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MALDI Mass Spectrometry is an analytical technique able to study the complex interdependency between chemical

interaction and structural conformation of several protein based assemblies.
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1. Introduction

Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) was the first time developed by Hillekanmp

and Karas . Briefly, the irradiation of a laser with a specific wavelength on a solid sample, covered with a small UV

absorbing molecule, leads to the production of gaseous ions, that are analyzed based on their mass-to-charge ratio (m/z)

by a mass spectrometer . This technique is applied to several scientific fields from chemistry to biomedicine because

can detect a broad variety of compounds such as small molecules until large proteins using a very small amount of

sample. MALDI-MS is commonly used in proteomics to identify proteins and their post-translational modifications by

detection of tryptic peptides and its comparison to specific databases . On the other hand, the soft nature of the

MALDI allows also us to analyze entire protein complexes that are bound by noncovalent interactions . Understanding

noncovalent interactions between proteins are of great interest and crucial for the biological function such as enzymatic

catalysis , modulation of signal transduction , and immunomodulation . In this regard, the conformation of the protein

has a strong effect on the noncovalent interactions and therefore on biological effects . The information regarding the

influence of the conformation in the interaction and vice versa is a great interest not only for basic research or structural

biology but also in the pharmaceutical fields in which protein-based drugs are continuously developed e.g., vaccines .

The interaction of antigen and antibody is a great example of how the conformation of the antigen is crucial for its

interaction . Therefore, noncovalent interactions are involved in the functionality of a complex protein network . To

analyze this complex and sensitive information, sophisticated methods are applied to preserve the conformational and

reactivity of the protein, as shown in Figure 1.

Figure 1. Noncovalent Protein-protein assembly. The picture shows noncovalent interactions in protein-protein complexes

and an overview of the techniques to study their conformation and interaction.

2. MALDI Mass Spectrometry Analysis as an Approach to Unravel
Interactions in Protein Assembly Guided by Molecular Conformation

Mass spectrometry is a technique able to measure the m/z of several ionized compounds that are analyzed through the

use of a mass analyzer and highly sensitive detectors giving several advantages in analytical procedures such as high

specificity, sensitivity, speed, and stoichiometry . In general, a mass spectrometer consists of three components as

schematically shown in Figure 2.

Figure 2. General components of a mass spectrometer. The ions, produced by the ion source, are separated based on

their m/z ratio and detected by high sensitive detectors. The ion source produces the ions in the gas phase from the

sample. In the mass analyzer, such as triple quadrupole and time-of-flight (TOF), the ions are separated based on the m/z
charge ratio and at the end, the ionic currents are detected by conversion to electrical signals in the detector.

[1]

[2]

[3][4]

[5]

[6] [7] [8]

[9]

[10]

[11][12] [13]

[14][15]



The ion source is the main component and the heart of the mass spectrometer in which the analytes are ionized through

specific and diverse ionization processes, and therefore detectable by the mass spectrometer. The parameters of the ion

source and the sample preparation strongly affect the energy stability of noncovalent interactions, that can be preserved

during the ionization process in the gas phase . Therefore, the ion source and its ionization process strongly affect the

sensitivity of the noncovalent structures such as the tertiary and quaternary structures of proteins.

Soft ionization processes, such as electrospray ionization (ESI) and MALDI, are employed for structural analysis of the

protein elucidating not only noncovalent interactions but also conformational changes of the proteins. For such purpose,

several techniques such as hydrogen/deuterium exchange (HDX), native MS, limited proteolysis, cross-linking, and fast

photochemical derivatizations are applied to investigate the relationship function and conformation .

Although Electrospray Ionization (ESI) is the preferred method to study conformations and noncovalent interactions

between proteins , MALDI-MS remains a simple and fast alternative to study protein-protein complexes. Even though

the high energy of the laser, MALDI can preserve noncovalent interactions , and yields stoichiometric information of the

protein-protein complex . A general advantage of implementing MALDI in analytical procedures is also a user-friendly

sample preparation (small sample volumes, no complicated protocols, and high salt tolerance), compatible with high-

throughput screening procedures  and clinical applications . On the other hand, special and expensive detectors

such as ion conversion dynode (ICD), which is the only commercially available high-mass detector, are required for the

detection of intact protein-protein complexes with very good sensitivity . Another disadvantage of MALDI-MS to take

into account is the challenging in the performance of absolute quantification due to sample composition, sample

morphology, inhomogeneous matrix crystallization, laser conditions and, depletions during laser exposure . This review

is going to describe MALDI-MS-based procedures for finding functional conformations of a protein involved in a protein-

protein complex as described in Figure 3.

Figure 3. Conformation and protein-protein interaction study based on MALDI-mass spectrometry finding the functional

conformation.

2.1. Limited Proteolysis MALDI-MS

Limited proteolysis mass spectrometry is a trend method to study conformational effects upon interaction with small

molecules . The limited proteolysis is restricted digestion of the protein with a low concentration of proteases. It leads to

controlled proteolysis at putative cleavage sites, based on the backbone plasticity and/or local unfolding of the protein

region .

A combination of limited proteolysis and MALDI-MS was applied for the first time to study a multi-component biomolecular

assembly DNA-protein  and to perform structural studies using proteolytic footprinting . Similar approaches were

applied to protein-protein interactions between cell cycle regulatory proteins, p21 and Cdk2 , or on capsid viral

protein complexes to elucidate mobile features of the viral proteins  e.g., autocatalytically cleavable protein α in Flock

House virus . The activation-dependent conformational changes of ß-arrestins are revealed using limited proteolysis in

combination with both sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) and mass spectrometry

analysis. This mass spectrometry-based method can be adapted as a tool to study the nature of ß-arrestins

conformational changes downstream of different receptors, as well as to study how each conformational change can be

associate with a specific ß-arrestin function e.g., desensitization, internalization, and signaling . The structure-

function dependent interaction between Hsp90 and its co-chaperone Cdc37 resulting in the facilitation of folding and

activation of numerous proteins. Such interaction was studied by limited proteolysis in conjunction with MALDI-TOF-MS

analysis of peptide fragments and peptide microsequencing . Another example is given by epitope analysis of antibody-

antigen complexes performed also by limited proteolysis coupled with MALDI-MS  as shown the Figure 4.
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Figure 4. Epitope analysis by limited proteolysis-MALDI-MS approach. Two proteases I and II, which cleaves the antigen

at different sites, are used for digestion. The immobilized antibody-epitope complex can be analyzed directly by MALDI-

MS. Adapted from .

2.2. HDX-MALDI-MS

HDX is a powerful labeling tool that investigates protein conformational alteration by monitoring differential deuterium

incorporation in altered regions . Protein hydrogens attached to electronegative atoms (e.g., amide hydrogens)

continuously exchange with solvent hydrogen and deuterium either in an acid or base-catalyzed manner . The

measurement of the exchange rate for these amides provides detailed information about their surrounding environments

. In HDX-MS there are two ways to measure the exchange rate of the amides: 1) by measure the m/z ratio of the

peptides produced after proteolysis of deuterated protein (“bottom-up approach”) and 2) by measure the m/z ratio of

fragments produced by ion dissociation, for example, electron-capture dissociation (ECD) or electron-transfer dissociation

(ETD), of the deuterated protein avoiding randomization of deuterons within proteins in the gas phase (“top-down

approach”) . An interesting application of HDX coupled with mass spectrometry and NMR spectroscopy consists of

studying the conformational and dynamic changes of an allosteric system, consisting of a transition of the system within

several conformational states . HDX-MShas enabled the investigation of protein folding intermediates, the

characterization of transient structure in intrinsically disordered protein .

An example of the bottom-up approach was reported by Mandel et al., where the combination of HDX-MALDI-MS was

employed to identify peptic fragments from protein complexes at the interacting interface between kinase inhibitors and

cyclic-AMP-dependent protein kinase. This complex retains deuterium under hydrogen exchange conditions due to

decreased solvent accessibility at the interface of the complex . The isotope exchange of polypeptide backbone

amide hydrogens of hemoglobin (Hb) and following tryptic digestion was carried out inside red blood cells and monitored

using MALDI-MS to explore the conformational transition associated with oxygenation . Conformational dynamics of

factor XIII activation induced by calcium were also investigated by HDX-MALDI-MS of tryptic peptides . In this context,

limited proteolysis combined with HDX and quantitative LC-MALDI-MS was employed to monitor the conformational

changes of troponin C after binding with ligand calcium .

On the other hand, a HDX-MALDI-MS using a top-down approach trough in-source decay analysis of deuterated

cytochrome c yielded an extensive series of c-fragment ions that originate from the cleavage of nearly all N-C  bonds

allowing for a detailed analysis of the deuterium content of the backbone amides with a minimal hydrogen scrambling. In

this way, the dynamic behavior of cytochrome c in solution is accurately reflected in the deuterium content of the fragment

ions .

Moreover differential and native HDX-MALDI-MS semiautomated conformational screening was performed by changing

the polarity of the solvent and different conformations of the protein were evaluated . In detail, the small size proteins,

ubiquitin, and insulin were analyzed by using a nonaqueous matrix solution (5 mg/mL of sinapic acid in acetonitrile with

0.1% 3-nitrobenzyl alcohol) to minimize the D/H back exchange. Spatially resolved deuteration levels are readily obtained

by mass analysis of consecutive fragment ions. This semi-automated approach is an important step forward in the

automation of proteomics approaches that are ongoing developing for clinical and biomedical applications .

The coupling of MALDI-MS to HDX is limited by undesired back-exchange reactions from the air humidity, but optimized

protocols were developed to minimize this issue in sample preparation . For example, the low temperature of the

sample plate minimizes the amount of back exchange .
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2.3. Protein Derivatization

Since chemical modification has a conformational impact on protein, protein derivatization is another approach to study

the functional conformation of a protein . The yield of these derivatizations depends on the spatial localization of

amino acids in the protein and therefore on the protein folding. In MALDI-MS, the bottom-up approach of derivatized

protein is employed for conformational studies and native MS. The top-down approach for the conformational study is still

carried out with ESI coupled mass spectrometers in which infrared multiple photon dissociation (IRMPD) and electron

capture/electron transfer dissociation (ECD/ETD) are employed to dissociate the derivatized protein and to analyze the

cross-linked fragments. On the other hand, through in-source decay, a top-down approach can be carried out by MALDI-

MS, but so far, an established method is not reported with derivatized protein. Moreover, the protein derivatization is

employed to convert noncovalent protein-protein complex, such as integral membrane protein complexes, to covalent,

and therefore the resulting covalent complex is detected by MALDI-MS . One of the chemical modifications mostly used

in MALDI-MS is cross-linking (CL). The concept of protein cross-linking in combination with mass spectrometry holds

great promise to derive structural information on protein conformation, protein-protein interactions, and protein interaction

networks in complex biological samples . The general workflow based on MALDI is the detection of peptide

derivates from cross-linked proteins with a specific conformation and/or specific interaction with another protein using

MALDI-MS/MS and homo-bifunctional amino group-specific  and isotope-labeled cross-linkers .

Hundreds of chemicals described in the literature or commercially available are based on a limited number of reactions 

. Examples of cross-linkers used in MALDI-MS are amino-reactive cross-linkers (N-hydroxysuccinimide esters) ,

sulfhydryl-reactive cross-linkers, maleic acid imides, disuccinimidyl suberate, bis(sulfosuccinimidyl suberate and 1,1′-

(suberoyldioxy) bis azabenzotriazole , glutaraldehyde  and photo-reactive cross-linkers .

Promising for future applications in structural proteomics and imaging is the development of a derivatization method

based on nanosecond photoreactions of neuropeptides using nitrobenzaldehyde giving the reactive 2-nitrosobenzoic

anion able to react with the primary group of a protein . By combining the use of bisthiopropionic acid N-succinimidyl

ester (BipS), a photocleavable, isotopically coded, fluorescent cross-linker, the first direct evidence was provided for the

docking site of a phosphorylated G-protein-coupled receptor C terminus on the multifunctional adaptor protein beta-

arrestin, clearly demonstrating the broad potential and application in structural and cellular biology 

2.4. MALDI Native Mass Spectrometry

First studies reported that the observation of entire noncovalent complexes, without using any derivatization procedures,

in high mass MALDI-MS is possible only by acquiring the mass spectra by the first few laser shots at a new sample spot

(“first shot phenomenon”) .

Recently, Beaufour et al. developed a method for native mass spectrometry of proteinsbased on liquid deposits. The

molecular arrangement between matrix and complex is involved in the stability of noncovalent interaction during the

MALDI events. In contrast to the solid deposit that has an irreversible frozen arrangement, in liquid deposit, regeneration

of an ideal rearrangement following a single-shot accumulation is hypothesized. Moreover, the gas phase dissociation

was minimized by parametric optimization . Therefore, the possibility to observe native protein complexes brings an

important outlook for the newly established MALDI-MS imaging that leads native proteomics directly to a tissue specimen

contributing to the histopathological medical diagnosis field . The “native-MSI” methodology was further improved by

using liquid extraction surface analysis in order to spatially resolve and identify intact proteins with a molecular weight up

to 47 kDa, including trimeric protein complex, directly on rat kidney tissue section .
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