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ABSTRACT  

 

A novel laser based mass spectrometry method termed LILBID (laser induced liquid bead ion 

desorption) is applied to analyze large integral membrane protein complexes and their 

subunits. In this method the ions are IR-laser desorbed from aqueous micro droplets 

containing the hydrophobic protein complexes solubilized by detergent. The method is highly 

sensitive, very efficient in sample handling, relatively tolerant to various buffers and detects 

the ions in narrow, mainly low-charge state distributions. The crucial experimental parameter 

determining whether the integral complex or its subunits are observed is the laser intensity: At 

very low intensity level corresponding to an ultra soft desorption, the intact complexes, 

together with few detergent molecules, are transferred into vacuum. Under these conditions 

the oligomerisation state of the complex, i.e. its quaternary structure, may be analyzed. At 

higher laser intensity, complexes are thermolyzed into subunits, with any residual detergent 

being stripped off to yield the true mass of the polypeptides. The model complexes studied are 

derived from the respiratory chain of the soil bacterium Paracoccus denitrificans, and include 

complexes III (cytochrome bc1 complex) and IV (cytochrome c oxidase). These are well 

characterized multi-subunit membrane proteins, with the individual hydrophobic subunits 

being composed of up to 12 transmembrane helices.  
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Introduction  

Biological membranes enclose and compartmentalize cells of all organisms, acting as effective 

insulators and selective filters between the cytoplasm and the outside medium. Being composed 

mainly of a double layer of phospholipids, each membrane houses a particular set of proteins or 

protein complexes allowing for specific communication between the inside of a cell and its 

environment. Membrane proteins are centrally involved in basic cellular activities such as solute and 

ion transport, energy transduction in respiratory and photosynthetic systems, sensory stimuli 

transduction and information processing; hence they are important drug targets. While around 20-30 % 

of all genes are estimated to encode membrane proteins [1], our understanding for this important class 

of proteins lags behind for reasons of their highly hydrophobic nature, their intricate subunit structure, 

and their elaborate and in many cases only transient interaction with soluble or other membrane-bound 

proteins. 

Both, their individual polypeptide composition as well as their specific assembly into larger protein 

complexes, i.e. their quaternary structure in the membrane, are fundamental aspects in the molecular 

description of their functionality. Due to their insolubility in aqueous media the analysis of membrane 

proteins is notoriously difficult. Physicochemical studies of membrane proteins generally require 

detergent treatment for solubilization, and many studies have focused on protein-detergent interactions 

both from a functional and a structural point of view.  

Since the late eighties, mass spectrometry (MS) has increasingly been applied to the studies of proteins 

due to its high mass accuracy, allowing to identify even small posttranslational modifications. The 

mass analysis of noncovalent protein complexes is another, still challenging goal of mass 

spectrometry. Presently mainly ESI-MS [2] (electrospray ionization) and MALDI-MS [3] (matrix-

assisted laser desorption/ionisation), often coupled to high performance liquid chromatography 

(HPLC), are used. ESI-MS has developed from a method to determine the molecular mass of single 

proteins into a tool for studying noncovalent multimeric protein assemblies ([4-6] and references cited 

within). In particular the ESI-MS analysis of several important soluble macromolecular complexes has 

been reported [7, 8]. However, the study of detergent –solubilized proteins with ESI-MS is demanding 

because of protein signal suppression due to the presence of excess detergent [9, 10]. Hence analysis 
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by ESI-MS usually requires the removal of detergent by organic solvents prior to sample analysis [11-

15]. 

Whereas ESI-MS is now extensively used for the study of noncovalent complexes, the application of 

MALDI-MS in this area of research is more restricted. Nevertheless MALDI was utilized to analyze 

water-soluble proteins with molecular weights up to 300 kDa [16] and MALDI data on the subunit 

stoichiometry of high mass noncovalent complexes of membrane proteins have been reported by van 

Dorsselaer et al. [17] and Gennis et al. [18]. 

Compared with these established MS-methods, experiments with LILBID-MS, pioneered by our 

group, [19-22] are relatively straightforward in handling.  

The biomolecules, dissolved in aqueous, buffered solution, are laser desorbed/ablated from micro 

droplets (average diameter 50 µm, volume 65 pl) into vacuum. For desorption the wavelength of the 

IR laser is tuned to the absorption maximum of water at around 3 µm corresponding to an excitation of 

the stretching vibrations of water. At a threshold intensity of around 100 MW/cm2 a very fast phase 

transition is induced concomitant with a spherical explosion and subsequent disruption of the droplet. 

This results in the emission of ions from liquid into gas phase, where they can be mass analyzed by 

time-of-flight spectrometry. From as low as one single droplet to, more typically, only 100 to 200 

droplets are sufficient to record a mass spectrum, depending on the analyte concentration. 

In the following we show that, at very low laser intensity LILBID works in a very gentle way which 

allows to detect intact membrane complexes i.e. the complete assembly of all subunits (ultrasoft 

mode). At intermediate laser intensities (semisoft mode), complexes are partially thermolyzed into 

subcomplexes and subunits. Finally, at still higher intensities, the hydrophobic interactions are broken 

up completely and only the individual subunits are observed in the mass spectrum (harsh mode).  

Thus our approach to study the membrane molecules is “top-down” and not  

“bottom-up”, as it is typical in methods used in modern proteomics. 

 

In a proof of principle experiment, we focus on components of the respiratory chain of the soil 

bacterium Paracoccus denitrificans. It has been extensively studied as a model organism of the 

mitochondrial electron transfer chain for its simple subunit composition, yet full functionality 

4 

ACCEPTED  MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

and its high sequence identity [23]. Apart from other energy converting branches, the core part of 

the respiratory chain system in P. denitrificans is highly homologous to its mitochondrial counterpart, 

and consists of four complexes: NADH:ubiquinone oxidoreductase (complex I), succinate:ubiquinone 

oxidoreductase (complex II), ubiquinol:cytochrome c oxidoreductase (bc1 complex, complex III) and 

cytochrome c oxidase (aa3 oxidase, complex IV), linked by the two-electron carrier ubiquinone and 

the one-electron carrier cytochrome c. Here we specifically analyze complexes III and IV, as well as 

cytochrome c, which in the case of P. denitrificans is the membrane-bound cytochrome c552. These 

proteins and complexes were chosen since (i) their subunit masses are known from primary sequence, 

(ii) they allow a wide variation in the degree of complexity in terms of subunit composition and 

number of transmembrane helices (TMH) present in each subunit, and (iii) the 3-D structures of 

complex IV and of the heme domain of cytochrome c552 have already been solved [24, 25]. 
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MATERIALS AND METHODS  

 

 

Measurement of LILBID spectra 

In the older version of the LILBID-technique, based on continuous liquid beams [26, 27], a large 

consumption of analyte excluded application to the mass analysis of biomolecules of low availability. 

The new version however now utilizes liquid droplets [28], which minimizes the analyte consumption 

by orders of magnitude. The micro droplets (φ = 50 µm) are produced on demand by a piezo-driven 

droplet generator and introduced via differential pumping stages into the vacuum, where they are 

irradiated one by one by intense ns mid-IR laser pulses. The laser pulses are generated in a home-built 

optical parametric oscillator (OPO) based on a LiNbO3 crystal pumped by a commercial pulsed Nd-

Yag laser. The moderatetly focused laser pulses (spot size around 300 µm in diameter, pulse duration 

around 6ns), are tuned to a wavelength of about λ = 3 µm, at pulse energies of 1 to 15 mJ/pulse 

depending on the amount of desired fragmentation.  

At this wavelength centered in the broad absorption band of liquid water, the laser energy is absorbed 

by the O-H stretch vibrations of the water molecules within the first micrometers of the liquid surface 

of the droplet. At a threshold intensity of around 100 MW/cm2 a very fast phase transition is induced 

concomitant with a sperical explosion and subsequent disruption of the droplet resulting in the 

emission of ions from liquid into gas phase. These ions are then accelerated in a conventional pulsed 

two-field ion optic and mass-analyzed in a home-built time-of-flight (TOF) reflectron mass 

spectrometer [28]. To detect very large biomolecular ions with high m/z values we use a home-built 

Daly-type ion detector, working up to a m/z range in the low MDa region. For the present publication 

only anions were analyzed, corresponding to the net charge states of most of these proteins in solution. 

However, cation spectra may also be obtained, although in case of biomolecules in general at much 

lower intensity.  

Especially under ultra soft desorption conditions the mass spectra often exhibit, apart from discrete ion 

peaks, a broad unstructured ion background, caused by metastable loss of water and buffer molecules. 

In those cases the broad background was subtracted from the original ion spectra. To improve the 
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signal to noise ratio these difference spectra were smoothed by averaging the signal over a preset 

number of channels of the transient recorder, with the smoothing interval always lying within the time 

resolution of our TOF mass spectrometer. The spectra were mass calibrated with proteins of known 

mass such as lysozyme (14,3 kDa), bovine serum albumin (67 kDa), catalase (60 kDa as monomer and 

240 kDa as a tetramer) and with DNA strands of different lengths, recorded under identical conditions 

of the apparatus. 

 

 

Sample preparation 

 

For the initial solubilization of the membrane proteins and for all further purification steps the non-

ionic detergent n-dodecyl-β-D maltoside (DDM; mass = 511 Da), which maintains in-vitro enzymatic 

activity (see ref. cited below) was employed, if not specified otherwise. For all LILBID experiments 

reported here, we used ammonium acetate as standard buffer, in general at a concentration of 25 mM, 

and at pH 6,8 containing 0.025% (w/v) of DDM. For typical measurements only 2-10 µl of sample 

solution is required, containing the analyte in µM concentration. The amount of protein present in one 

single droplet is typically in the femto to atto mole region. Under typical conditions the recorded mass 

spectra are averages over 100 to 200 laser shots and droplets, respectively. 

Preparation of cytochrome c552: Heterologous expression of the His-tagged full-length cytochrome 

c552, and its solubilization and purification was performed as described by Drosou et al. [29]. The final 

buffer used in the LILBID experiments was introduced by ultrafiltration (Vivaspin, 10 kDa cut-off).  

Cytochrome bc1 complex: The wild-type P. denitrificans bc1 complex was purified from a strain 

overexpressing the protein; cell growth, membrane isolation, solubilization and subsequent protein 

purification were done essentially as described in Schröter et al. [30], with modifications described in 

Ritter et al. [31]. For buffer exchange, ultrafiltration (Vivaspin 100 kDa cut-off) was used. 

Cytochrome c oxidase: To obtain the four-subunit preparation [25], the protein was purified from 

wild-type membranes solubilized in DDM as described in Hendler et al. [32]. A two-subunit enzyme 

complex was purified in Triton X-100 according to Ludwig and Schatz [33]; in a final purification step 
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this detergent was exchanged for DDM by DEAE anion exchange chromatography followed by 

ultrafiltration (Vivaspin 100 kDa cut-off). 

 

Cytochrome c552 fragment was prepared as described by Reincke et al [34]. This soluble module of 

100 amino acids (see table 2) comprises the heme binding domain, but lacks the N-terminal 

membrane anchor; its 3-D structure is known [24].  

 

 

Cytochrome c1 CF 

This soluble, acidic fragment of 220 amino acids (see table2) represents the heme binding 

domain and was expressed in E. coli (Janzon et al., manuscript in preparation). 

 

 

Mixture of the three soluble cytochromes 

Equimolar amounts (at a concentration of 100 µM each, determined spectroscopically) of three soluble 

cytochromes (horse heart cytochrome c, the c552 fragment and the c1 CF fragment, see above) were 

combined and the mixture dialyzed extensively (4 kDa cut-off membrane) against 50 mM ammonium 

acetate buffer at pH 6.8 and then diluted 10 fold for MS measurements.  

 

 

Chemicals  

n-Dodecyl-β-D maltoside (DDM) was obtained from Merck, 2-(N-morpholino)ethanesulfonic acid 

(MES) buffer was from AppliChem (Darmstadt), ammonium acetate (buffer grade) from Roth 

(Karlsruhe), horse heart cytochrome c was bought from SIGMA (Sigma-Aldrich, Deisenhofen). All 

aqueous solutions were made with deionized water.  
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Calibration standards 

 

Hen egg lLysozyme and catalase were puchased from SIGMA (Sigma-Aldrich, Deisenhofen), bovine 

serum albumin from Biomol (Hamburg) and single-stranded DNA of defined length from Biospring 

(Frankfurt) 

The proteins were dissolved in water and DNA strands in 10 mM ammonium acetate at pH 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS AND DISCUSSION 

Ion formation mechanism and mass resolution :   

While the ion formation process for LILBID is still not well characterized, we favour a “lucky 

survivor” model for its rationalization [20]. In this model the photon absorption induces a very fast 

nonequilibrium phase transition beyond the supercritical point, from where the liquid expands 

9 

ACCEPTED  MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

explosively similar to a highly compressed gas [28]. In the decreasing particle density of the rapidly 

expanding supercritical phase, the dielectric constant drops to zero [35], and the no longer shielded 

ions and counter ions start to recombine. Only those ions escape into vacuum which are too far away 

from their counter ions to be trapped by Coulomb attraction [36]. About one in ten thousand of the 

solvated ions in the liquid thus escape into vacuum. Hence preformed ions are detected due to an 

incomplete ion neutralisation process. 

Because of the spherical isotropic explosive expansion (with a velocity of around 800 m/s) of the ion 

cloud, the present resolving power is limited in the kDa mass range to an approximate M/∆Μ  value of 

100, and a value even lower in mass ranges above. This limitation in mass resolution which cannot be 

compensated by the delayed field technique, may eventually be overcome by collisional cooling in an 

ion trap and a pulsed storage depletion with subsequent orthogonal acceleration of the ions for TOF 

analysis, which is presently under development in our laboratory. 

 

Residual detergent : 

Any mass analysis of a complex membrane protein by MS faces two major challenges: (i) the efficient 

transfer of the ionic species into vacuum and (ii) a careful appraisal of the fate of the detergent 

molecules used to solubilize the protein. Detergents are amphipathic molecules, mimicking the native 

lipid bilayer environment of the isolated protein under investigation. The hydrophobic surface areas of 

the latter are covered by the apolar hydrocarbon chains of the detergent molecules such as dodecyl 

maltoside, forming either a micellar structure or a monolayer around the protein, preventing its 

nonspecific aggregation in aqueous solution [37]. DDM ( m/z = 511) has proven a very useful 

detergent for studying a large number of membrane proteins, by providing excellent properties for 

solubilization and purification in monodisperse form and in preserving the enzymatic activity at the 

same time [38, 39].  

Quantitative studies showed that the number of bound detergent molecules correlates with the size of 

the hydrophobic surface exhibited by a complex. Typical numbers of DDM molecules bound to 

membrane complexes similar in size to those studied here range between 150 and 200 [37]. It should 

be noted that any detergent micelle surviving the desorption process would shift the observed mass of 
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the detected ion to considerably higher masses, easily discriminated by MS. To investigate the fate of 

such DDM micelles during the LILBID desorption process, we started out with the bacterial 

cytochrome c552 as a simple prototypic membrane protein, consisting of only a single transmembrane 

helix (TMH) in its hydrophobic part. 

This cytochrome shuttles electrons between the bc1 complex and cytochrome c oxidase in P. 

denitrificans. Its TMH is located N-terminally and is connected via a linker region to the hydrophilic 

C-terminus of the protein liganding the heme cofactor. For purification purposes, it was expressed 

heterologously with an additional hexa-His tag at its extreme N-terminus, yielding a calculated mass 

of around 20 kDa (see Table 1) for the polypeptide, making any mass shift due to attached detergent 

molecules readily detectable within the mass resolution of our spectrometer. 

Fig. 1 depicts the mass spectrum of this single polypeptide. The prominent mass peaks correspond to 

the molecular ions M- (m/z = 19,700) and M2- (m/z = 9,900). Comparing this value to the calculated 

mass it is obvious that neither the whole detergent micelle nor even any single detergent molecule has 

survived the desorption process. Even under greatly differing desorption conditions, i.e. with harsh 

and soft conditions applied by varying the laser intensity (see also below), no detergent contribution 

was observable.  

Two minor, closely spaced double peaks observed in the spectrum spectrum, one pair at 14,600 and 

14,800 m/z and another at 5,000 and 5,200 m/z are neither fragment ions produced by the laser 

desorption process, nor any impurities, but represent proteolysis products generated at nearby sites of 

the polar part of the protein, which were not separated in the chromatographic preparation of the 

sample prior to mass analysis. This assignment is supported by the fact that the two ion masses add up 

to the expected full-size protein mass. In addition, the larger species corresponds to a fragment 

recognized by specific anti-cytochrome c552 antibodies in a Western blot analysis (not shown).  

Next we addressed the question whether the complete loss of all detergent molecules similarly holds 

true for membrane proteins exhibiting a more complex topology of TMHs, characterized by grooves 

between adjacent TMHs which may favour a stronger binding of detergent molecules.  
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Complex IV : Cytochrome c oxidase 

Cytochrome c oxidase, also termed complex IV, is a structurally far more elaborate membrane protein. 

It oxidizes cytochrome c552 and transfers electrons to the terminal acceptor of the respiratory chain, 

dioxygen, with the free energy of this reaction coupled to transmembrane proton translocation [40, 

41]. The structure of complex IV from P. denitrificans is known with high resolution [25]. This 

enzyme is composed of four hydrophobic subunits of different complexity (see Table 1 for details). 

Subunit I consists of twelve transmembrane helices and is almost completely buried in the membrane 

with only short connecting loops. It carries three redox centers (two hemes a and the copper B center; 

[25]). Subunit II has a split architecture with the two membrane-spanning α helices in its N-terminal 

domain and a 10-stranded β barrel hydrophilic domain at the C-terminus, which houses the CuA center. 

The seven helices of subunit III are highly hydrophobic and completely embedded in the membrane, 

lacking any redox centers, while subunit IV consists of essentially a single TMH [42]. A functionally 

active version of this complex may also be isolated that lacks subunits III and IV [33]. 

 

A mass spectrum of the solubilized complex IV, taken under very mild desorption conditions, is given 

in Figure 2a. The oxidase complex appears as a regular sequence of broad mass peaks, corresponding 

to different charge states of the complex, ranging from one to five negative charges. Since the mass of 

the detected complex is larger than 126 kDa (see below), apparently no major fragmentation into 

individual subunits occurs under these conditions. 

It should be noted that the centre of the mass peaks are shifted to m/z values larger than the theoretical 

ones of oxidase, indicated at the bottom of the trace by a stick spectrum. In addition, the shape of the 

mass peaks is not quite symmetric, with a rising edge a little steeper compared to the more slowly 

falling edge trailing to higher masses. As such broad peaks are only observed under ultra soft 

desorption conditions, this peak shape may be rationalized mostly by residual detergent molecules still 

attached to the molecular ion of the complex. We cannot exclude the possibility that residual 

phospholipids and water molecules adhere as well. 

This contrasts the situation of a protein carrying only a single TMH such as the cytochrome c552 

discussed above, where the surrounding micelle did not survive the ion desorption process. With 
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proteins of more complex transmembrane secondary structure such as oxidase, however, some of the 

detergent molecules together with water molecules obviously remain attached, broadening and shifting 

the mass peaks towards higher m/z- values. It appears plausible that especially detergent molecules 

buried in the grooves between helices are bound more firmly and therefore survive the ionization 

process. The onset of the mass peaks is located at the theoretical values. If one assumes that the peak 

broadening is preferentially caused by residual detergent molecules, the position of the peak maxima 

(corresponding to a molecular weight of 132 kDa with z = 1 to 4) suggest that an average of 20 to 25 

molecules of DDM survive the desorption. According to the estimated number of the initially bound 

detergent molecules (see above), this would correspond to about 10-15 % of the initial detergent 

molecules which remain attached to the protein complex. Considering the distribution of the oxidase 

signals corresponding to a molecular weight of 126 kDa (z = 1 to 4) plus detergents, it is obvious that 

the four-subunit oxidase is present as a monomer under the conditions of the present study, which 

confirms earlier findings [43, 44].  

 

To disintegrate the complex into its subunits for analyzing their mass, the intensity of the desorption 

laser has to be increased stepwise. With additional energy transferred into the complex by elevated 

laser power, noncovalent interactions between the subunits are broken up, releasing the four oxidase 

subunits for MS analysis as separate macromolecules. Figure 2b depicts the mass spectrum under such 

conditions, where all four subunits (I to IV) are observed singly charged. However, subunits II and III 

show higher intensities and appear also as doubly charged ions. These differences between subunits 

with identical stoichiometry in the complex may be rationalized by the higher net charge of subunits II 

and III at neutral pH in solution. The response function of the LILBID process obviously favors the 

detection of ions according to their net charge state in solution, as will be discussed more thoroughly 

in the context of the findings for bc1 complex. 

In addition ion signals of minor intensity can be observed in the spectrum, as can be seen more clearly 

in the enlarged part of Figure 2b. They are assignable to subcomplexes composed of heterodimers of 

subunits such as I+II, I+III, III+IV. It should be pointed out that no dimers II+III, II+IV or 

homodimers are observed. The detectable subcomplexes comprise adjacent subunits and obviously 
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arise from an incomplete fragmentation of the native complex. Thus the intensity and composition of 

these subcomplexes reflect the next-neighbour relationships of subunits, optimized for their contact 

areas and thus for stronger hydrophobic interactions in the complex. These conclusions are in very 

good agreement with the structure of the oxidase complex as determined by X-ray diffraction [25]. 

Hence random aggregation of subunits by gas phase reactions can clearly be excluded. 

 

A modified cytochrome c oxidase complex containing only subunits I and II was also investigated for 

comparison. This fully functional oxidase complex results from a purification procedure using Triton 

X-100 ([33]; and see above), effectively removing subunits III and IV. Under the most gentle 

desorption conditions this complex appears as several charge states, ranging from one to four negative 

charges (Fig 3a). Again the mass peaks of the complex are substantially broadend and shifted to higher 

masses, mainly due to residual detergent and possibly water molecules. For the two-subunit oxidase it 

has been shown that all phospholipids are removed by this stringent purification process [33]. So the 

maximum of the detergent based peak broadening corresponds to 10 – 12 residual DDM molecules, 

indicating a relative loss of detergent molecules (based on the number of respective THMs) 

comparable to that of the four-subunit oxidase.  

 

Upon increasing the laser power, the ion signals of the intact complex decrease and those of the two 

individual subunits I and II dominate the spectrum, as shown in Fig 3b. Under these harsher conditions 

no major contributions of detergent molecules are observed for the subunit ions, and for the reduced 

signal of the intact complex a strongly diminished residual detergent contribution is seen. 

 

Complex III : cytochrome bc1 complex 

Another multi-subunit membrane protein of the bacterial respiratory chain, which we analyzed by 

LILBID-MS is the cytochrome bc1 complex, also known as complex III. The structure of this protein 

isolated from different mitochondrial sources such as yeast is known from X-ray diffraction (e.g. 

[45]). Complex III transfers electrons from ubiquinol to cytochrome c. During this reaction protons are 

translocated across the membrane via the Q-cycle, contributing to the generation of the proton 
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gradient. The bacterial complex analyzed here consists of three subunits: (i) the Rieske iron-sulfur 

protein (ISP), which has an N-terminal TMH and an extensive C-terminal hydrophilic domain 

connected through a flexible linker region, (ii) the cytochrome b which is highly hydrophobic (see 

table 1) with its 8 TMH almost completely buried in the membrane, binding the two b heme cofactors 

noncovalently, (iii) cytochrome c1 with a C-terminal transmembrane anchor and a c-type heme 

cofactor [46]. Several lines of evidence indicate at least a dimeric structure both for the mitochondrial 

and the bacterial complex III. Crystal structures for both types (e.g. [45, 47, 48]) show an mutually 

intertwined organization for the ISP subunit, being embedded in one monomer via its N-terminal 

anchor, while serving the other monomer in a mechanism described as a major movement of the FeS 

cofactor domain during intracomplex electron transfer [49]. Dimeric [44] and even higher oligomeric 

structures have been observed by other techniques as well, such as gel filtration and blue native PAGE 

[50]. 

 

Under "gentle" desorption conditions, the intact complex is detected here as well. As depicted in 

Figure 4a, the mass spectrum shows a series of peaks which clearly correspond to a charge distribution 

of the bc1 complex, oligomerized to a tetramer. To distinguish between the ion distribution of a 

multiply charged dimer and tetramer, the corresponding stick spectra are included schematically in 

Fig. 4b and c. The experimental spectrum gives no indication for the presence of a dimer, nor any 

other unspecific oligomeric forms. This indicates that the tetramer is probably the native quarternary 

structure of the complex in solution as well as in a supercomplex stoichiometry. Referring to the 

intertwined structure of the two monomers, it should rather be regarded as a pair of dimers. Again the 

mass peaks of the integral complex are considerably broadened due to residual detergent and/or water 

molecules surviving the desorption process. However, it should be pointed out that the overall 

detergent-induced broadening of the mass peaks of the bc1 complex differs from that of cytochrome c 

oxidase.  

For the bc1 complex the peak maxima correspond to the theoretical mass/charge values of the 

tetrameric bc1 complex with only very few residual detergent molecules attached, and a detergent 

distribution directly trailing off towards larger numbers of residual detergents. The peak shapes for the 
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oxidase ions on the other hand are different (see Fig. 2a), with their observed maxima shifted by a 

mass increase corresponding to 20 to 25 additional DDM molecules.  

A possible explanation for the different numbers of residual detergent molecules in case of the four-

/two-subunit oxidase and the tetrameric bc1 complex, respectively, may be found in a different 

ruggedness of the hydrophobic landscape, leading to a different affinity for binding and, hence, for 

retaining detergent molecules due to the laser desorption. 

 

Figure 4d shows a spectrum of the same sample when analyzed at elevated laser intensity (20 

mJ/pulse). The intact tetrameric complex is no longer visible, due to the enhanced thermal energy 

input into the liquid droplets. Consequently only individual subcomplexes and subunits appear in the 

lower mass region of the spectrum.  

Since the interaction between the cytochrome b and the cytochrome c1 subunits is stronger than that 

between the cytochrome c1 and the Rieske protein (mainly embedded in the other monomer, see 

above), the (b+c1) subcomplexes survive with higher probability than the (Rieske+c1) subcomplexes at 

desorption conditions, which are already too harsh for the integral tetramer to withstand. Therefore, 

similar to the case of oxidase, next-neighbour relationships of proteins in the complex are qualitatively 

reflected in the mass spectra (Fig. 5 a). Upon further increase of the laser power (Fig. 5 b) these binary 

subcomplexes are dissociated as well.  

While cytochrome b and the Rieske subunit are only observed in the spectrum as singly charged 

species, the ion signal of the cytochrome c1 polypeptide is very intense and in addition appears in 

higher charge states. These different ion intensities and charge states of subunits which are present in 

equimolar amounts in the complex, correlate in some way with the net charge of the ions in solution, 

as calculated from their amino acid sequence (see table 1). The most intense mass peak in Fig. 7b is 

that of the cytochrome c1 subunit, which in addition is present in three different charge states. The 

cytochrome b and the Rieske protein, on the other hand, carry only a single charge and both appear at 

strongly reduced intensities in the LILBID mass spectrum. A clear correlation between the charge 

state in solution and in the gas phase is evident. 
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Charge distribution of the proteins in gas phase in view of their isoelectric point : 

 

To further verify this correlation between the charge state of proteins in solution and their ion signal in 

the mass spectrum three different soluble cytochromes c were investigated, chosen both for their 

different isoelectric points (see table 2) and therefore different net charges at neutral pH (Fig 6), and 

for their simple spectroscopic quantitation via their heme groups. MS spectra were recorded at neutral 

pH in the standard buffer (omitting the detergent) at equimolar concentration for each of the 

cytochromes. 

As expected, cytochrome c1 CF (isoelectric point: 4.2) yields the most intensive peaks with a negative 

charge distribution from one to four. Less intense is the signal of cytochrome c552 which apperars only 

singly charged. The horse heart cytochrome c with an isoelectric point above 10 is not visible in the 

anion spectrum at all. In the combined cytochrome solution MS assay it might be difficult to resolve, 

since its mass is close to the doubly charged cytochrome c1 CF, but measurements of horse heart 

cytochrome c alone confirmed the negative result (not shown). 

These data support the “lucky survivor” mechanism suggested for LILBID: Since it postulates an 

incomplete ion neutralisation in the explosive expansion of the preformed ions, one expects the 

molecules with higher charge state in aqueous solution to have a larger neutralization-escape 

probability than the less charged species, purely for statistical reasons. So a higher endogenous charge 

on a polypeptide results in a larger ion recovery and a distribution of higher charge states of the ion 

peaks. 

By these arguments different charge distributions of the ions in a LILBID measurements qualitatively 

reflect the net charge present in solution as derived from their amino acid sequence (tab.1).  

From the present still scarce data it is too early to discuss the charge state question quantitatively and 

in greater depth. What we report here are trends, which are differently pronounced for the different 

proteins. This may be due to the fact that ion-recombination should also be dependent on the site of 

the charge, the local dielectric constant, ion-strength etc. At least the comparison of for example the 

subunits cytochrome c1 and cytochrome b from complex III (fig. 5), which are of similar mass but with 
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very different charge state and peak intensity, shows clearly that the average charge per mass is not 

comparable. This speaks against a mass/size dependent statistical charge distribution. 

Along this arguments it is clear that, due to the charge dependent LILBID response function for 

proteins, the relative peak intensities in the mass spectrum cannot be utilized to determine intrinsic 

stoichiometries of subunits in a given complex or in a protein mixture.  

 

 

 

CONCLUSION 

LILBID-MS is a very promising method for the soft mass analysis of membrane proteins, since it 

allows the transfer of large macromolecular complexes into the gas phase of the mass spectrometer. 

Simply by varying the level of laser intensity in the desorption process, different stages of 

disintegration of the membrane protein complex can be achieved. At low energy conditions even very 

large integral complexes are transferred into vacuum and may be detected unfragmented, revealing 

their oligomeric association state. Depending on the complexity of the hydrophobic part of the 

proteins up to 15 % of the detergent molecules remain bound to the macromolecule under these 

ultrasoft conditions. At elevated laser intensity, however, these residual detergent molecules are 

stripped off concomitant with the complex desintegrating into its subcomplexes and eventually into its 

protein subunits. The response function of this mass spectrometry favors the detection of the more 

highly charged proteins in solution, and their appearance at higher charged states in the gas phase 

LILBID mass spectrum, thus reflecting tendencies of solution behaviour.  

Since it only requires very small sample quantities (in the picomole range) with solution volumes in 

the micro liter range LILBID–MS opens new avenues for the mass spectrometry of complex 

membrane proteins. Its relative tolerance towards detergents is a crucial advantage over other MS 

methods. It is as soft as a nondenaturating gel but has at least one order of magnitude higher mass 

accuracy compared to electrophoretic analysis, where the determined masses of polypeptides may be 

put off by excessive hydrophobicity or charge. Moreover the mass analysis of even highly 
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hydrophobic subunits, which are difficult to analyze by conventional MS methods, is easily amenable 

by this technique. Further advantages in comparison to analytical ultracentrifugation [51] are the facts 

that LILBID requires no complicated experimental determination of the amount of bound detergent 

and needs only very small amounts of analyte. The still modest mass resolution, obtained with our 

home-built TOF, can readily be improved by coupling the LILBID ion source to a high resolution 

mass spectrometer. For a future setup the additional option to sequence the subunit proteins by 

multidimensional MS (MS n) is currently being developed.  
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