound. Concentrations 

[dsA2], [peptide], and [dsA2+peptide] are then defined as follows. 
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[dsA2] = [dsA2]0  − [dsA2]0 ∙ (1 − 2.2 ∙ AUCdsA2+erucamide ) 
Equation 29 

[peptide] = [peptide]0  − [peptide]0 ∙ (1 − 2.2 ∙ AUCdsA2+erucamide) 
Equation 30 

[dsA2+peptide] = [dsA2]0  − [dsA2]0 ∙ 2.2 ∙ AUCdsA2+erucamide  
Equation 31 

Linear regression was conducted using QtiPlot 1.1.3 (Ion Vasilief). Other calculations were 

performed using Excel 2301 (Microsoft). 
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5.5 Statistics and reproducibility 

Concerning the native mass spectrometry data, the values of the shown averaged masses, 

FWHM, and AUC of the different species as well as the corresponding standard deviation 

result from at least three independent measurements. When feasible, all individual 

measured points are shown in addition to the mean value and the error bars representing 

the standard deviation. 

Differential scanning fluorimetry was performed in duplicates.  

In general, data is expressed as the mean ± standard deviation of the mean. 

For the presentation of indirectly determined quantities such as the Kd, the standard 

deviation was obtained according to the rules of GAUSSIAN error propagation. 
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5.6 Data visualization 

Protein structure files were retrieved from the Protein Data Bank173 at 

https://www.rcsb.org/, then viewed and adjusted using ChimeraX 1.4 (Resource for 

Biocomputing, Visualization, and Informatics at UC San Francisco)238. 

Mass spectra were either copied from the spectrum window of MassLynx 4.1 (Waters) or 

generated using the Matplotlib library 3.2.2 (Matplotlib Development Team, John 

Hunter)318,319 and Python 3.8 (Python Software Foundation, Guido van Rossum)320, then 

modified using Adobe Illustrator 2022 (Adobe). 

Diagrams were created using Excel 2301 (Microsoft) or Prism 5.03 (GraphPad Software). 

All figures were prepared using Adobe Illustrator 2022 (Adobe). 

  

https://www.rcsb.org/
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5.7 Data availability 

Native MS raw data of published datasets have been deposited to the ProteomeXchange 

Consortium321 via the PRIDE partner repository322. 
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Figure 53 | The locked and unlocked states of the A and F pockets of A2. 
A: Ribbon diagram of the dsA2_peptide_free-1 crystal structure, showing electron density from a 2mFo-DFc map for the 
water molecules (gray) and the EDO molecules (green) in the peptide-binding groove at a contour level of 1σ. B: Close-up 
of the A pocket in the locked (cyan, from the dsA2+GM structure) and the unlocked (gold, from the peptide-free structure) 
states. In the unlocked state, the hydrogen bond between Y99 and H70 is broken and the side chains of H70 and F9 
move into the peptide-binding groove, whereas the side chain of Y99 moves downwards. C: Systematic analysis of the 
distance distribution between the OH group on Y99 and the closest nitrogen atom on the imidazole side chain of H70 for 
all peptide-loaded HLA-A*02:01 molecules observed in the PDB. The histogram shows that > 90% of the deposited 
structures contain a hydrogen bond between H70 and Y99. D, E: Two alternate hydrogen bond networks that are formed 
as a result of the presence of the methionine side chain in the F pocket are seen in each dsA2+GM+GM molecule. This 
leads to conformational changes in the side chains of residues H74 and F9. 
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Figure 54 | dsA2 is stable at very low dipeptide concentrations. 
Thermal denaturation of A2 in the presence of increasing concentrations of GM measured by nDSF (tryptophan 
fluorescence). A, B: First derivatives of the F350/F330 (ratio of fluorescence emissions at 350 nm and 330 nm) curves 
for wtA2 and dsA2 with the maxima reporting the melting temperatures (Tm). The concentration of GM (in mM) is indicated 
in rainbow colors from red (maximum, 100 mM) to blue (minimum, 0.05 mM). The arrow points to the transition of the 
dsA2 heavy chain that is visible even at very low dipeptide concentration. C: Scatter plot of the Tm obtained for the A2 
heavy chain (first unfolding event) as a function of GM concentration. 
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Supplemental tables 
Table 7 | Mexp of the different α3 domain protein species  
The masses were determined from at least three independent MS measurements. They are listed together with the 
respective values for standard deviation (SD) along with the theoretically calculated Mth. 

mass species Mth (Da) Mexp (Da) ± SD (Da) 
α3 monomer 11,475 11,472.7 ± 0.4 

α3 monomershort 10,623 10,0621 ± 1 
α3 dimer 22,950 22,947 ± 1 

α3 dimershort 22,098 22,094 ± 1 

Table 8 | Mexp of the different wtA2 and dsA2 protein species. 
The masses were determined from at least three independent MS measurements. They are listed together with the 
respective values for SD and average FWHM along with the theoretically calculated Mth. FWHM values are given for the 
whole peak area where individual species were not fully resolved. β2m-M1 and A2-M1 represent β2m and A2 respectively, 
containing the N-terminal methionine. 

mass species Mth (Da) Mexp (Da) ± SD (Da) FWHM (Da) ± SD (Da) 
β2m-M1 11,731 11,729 ± 1 2.4 ± 0.5 

β2m 11,862 11,860.0 ± 0.5 2.1 ± 0.4 

wtA2 

HC 31,808 31,799 ± 4 7.3 ± 0.7 
A2-M1 43,539 43,548 ± 5 6.3 ± 0.4 

A2 43,670 43,680 ± 2 6 ± 1 
A2+erucamide 44,009 44,017 ± 4 20 ± 10 

dsA2 

HC 33,977 33,971 ± 2 7 ± 4 
A2-M1 45,708 45,703 ± 2 4.1 ± 0.4 

A2 45,839 45,834 ± 3 4 ± 1 
A2+erucamide 46,178 46,172 ± 2 11 ± 7 

A2+NV9 46,782 46,778 ± 1 4 ± 1 
A2+NV9+NV9 47,725 47,723 ± 3 8 ± 4 
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Exemplary experimental files 

Q-Tof 2

Acquisition Experiment Report 

File:d:\mass spec data\q-tof - janines data\mhc\20201120 - mhc - 10um alpha3 dimer 

fraction\201120 jdk009.raw 

Header 

Acquired File Name:   201120 JDK009 

Acquired Date:        20-Nov-2020 

Acquired Time:        15:18:40 

Job Code:

Task Code:

User Name:

Laboratory Name:

Instrument:           QTOF 

Conditions:

Submitter:

SampleID:

Bottle Number:

Description:          20uM alpha3 monomer (dimer fraction), 10V (150V) 

Instrument Calibration:  

Calibration File:  

Parameters 

MS1 Static: None 

MS1 Scanning: None 

MS1 Scan Speed Compensation:   None 

MS2 Static: None 

MS2 Scanning: None 

MS2 Scan Speed Compensation:   None 

Calibration Time: 11:16 

Calibration Date: 01/29/20 

Coefficients 

MS1 Static: None 

MS2 Static: None 

Function 1: None 

Parameters for C:\MassLynx\Qtof\tuneexp.exp 

Temperature Correction Is Disabled 

TDC Gain Control 0.0 

TDC Amp Edge Control 0.0 

Using 4 GHz TDC NO 

Using TTP 4 GHz TDC NO 

Instrument Parameters - Function 1: 

Polarity ES+ 

Calibration Dynamic 2 

Capillary 1.45 1.45 

Cone 150 162 

Extractor 0 10 

RF Lens 0.10 9.65 

Source Temp (°C) 80 79 

Desolvation Temp (°C) 20 1020 

LM Resolution 5.0 

HM Resolution 5.0 

Collision Energy 10.0 9.6 

Ion Energy 1.0 

Steering 0.00 -1.09

Entrance 70.0 -70.6

Pre-filter 5.0 4.8

Transport 10.0 -11.4

Aperture2 15.0 -16.7

Acceleration 200 -199

Focus 0 -1 

Tube Lens 80 -80

Offset1 -0.8 -68.1

Offset2 0.0 -70.3

Pusher 980 924 
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TOF (kV) 9.10 -9.29 

Reflectron 35.00 2.05 

Pusher Cycle Time (µs) 96 

Pusher Frequency (Hz) 10416.6667 

Multiplier 550 -552 

MCP 1900 1908 

Centroid Threshold 0.0 

Min Points 2.0 

Np Multiplier 0.70 

Resolution 4000.0 

Lock Mass 0.0000 

Mass Window +/- 1.0000 

Lteff 450.6400 

Veff 9100.0000 

 1.0000 

TDC Start (mV) 700.0000 

TDC Stop (mV) 42.0000 

TDC Threshold 0.0000 

Pirani Pressure(mbar) 2.77e0 

Penning Pressure(mbar) 1.42e-4 

Tof Penning Pressure(mbar) 6.89e-7 

Function Parameters - Function 1 - TOF MSMS FUNCTION 

Set Mass    1914.0 

Start Mass    100.0 

End Mass    10000.0 

Start Time (mins)   0.0 

End Time (mins)    0.0 

Data Format    Continuum 

Ion Mode    ES Mode 

Polarity    Positive 

Instrument Parameter Filename  C:\MassLynx\lotte.PRO\ACQUDB\TOF_jh_2020.ipr 

Scans To Sum    1000000 

Scan Time (sec)    1.0 

Interscan Time (sec)   0.1 

Use Tune Page Collision Energy  YES 

Collision Energy (eV)   30.0 

Use Tune Page Cone Voltage  YES 

Cone Voltage (V)   35.0 

Function 1 

Scans in function:         106 

Cycle time (secs):         1.100 

Scan duration (secs):      1.000 

Inter Scan Delay (secs):   0.100 

Start and End Time(mins):   Always on 

Ionization mode:           ES+ 

Data type:                 Accurate Mass 

Function type:             TOF Daughter 

Mass range:                 100 to 10000 

Collision Energy:           0.0 

Q Exactive™ UHMR Hybrid Quadrupole Orbitrap™ 

20230207_01_10uMdsA21uMeachcoronamix #1 RT: 0.0134 

Total Ion Current:      9584210.00 

Scan Low Mass:          500.00 

Scan High Mass:        15000.00 

Scan Start Time (min):            0.01 

Scan Number:            1 

Base Peak Intensity:       436523.22 

Base Peak Mass:         4556.91 

Scan Mode: FTMS + p NSI Full ms2 1000.00@hcd50.00 [500.00-15000.00] 

Q Exactive UHMR Orbitrap Data:  

==============================  

Multiple Injection: ce:ace:ace:a 

Multi Inject Info: IT=41;30;30  

AGC: Off 

Micro Scan Count: 5 

Scan Segment: 0 

Scan Event: 0 
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Master Index: 0 

Charge State: 0 

Monoisotopic M/Z: 0.0000 

Ion Injection Time (ms): 100.000 

Max. Ion Time (ms): 5.00 

FT Resolution (m/z=200): 17500 

FT Resolution (m/z=400): 12500 

MS2 Isolation Width: 0.00 

MS2 Isolation Offset: 0.00 

AGC Target: 1000000 

HCD Energy: 50.00 

Analyzer Temperature: 28.57 

=== Mass Calibration: ===:  

Conversion Parameter B: 67839294.1611 

Conversion Parameter C: -6344750.9683 

Temperature Comp. (ppm): -4.07 

RF Comp. (ppm): 0.00 

Space Charge Comp. (ppm): -0.48 

Resolution Comp. (ppm): 0.13 

Number of Lock Masses: 0 

Lock Mass #1 (m/z): 0.0000 

Lock Mass #2 (m/z): 0.0000 

Lock Mass #3 (m/z): 0.0000 

LM Search Window (ppm): 0.0 

LM Search Window (mmu): 0.0 

Number of LM Found: 0 

Last Locking (sec): 0.0 

LM m/z-Correction (ppm): 0.00 

=== Ion Optics Settings: ===:  

S-Lens RF Level: 200.00 

S-Lens Voltage (V): 21.00 

Skimmer Voltage (V): 15.00 

Inject Flatapole Offset (V): 5.00 

Bent Flatapole DC (V): 2.00 

MP2 and MP3 RF (V): 900.00 

Gate Lens Voltage (V): 1.80 

C-Trap RF (V): 2950.0 

====  Diagnostic Data:  ====:  

APD: On 

Dynamic RT Shift (min): 0.00 

Intens Comp Factor: 0.7997 

Res. Dep. Intens: 1.000 

CTCD NumF: 0 

CTCD Comp: 1.000 

CTCD ScScr: 0.000 

RawOvFtT: 499346.6 

LC FWHM parameter: 30.0 

Rod: 0 

PS Inj. Time (ms): 0.000 

AGC PS Mode: 0 

AGC PS Diag: 0 

HCD Energy eV: 50.000 

AGC Fill: 1.00 

Injection t0: 0.000 

t0 FLP: 0.00 

Access Id: 0 

Analog Input 1 (V): 0.000 

Analog Input 2 (V): 0.000 

RF-Only: On 

Extended Trapping: -1.000 

Direct Mass: AIC Density Target (%): 0.00 

Direct Mass: Manual Inject Time (ms): 0.00 

====  Overall Status:  ====:          

Status:                     Instrument status Ok 

Performance:                Warn: Mass and eFT Calibrations - Posi...ion (pos) - 

Overdue (2023-02-01 15:47) 

======  Ion Source:  ======:          

Spray Voltage (V)              1468.4 

Spray Current (ÂµA)              0.16 

Spray Current std. dev. (ÂµA     0.04 

Capillary Temperature (Â°C)     50.39 
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Sheath gas flow rate             0.06 

Aux gas flow rate                0.08 

Sweep gas flow rate              0.00 

Aux. Temperature (Â°C)           1.59 

======  Ion Optics:  ======:          

Capillary Voltage (V)            -0.4 

Bent Flatapole DC (V)             1.9 

Inj Flatapole A DC (V)         -150.0 

Inj Flatapole B DC (V)          -76.6 

Trans Multipole DC (V)            0.2 

HCD Multipole DC (V)            -54.7 

Inj. Flat. RF Amp (V)           699.3 

Inj. Flat. RF Freq (kHz)      514.430 

Bent Flat. RF Amp (V)           938.1 

Bent Flat. RF Freq (kHz)     1081.990 

RF2 and RF3 Amp (V)             897.3 

RF2 and RF3 Freq (kHz)        800.270 

Inter Flatapole DC (V)          59.77 

Quad Exit DC (V)               -20.12 

C-Trap Entrance Lens DC (V)      1.16 

C-Trap RF Amp (V)              2944.4 

C-Trap RF Freq (kHz)            2.190 

C-Trap RF Curr (A)              0.554 

C-Trap Exit Lens DC (V)        -19.87 

HCD Exit Lens DC (V)            34.76 

======  Vacuum:  ======:              

Fore Vacuum Sensor (mbar)        1.75 

High Vacuum Sensor (mbar)    3.30e-09 

UHV Sensor (mbar)            3.68e-10 

Source TMP Speed               1000.0 

UHV TMP Speed                  1000.0 

=====  Temperatures:  =====:          

Analyzer Temperature (Â°C)      28.66 

Ambient Temperature (Â°C)        31.2 

Ambient Humidity (%)             20.9 

Source TMP Motor Temperature     50.0 

Source TMP Bottom Temperatur     40.0 

UHV TMP Motor Temperature (Â     51.0 

IOS Heatsink Temp. (Â°C)         32.2 

HVPS Peltier Temp. (Â°C)        37.22 

Quad. Det. Temp. (Â°C)          34.25 

====  Diagnostic Data:  ====          

Performance ld                  0.664 

Performance me               1427.285 

Performance cy:                 0.801 

CTCD mV                          6.50  
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Hazardous substances according to the GHS 
Table 12 | Overview of all hazardous substances used in this work. 
All substances are listed along with their hazard pictograms as well as hazard and precautionary statements according 
to the Globally Harmonized System of Classification and Labelling of Chemicals (GHS). The information was retrieved 
from safety data sheets provided by respective manufacturers. 

substance (CAS) hazard 
pictogram hazard statements precautionary statements 

2-mercaptoethanol 
(60-24-2) 

 

 

 

 

H301 + H331 
Toxic if swallowed or if 

inhaled. 

H310 
Fatal in contact with skin. 

H315 
Causes skin irritation. 

H317 
May cause an allergic skin 

reaction. 

H318 
Causes serious eye 

damage. 

H361d 
Suspected of damaging the 

unborn child. 

H373 
May cause damage to 
organs (Liver, Heart) 
through prolonged or 
repeated exposure if 

swallowed. 

H410 
Very toxic to aquatic life 
with long lasting effects. 

P273 
Avoid release to the environment. 

P280 
Wear protective gloves/protective 

clothing/eye protection/face 
protection. 

P301 + P310 
IF SWALLOWED: Immediately call a 

POISON CENTER/doctor. 

P302 + P352 + P310 
IF ON SKIN: Wash with plenty of 

water. Immediately call a POISON 
CENTER/doctor. 

P304 + P340 + P311 
IF INHALED: Remove person to 

fresh air and keep comfortable for 
breathing. Call a POISON 

CENTER/doctor. 

P305 + P351 + P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 

acetic acid 
(64-19-7) 

 

 

H226 
Flammable liquid and 

vapor. 

H314 
Causes severe skin burns 

and eye damage. 

P210 
Keep away from heat, hot surfaces, 

sparks, open flames, and other 
ignition sources. No smoking. 

P280 
Wear protective gloves/protective 

clothing/eye protection/face 
protection. 

P303+P361+P353 
IF ON SKIN (or hair): Take off 
immediately all contaminated 

clothing. Rinse skin with water. 

P305+P351+P338+P310 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 
Immediately call a poison 

center/doctor. 
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Table 12 | continued. 

substance (CAS) hazard 
pictogram hazard statements precautionary statements 

ammonium acetate 
(631-61-8) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 

ammonium hydroxide solution 
(1336-21-6) 

 

 

 

H314 
Causes severe skin burns 

and eye damage. 

H335 
May cause respiratory 

irritation. 

H410 
Very toxic to aquatic life 
with long lasting effects. 

P261 
Avoid breathing 

dust/fume/gas/mist/vapors/spray. 

P271 
Use only outdoors or in a well-

ventilated area. 

P273 
Avoid release to the environment. 

P280 
Wear protective gloves/protective 

clothing/eye protection/face 
protection. 

P303+P361+P353 
IF ON SKIN (or hair): Take off 
immediately all contaminated 
clothing. Rinse skin with water. 

P305+P351+P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 

arginine 
(74-79-3) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 

bromophenol blue 
(115-39-9) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 
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Table 12 | continued. 

substance (CAS) hazard 
pictogram hazard statements precautionary statements 

cesium iodide 
(7789-17-5) 

 

 

H361fd 
Suspected of damaging 

fertility. Suspected of 
damaging the unborn child. 

H400 
Very toxic to aquatic life. 

P201 
Obtain special instructions before 

use. 

P202 
Do not handle until all safety 

precautions have been read and 
understood. 

P273 
Avoid release to the environment. 

P280 
Wear protective gloves/protective 

clothing/eye protection/face 
protection. 

P308 + P313 
IF exposed or concerned: Get 

medical advice/attention. 

P391 
Collect spillage. 

dithiothreitol, DTT 
(3483-12-3) 

 

 

H302 
Harmful if swallowed. 

H315 
Causes skin irritation. 

H318 
Causes serious eye 

damage. 

P264 
Wash skin thoroughly after 

handling. 

P270 
Do not eat, drink or smoke when 

using this product. 

P280 
Wear protective gloves/eye 
protection/face protection. 

P301 + P312 
IF SWALLOWED: Call a POISON 

CENTER/doctor if you feel unwell. 

P302 + P352 
IF ON SKIN: Wash with plenty of 

water. 

P305 + P351 + P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 
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Table 12 | continued. 

substance (CAS) hazard 
pictogram hazard statements precautionary statements 

ethylenediaminetetraacetic acid, 
EDTA 

(60-00-4)  

H319 
Causes serious eye 

irritation. 

P264 
Wash skin thoroughly after 

handling. 

P280 
Wear eye protection/face 

protection. 

P305 + P351 + P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 

P337 + P313 
If eye irritation persists: Get 
medical advice/attention. 

glutathione, oxidized 
(27025-41-8) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 

glutathione, reduced 
(70-18-8) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 

glycerol 
(56-81-5) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 

guanidine hydrochloride 
(50-01-1)  

H302 + H332 
Harmful if swallowed or if 

inhaled. 

H315 
Causes skin irritation. 

H319 
Causes serious eye 

irritation. 

P261 
Avoid breathing dust. 

P264 
Wash skin thoroughly after 

handling. 

P301 + P312 
IF SWALLOWED: Call a POISON 

CENTER/doctor if you feel unwell. 

P302 + P352 
IF ON SKIN: Wash with plenty of 

water. 

P304 + P340 + P312 
IF INHALED: Remove person to 

fresh air and keep comfortable for 
breathing. Call a POISON 

CENTER/doctor if you feel unwell. 

P305 + P351 + P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 

HEPES 
(7365-45-9) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 
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Table 12 | continued. 

substance (CAS) hazard 
pictogram hazard statements precautionary statements 

isopropyl-β-D-1-
thiogalactopyranosid, IPTG 

(367-93-1) 
 

 

H319 
Causes serious eye 

irritation. 

H351 
Suspected of causing 

cancer. 

P281 
Use personal protective equipment 

as required. 

P305 + P351 + P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 

phenylmethylsulfonyl fluoride, 
PMSF 

(329-98-6) 
 

 

H301 
Toxic if swallowed. 

H314 
Causes severe skin burns 

and eye damage. 

P260 
Do not breathe dusts or mists. 

P270 
Do not eat, drink or smoke when 

using this product. 

P280 
Wear protective gloves/protective 

clothing/eye protection/face 
protection. 

P303 + P361 + P353 
IF ON SKIN (or hair): Take off 
immediately all contaminated 

clothing. Rinse skin with water. 

P304 + P340 + P310 
IF INHALED: Remove person to 

fresh air and keep comfortable for 
breathing. Immediately call a 

POISON CENTER/doctor. 

P305 + P351 + P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing 

sodium chloride, NaCl 
(7647-14-5) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 
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Table 12 | continued. 

substance (CAS) hazard 
pictogram hazard statements precautionary statements 

sodium dodecyl sulfate, SDS 
(151-21-3) 

 

 

 

H228 
Flammable solid. 

H302 + H332 
Harmful if swallowed or if 

inhaled. 

H315 
Causes skin irritation. 

H318 
Causes serious eye 

damage. 

H335 
May cause respiratory 

irritation. 

H412 
Harmful to aquatic life with 

long lasting effects. 

P210 
Keep away from heat, hot surfaces, 

sparks, open flames and other 
ignition sources. No smoking. 

P273 
Avoid release to the environment. 

P280 
Wear protective gloves/protective 

clothing/eye protection/face 
protection. 

P301 + P312 
IF SWALLOWED: Call a POISON 

CENTER/doctor if you feel unwell. 

P304 + P340 + P312 
IF INHALED: Remove person to 

fresh air and keep comfortable for 
breathing. Call a POISON 

CENTER/doctor if you feel unwell. 

P305 + P351 + P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 

sucrose 
(57-50-1) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 

tris(hydroxymethyl)aminomethane 
hydrochloride, Tris-HCl 

(1185-53-1) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 
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Table 12 | continued. 

substance (CAS) hazard 
pictogram hazard statements precautionary statements 

Triton™ X-100 
(9036-19-5) 

 

 

 

H302 
Harmful if swallowed. 

H315 
Causes skin irritation. 

H318 
Causes serious eye 

damage. 

H410 
Very toxic to aquatic life 
with long lasting effects. 

P264 
Wash skin thoroughly after 

handling. 

P273 
Avoid release to the environment. 

P280 
Wear protective gloves/eye 
protection/face protection. 

P301 + P312 
IF SWALLOWED: Call a POISON 

CENTER/doctor if you feel unwell. 

P302 + P352 
IF ON SKIN: Wash with plenty of 

water. 

P305 + P351 + P338 
IF IN EYES: Rinse cautiously with 

water for several minutes. Remove 
contact lenses, if present and easy 

to do. Continue rinsing. 

urea 
(57-13-6) 

Not a hazardous substance or mixture according to Regulation (EC) No 
1272/2008. 
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Contributions 
Data presented in this thesis results from highly collaborative work mainly together with 

the Springer lab (Constructor University Bremen). The data and results shown in this thesis 

are primarily based on native mass spectrometry experiments designed and performed by 

me (JDK). If not stated otherwise, the work (design, implementation, evaluation of  the 

experiments, etc.) was carried out by me. In some respects, the work is complemented by 

results from my collaborators to support the research findings. 

For the first part of the introduction (Chapter 1.1), a small section was taken from a review 

that I co-authored. For the second part of the introduction (Chapter 1.2), minor sections 

from the publications listed below, in which I was the main author or co-author, were 

adopted. 

The following lists for each chapter which co-authors contributed to this work and to what 

extent. 

Chapter 1.1 Structural mass spectrometry 
Dülfer, J., Kádek, A., Kopicki, J.-D., Krichel, B., & Uetrecht, C. (2019). Structural mass spectrometry 
goes viral. Advances in virus research, 105, 189–238. doi: 10.1016/bs.aivir.2019.07.0031. 

JD, AK, JDK and BK did literature research and wrote the manuscript. JD, AK, and CU revised and 
edited the manuscript. 

Chapter 1.2 Immune regulation via the major histocompatibility complex 

Anjanappa, R., Garcia-Alai, M., Kopicki, J.-D., Lockhauserbäumer, J., Aboelmagd, M., Hinrichs, J., 
Nemtanu, I. M., Uetrecht, C., Zacharias, M., Springer, S., & Meijers, R. (2020). Structures of peptide-
free and partially loaded MHC class I molecules reveal mechanisms of peptide selection. Nature 

communications, 11(1), 13142. 

SS and RM wrote the manuscript with input from all authors. 

Dirscherl, C., Löchte, S., Hein, Z., Kopicki, J.-D., Harders, A. R., Linden, N., Karner, A., Preiner, J., 
Weghuber, J., Garcia-Alai, M., Uetrecht, C., Zacharias, M., Piehler, J., Lanzerstorfer, P., & Springer, S. 
(2022). Dissociation of β2m from MHC class I triggers formation of noncovalent transient heavy chain 
dimers. Journal of cell science, 135(9), jcs2594893. 

CD, SL, JDK, NL wrote the manuscript. MGA, CU, MZ, JPi, PL, and SS revised and edited the manuscript. 

Kopicki, J.-D., Saikia, A., Niebling, S., Günther, C., Anjanappa, R., Garcia-Alai, M., Springer, S., & 
Uetrecht, C. (2022). Opening opportunities for Kd determination and screening of MHC peptide 
complexes. Communications biology, 5(1), 4884. 

JDK wrote the manuscript. CU and SS revised and edited the manuscript. 

Chapter 3.1 MHC-I heavy chains form noncovalent dimers in absence of β2m 
Dirscherl, C., Löchte, S., Hein, Z., Kopicki, J.-D., Harders, A. R., Linden, N., Karner, A., Preiner, J., 
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