
RAPID COMMUNICATIONS IN MASS SPECTROMETRY

Rapid Commun. Mass Spectrom. 2003; 17: 2741–2747

Published online in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/rcm.1239

Detection of immune complexes by matrix-assisted laser

desorption/ionization mass spectrometry

Gitta Schlosser1, Gabriella Pocsfalvi2, Antonio Malorni2, Angel Puerta3,
Mercedes de Frutos3 and Károly Vékey1*
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Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) was used to detect an

immune complex formed between b-lactoglobulin and polyclonal anti-b-lactoglobulin antibody in

the gas phase. The most important experimental parameters to detect such a specific antibody–

antigen complex by MALDI were the use of solutions at near-neutral pH and of sinapinic acid

matrix prepared by the dried-droplet method. Under such conditions, predominantly one but

also two molecules of antigen protein were complexed by the antibody. Specific formation of the

antibody–antigen complex was confirmed by performing competitive reactions. Addition of anti-

body to a 1:1 mixture of b-lactoglobulin and one control protein resulted not only in the appearance

of the expected antibody–antigen complex, but also in a strong decrease in the free b-lactoglobulin

signal, while the abundance of the control protein was not influenced. Copyright # 2003 John

Wiley & Sons, Ltd.

Since the initial reports of direct detection of non-covalently

bound macromolecular complexes,1–3 mass spectrometry

has become a key technique not only in the structure analysis

of macromolecules, but also in the study of their various non-

covalent interactions. Interactions between proteins, pep-

tides, DNA and small molecule ligands are fundamentals of

biochemical processes. Recently described mass spectro-

metric methods are able to detect oligomeric protein com-

plexes,4,5 DNA–protein interactions,6 complexed ligands,

such as enzyme-substrate and enzyme-inhibitor com-

plexes,7,8 both directly from solution and indirectly, e.g. by

the use of chemical crosslinking or other chemical modifica-

tion.9 Analyses of non-covalent complexes are reported

mainly using electrospray ionization (ESI).10,11 ESI has

some unquestionable advantages compared with other ioni-

zation techniques. These involve the ability to provide phy-

siological conditions and ambient temperature, including

the tolerance for volatile buffers. These are essential to pre-

serve weak non-covalent interactions, to prevent unfolding

of the protein and dissociation of the complex. Under appro-

priate ESI conditions, desorption of intact complexes from

charged droplets into the gas phase is possible, providing

insight into the interactions present in the solution. While

the use of approximately physiological conditions (neutral

pH, low temperature) is possible in ESI, it is not without

difficulties. Under ‘native’, non-denaturing conditions,

macromolecules carry relatively few charges, and therefore

appear at a high m/z ratio which is often out of the m/z range

of conventional instruments. In buffered solutions at low

temperature unspecific adduct formation is also typical.

This makes evaluation of complexation processes proble-

matic, as the possibility of spontaneous aggregation always

has to be considered. Beside this, non-specific adduct forma-

tion may result in the loss of resolution and complicates mix-

ture analysis as well. Some of these problems may be resolved

using a recently developed technique based on ESI and sub-

sequent collisional cooling in a quadrupole time-of-flight

(Q-TOF) mass spectrometer. This process is able to stabilize

very large gas-phase complex ions and allows the detection

and controlled dissociation of intact macromolecular assem-

blies with a molecular mass over 1 MDa.12–18

Matrix-assisted laser desorption/ionization (MALDI) is an

alternative to ESI, but it is less frequently used to detect

biologically relevant molecular complexes. The main reason

is spontaneous aggregation often observed in MALDI and the

necessity of crystallization prior to analysis, which may

destroy specific complexes present in the solution. On the

other hand, MALDI has a number of advantages as well, like

high sensitivity, fast analysis time, and easy spectrum evalua-

tion. The use of TOF analyzers allows detection of very high

mass complexes. In MALDI studies sample preparation is

often a critical step. In conventional experiments samples

are mixed with an acidified matrix solution, and allowed to

co-crystallize. This process causes dissociation of most

complexes. Not only the sample preparation, but also the
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energy deposition during ionization may lead to dissociation.

In spite of these problems, several promising results have

been presented using less acidic matrices and new sample

preparation processes. It has been reported that successful

detection of supramolecular complexes by MALDI depends

on several factors, including the type of the matrix, sample

preparation, the pH of the solution, the solvent, the ionic

strength, the matrix/analyte ratio, the speed of solvent

evaporation, etc. Although these parameters were investi-

gated in detail, the results indicate no generally applicable

procedure for all macromolecules. It is important to

emphasize that, besides observation of a macromolecular

complex, it is always necessary to assess the specificity of

binding by comparative or competitive studies.

Many of the known matrices have been used to study

supramolecular complexes. Ferulic acid dissolved in

tetrahydrofuran (THF) was used to detect pore-forming

membrane protein trimers,19 bacterial toxin haemolysin

complexes and bovine liver catalase tetramers20 at a laser

wavelength of 355 nm. Nicotinic acid matrix was used for

detection of intact streptavidin, glucose isomerase, jack bean

urease,21 and porin proteins19 at a wavelength of 266 nm.

Streptavidin tetramers were also identified using 3-hydro-

xypicolinic acid22 and 2,6-dihydroxyacetophenone.4 Sinapi-

nic acid was used to analyze aerolysin and pyruvate kinase

oligomers.20,23 The complex between the HIV glycoprotein

120 and its receptor CD4 was identified by a-cyano-4-

hydroxycinnamic acid matrix24 as well as an antibody–

peptide complex.25 The use of 6-aza-2-thiothymine was

introduced for the detection of doubly stranded DNA26 and

it was also successful for the analysis of haemolysin,20 leucine

zipper polypeptides and ribonuclease S complexes.27 How-

ever, none of these matrices can be used as a generally

suitable matrix for detection of supramolecular complexes,

and the literature data are often inconsistent concerning the

applicability of different matrices.

Immune complexes are specific macromolecular com-

plexes formed between an antibody and its complementary

antigen. These interactions are highly specific, reversible and

stabilized by hydrogen bonding, electrostatic, hydrophobic

and Van der Waals forces. Monoclonal antibodies are

immunoglobulins secreted by a single clone of antibody-

producing cells, and they can react with a single antigenic

determinant. Polyclonal antibodies are formed by two or

more clones and raised against a specific immunogen. Poly-

clonal antibodies can be therefore considered as a mixture of

antibodies having the same specificity. The major class of

immunoglobulins in blood is the 150 kDa immunoglobulin G

(IgG), which has two antibody binding sites.

Mass spectrometry is a promising tool in the investigation

of antibody–antigen complexes, especially in the field of

epitope mapping. The two well-known epitope mapping

methods (called epitope-excision and epitope-extraction)

are based on enzymatic digestion combined with affinity

separation of the binding peptides using immobilized or free

antibodies.28–32 Preferential binding of peptides to antibo-

dies was studied by MALDI, comparing signal intensities in a

peptide mixture.33,34 Adding an antibody to this mixture will

decrease the relative abundance of the binding peptide.

Direct mass spectrometric detection of the complex formed

between an IgG (or its fragments) and a peptide or protein

antigen has also been reported, but only in very few cases.

Millar et al. reported the detection of complexes formed

between a so-called microantibody (a 17-residue cyclopep-

tide) and its epitope peptide derived from the HIV gp 120

protein using ESI ionization.35 To our best knowledge, direct

mass spectrometric detection of intact IgG immune com-

plexes has only been reported in two cases until now.

Observation of the non-covalently bound immune complex

between a monoclonal antibody and its 38 kDa protein

antigen was achieved by nanoflow-ESI-MS using solutions

under physiological conditions performed in a Q-TOF

instrument providing collisional cooling of the complex

formed.15 The other example demonstrates MALDI-MS

detection of an intact 1:1 complex formed between a mono-

clonal antibody and its peptide antigen.25 The immune

complex was generated in buffered solution and detected by

the thin-layer sample preparation process using a-cyano-4-

hydroxycinnamic acid matrix.

Here, we report the detection of the immune complex

formed between a polyclonal antibody (affinity-purified anti-

b-lactoglobulin antibody, IgG) and its protein antigen (b-

lactoglobulin, b-LG) by MALDI analysis. This is the first case

in which a polyclonal antibody has been used for the gene-

ration of an antibody–protein complex. The effects of matrix,

sample preparation and the pH of the sample were inves-

tigated in detail. Our aim was to develop a technique suitable

for direct detection of immune complexes by MALDI.

EXPERIMENTAL

Materials
Solvents, matrices and reagents were obtained from Sigma

(St. Louis, MI, USA). Proteins (bovine milk b-lactoglobulin

(AþB), bovine heart cytochrome C, chicken egg white lyso-

zyme, bovine pancreas ribonuclease B, horse skeletal muscle

apomyoglobin, and chicken egg white albumin) were also

obtained from Sigma. Affinity-purified rabbit polyclonal

anti-bovine-b-lactoglobulin was a product of Bethyl Labora-

tories (Montgomery, UK). Horseradish peroxidase labeled

goat anti-rabbit-IgG was a Bio-Rad product (Hercules, USA).

Enzyme-linked immunosorbent assay
Direct enzyme-linked immunosorbent assay (ELISA) experi-

ments were performed to exclude the binding of different

control proteins to the affinity-purified polyclonal anti-b-lac-

toglobulin antibody. 96-well ELISA plates were coated with

serial dilutions of the proteins (100mL, starting at 0.01 mg/

mL). The dilutions were performed in 0.05 M sodium carbo-

nate/bicarbonate buffer, pH 9.6. Plates were incubated over-

night at 48C and washed three times with washing buffer

(PBS, consisting of 0.01 M phosphate buffer pH 7.4 containing

0.138 M NaCl, 0.0027 M KCl, 0.1% Zwittergent and 0.1% oval-

bumin). 250mL PBS buffer containing 1% ovalbumin and

0.1% Zwittergent were added to each well, incubated at

room temperature for 1 h, and washed again three times.

The polyclonal anti-b-lactoglobulin antibody was diluted

100 to 10 000 times in dilution buffer (PBS, 0.1% Zwittergent,

0.1% ovalbumin) and 100 mL of the corresponding diluted

antibody were added to each well. Thereafter the plates
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were incubated at room temperature for 1 h and subse-

quently washed three times with washing buffer. Then

100mL of peroxidase-conjugated goat anti-rabbit IgG diluted

3000 times in dilution buffer were added to each well and the

plates were incubated at room temperature for 1 h. After

incubation, the plates were washed three times with washing

buffer, rinsed with water and 100 mL of o-phenylenediamine

dihydrochloride (0.5 mg/mL) in stable peroxide buffer were

added to each well. After 4 min, the reaction was stopped by

adding 50mL of 2.5 M H2SO4 and the absorbance at

l¼ 492 nm was measured.

Mass spectrometry
Mass spectrometric experiments were performed using a

Voyager DE-Pro MALDI-TOF instrument (Applied Biosys-

tems, Framingham, MA, USA) equipped with a 337 nm nitro-

gen laser and used in linear acceleration mode. All the mass

spectra were acquired in positive ion mode with an accelera-

tion voltage of 25 kV using different instrumental conditions

for acquisitions of the lower molecular mass proteins and the

higher molecular mass antibody and its complexes. In the

case of the single proteins, 350 ns delay time and a m/z 1000

ion gate were used. Spectra of the antibody and the

antibody–protein mixtures were run using 2000 ns extraction

delay and a m/z 3000 ion gate. Calibrations were performed

externally using Sequazyme IgG1 standard or Sequazyme

Peptide standard containing insulin, thioredoxin and apo-

myoglobin (Perseptive Biosystems).

Complex formation
The polyclonal anti-b-lactoglobulin was purified using

a Microcon ultracentrifuge device with cutoff of 100 kDa

(Millipore). The antibody was mixed with the b-lactoglobu-

lin, or with the control proteins (apomyoglobin, cytochrome

C, lysozyme and ribonuclease B), in equimolar ratio in a con-

centration of 13 pmol/mL each, and reacted in different buf-

fers (10 mM ammonium acetate (pH 5.5 and 7.8) and 10 mM

ammonium bicarbonate (pH 8.5)) at room temperature for

2 h. Competitive reactions were performed with equimolar

mixtures of the antibody, the antigen and a control protein.

Sample preparation
MALDI spectra were acquired using different matrices, sina-

pinic acid (SA), 6-aza-2-thiothymine (ATT) and a-cyano-4-

hydroxycinnamic acid (CCA). The dried-droplet method

was used with SA and ATT matrices. In these cases, 0.5 mL

sample was mixed with 0.5 mL matrix, placed onto the target

and allowed to dry in air, without removing the salt content.

SA was dissolved in CH3CN/H2O (1:1, v/v) mixture in a con-

centration of 10 mg/mL. An additional 0.1% trifluoroacetic

acid (TFA) was added to the matrix solution only to acquire

the normal spectrum of the proteins. ATT was dissolved in

diammonium citrate buffer (20 mM, pH 5.5) at a concentra-

tion of 5 mg/mL.

The alternative thin-layer sample preparation process was

applied for CCA matrix. In this case, a first matrix surface was

prepared by deposition of 0.5 mL CCA solution (10 mg/mL in

acetone) on a polymer-coated target. The solvent rapidly

evaporates and the matrix forms a homogeneous layer of

very fine crystals on the target. 0.5 mL reaction mixture was

placed onto this surface afterwards and allowed to dry in air.

Finally, an additional 0.5 mL drop of matrix was added to the

sample and dried.

RESULTS AND DISCUSSION

Complex formation and specificity of binding between the

b-lactoglobulin and its polyclonal antibody were studied by

MALDI-MS. Four non-binding proteins were used as nega-

tive controls: cytochrome C, apomyoglobin, lysozyme, and

ribonuclease B. Binding affinities of b-lactoglobulin and the

control proteins were studied by enzyme-linked immunosor-

bent assay. Direct ELISA measurements have shown specific

interaction with the antibody only for b-lactoglobulin.

Although very slight interaction was observed also for apo-

myoglobin, lysozyme, and ribonuclease B, the binding affi-

nities were between 104 and 4� 104 times lower than those

observed for the antigen. No interaction was observed for

cytochrome C.

MALDI spectra of the polyclonal anti-b-lactoglobulin

antibody with different matrices under standard MALDI

conditions are shown in Fig. 1. The spectra obtained using SA

and ATT matrices are similar, with intense singly and doubly

protonated ions (Figs. 1(a) and 1(b)). Using CCA matrix, a

very different spectrum was obtained, showing multiply

charged peaks between z¼ 1þ and 4þ (Fig. 1(c)). This

difference may be explained by the widely different proton

affinities of the matrices.36 The molecular mass of the

antibody was measured to be ca. 143 800 Da. The molecular

peak is quite broad; the full width at half height of the singly

charged molecular ion was 3500 Th in SA and ATT matrices.

Observation of such broad peaks is common in macromole-

cules of biological origin and may reflect molecular hetero-

geneity and the attachment of salts, solvents or other small

molecules to the molecular peak. Using CCA the molecular

peak of IgG is even wider, and shows a marked tailing to low

masses. This is likely to reflect fragmentation of the molecular

ion, often observed in ‘hot’ matrices.37

Various experimental conditions were tested to obtain

optimal results for detection of specific antigen–antibody

complexes. Influence of the pH of the reaction mixture, the

matrix, sample preparation, laser energy, first-shot and

multiple laser shot experiments were tried. Optimal results

were obtained using sinapinic acid matrix at near-

neutral conditions. These results will be discussed in detail,

followed by general comments on alternative experimental

approaches.

To detect the molecular complex, the antibody was

incubated with the antigen and/or with the control proteins

in buffered solution at room temperature, and this mixture

was analyzed directly by MALDI-MS. Figure 2 shows the

spectrum of the reaction mixture of the b-lactoglobulin (b-

LG) and the immunoglobulin (1:1 molar ratio, in SA matrix

using the dried-droplet sample preparation). In this case,

the proteins were incubated in mildly basic ammonium

acetate buffer (10 mM, pH 7.8). Under these conditions,

signals of the complex formed with one and also with two

molecules of antigen can be unequivocally identified (Fig. 2,

both in singly and doubly charged form). Note that the IgG

has two sites for complexing with the antigen. b-LG has two

Immune complexes detected by MALDI 2743
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structural variants in a 1:1 ratio, with molecular masses of

18 362 and 18 276 Da,38 but the resolution is insufficient to

show them separately in the complex. It is also known that b-

LG can dimerize or even forms further aggregates.39 This

may explain the very small peaks in Fig. 2 corresponding

formally to the addition of three or possibly four molecules of

b-LG to the antibody (indicated by # in Fig. 2).

It is known that in MALDI non-specific complexes (e.g.

molecular dimers) are often observed. To check the amount of

the non-specific binding, non-binding proteins were reacted

with the antibody. Note that these proteins were similar in

size and general physicochemical properties to b-lactoglo-

bulin. In the spectra obtained using a 1:1 mixture of antibody

and control protein, complexes were indeed observed but

were of only low intensity. The spectrum of the mixture with

cytochrome C is shown in Fig. 3, and the spectra of other

control proteins were very similar. It was established by

ELISA studies that there is no complex between these

Figure 1. MALDI spectra of the polyclonal anti-b-lactoglo-
bulin antibody acquired with (a) sinapinic acid, (b) 6-aza-2-

thiothymine, and (c) a-cyano-4-hydroxycinnamic acid matrix.

Figure 2. Spectra of the antibody incubated with (a) the b-
lactoglobulin (b-LG) or (b) cytochrome C at a pH of 7.8 in

10mMammoniumacetate buffer. The spectrumwas acquired

using sinapinic acid matrix. Doubly charged complexes are

indicated by asterisks. Complexes formed between the

antibody and formally three or four b-LG molecules (likely

complexes with b-LG clusters) are labeled by #.

2744 G. Schlosser et al.
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proteins and the antibody in solution; therefore, this must

correspond to a small amount of non-specific association

produced during the MALDI process. As the (non-specific)

complex of IgG and the control protein was of the same

abundance in all cases studied, this suggests that this non-

specific association is almost independent of the nature of the

protein.

Preferential binding of b-lactoglobulin to the antibody was

also demonstrated by performing competitive reactions with

the non-binding control proteins. Figure 3 shows the MALDI

spectrum of the antibody reacted with the antigen and cyto-

chrome C (1:1:1 molar ratio). Similar results were observed

with other controls. The peak corresponding to the specific

antibody–antigen complex has a much higher abundance

than that formed with the non-binding cytochrome C.

In a different type of control experiment the MALDI signals

of b-LG and cytochrome C were studied in a 1:1 molar

mixture (Fig. 4(a)). This was compared with the case when

anti-b-LG antibody was added to this mixture (Fig. 4(b)).

(This approach is similar to that used to identify protein

epitopes.33,34) Note that the sensitivity for IgG is far lower

than that of b-lactoglobulin or cytochrome C, so it is not

feasible to study the antibody and the proteins in the same

spectrum. When antibody is added, the relative intensity of

the free antigen (b-LG) signal is significantly reduced com-

pared with that of the non-binding cytochrome C. This can be

explained by a depletion of the free antigen, suggesting that,

under the conditions of the experiment (pH 7–8, and SA

matrix, 1:1:1 molar mixture of b-LG, cytochrome C and

antibody), most of the antigen protein is bound to the

antibody. Figure 4 also demonstrates that signals corre-

sponding to the two variants of b-LG are well resolved in this

case.

It was emphasized before that successful detection of the

specific complexes can be accomplished only at near-neutral

pH. At a mildly basic pH of 8.5 the spectrum is very similar to

that at 7.8. Using a mildly acidic (pH 5–6) solution of

antibody, b-lactoglobulin and cytochrome C in the sample

preparation process, the abundance of antibody–protein

complexes in the resulting MALDI spectrum was signifi-

cantly reduced; under more acidic conditions (e.g. 0.1% TFA),

they completely disappeared from the spectra. This corre-

lates very well with the known pH dependence of the

antibody–antigen complexes in solution; it is well known

that antigen–antibody complexes dissociate in acidic solu-

tions. It is remarkable that the non-specific aggregates

(MALDI artifacts) are much less sensitive to acidic pH than

the specific complex. Going from pH 8.5 to 5.5, the relative

abundances of the antibody–b-lactoglobulin complex de-

creased two times, whereas the non-specific antibody–

cytochrome C complex decreased only 20%. These results

clearly show that aggregation during the MALDI process is

less sensitive to the pH of buffers used in sample preparation

than formation of the immune complex in the solution. This

underlines the need for careful sample preparation and the

use of suitable control compounds when studying formation

of specific complexes by mass spectrometry.

Beside SA, several other matrices were tried to observe

immune complexes. The use of ATT was also successful,

Figure 3. MALDI spectrum of the antibody incubated with a

1:1 molar mixture of b-lactoglobulin (b-LG) and cytochrome

C, at a pH of 7.8, in 10mM ammonium acetate buffer,

acquired using sinapinic acid matrix.

Figure 4. MALDI spectra of (a) a mixture of b-lactoglobulin
and cytochrome C in a 1:1 molar ratio and (b) the same

incubated with anti-b-LG antibody (1:1:1 molar ratio) using

sinapinic acid matrix. Asterisks indicate adducts formed with

a matrix molecule.

Immune complexes detected by MALDI 2745
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although the spectra were less intense (Fig. 5). In a previous

study CCA was used to observe an immune complex.25 This

matrix was also tried in our experiments, but, in our hands,

the conditions described previously25 were not successful;

however, use of a different sample preparation method with

this matrix did result in detection of the antibody (Fig. 1(c)).

Interestingly, the spectrum was significantly different from

that with SA or ATT, producing abundant multiply charged

molecular ions. In the case of CCA only a low amount of

complex was observed, and no difference between the

antigen and the control proteins could be detected (Fig. 6).

This might be a consequence of the highly acidic character of

this matrix and the dissociation of the complex under the

sample preparation. An alternative explanation relates to the

physicochemical behavior of the matrices. CCA is a ‘hotter’

matrix than SA, and produces ions with higher internal

energy, as was recently determined by the survival yield

method.37 At similar laser energy, the higher energy transfer

can cause a more pronounced dissociation of the complexes

immediately after the ionization. This latter explanation is

corroborated by the shape of the molecular ion signal

observed when using CCA (Fig. 1(c)); as discussed before,

tailing to low masses is likely to be an indication of

fragmentation of the molecular ion.

It has been reported in several cases that non-covalent

complexes can only be observed for the first few laser shots,

and that subsequent irradiation of the same position pro-

duces dissociated monomers.4,19,20 In contrast, in other cases,

stable ion signals were reported even after long irradiation

times.22,24,25 In our experiments on antigen–antibody com-

plexes, similarly to the latter results, the ‘first laser shot’

phenomenon was not observed. The spectra were well

reproducible even after repeated irradiation of the same

sample spot. These results suggest that the antigen–antibody

complexes are likely to be present not only on crystal

surfaces, but also embedded in the matrix.

CONCLUSIONS

The detection of an immune complex formed between the

b-lactoglobulin and its polyclonal antibody is reported in

the present paper. Great care was taken to establish that it

is indeed a specific immune complex, and does not corre-

spond to non-specific aggregation commonly observed in

MALDI. The results clearly show that a specific antigen–anti-

body complex formed in solution can survive certain sample

preparation procedures in MALDI. Sinapinic acid matrix

gave the best results, and pH of the solution is a critical para-

meter. The specific non-covalent immune complex can only

be detected under near-neutral conditions. By lowering the

pH, stability of the complex decreases, and the detection

becomes problematic.

The presence of specific immune complexes was demon-

strated by two different types of competitive experiments

using a mixture of the antigen, a non-binding protein and the

antibody; first, by detecting a much more abundant specific

complex than non-specific aggregate, and second, by obser-

ving depletion of the free antigen as a consequence of binding

to the antibody.
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Figure 6. Spectra of the antibody incubated with (a) the b-
lactoglobulin (b-LG) or (b) cytochrome C at a pH of 7.8 in

10mM ammonium acetate buffer. The spectrum was

acquired using a-cyano-4-hydroxycinnamic acid matrix using

thin-layer sample preparation. Low intensity peaks corre-

sponding to the complexes formed between the antibody and

the proteins are indicated by asterisks.
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