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Several neurodegenerative diseases are characterized by the 
formation and accumulation of "misfolded" polymeric protein 
aggregates. I1 -31 The formation of neurotoxic oligomers is gener­
ally thought to precede aggregation, as shown for ~-amyloid 
polypeptide (A~), tau protein, and alpha-synuclein (aSyn) the 
key protein in Parkinson's disease (PD}.14-61 aSyn, a 140-aa pro­
tein that occurs in the presynaptic terminals of neurons is na­
tively unfolded but adopts an a-helical structure when it binds 
to lipid vesicles, and forms a ~-sheet that facilitates the forma­
tion of aggregated morphologies.17.81 Intracellular accumulation 
of aSyn aggregates has been recognized as a condition that 
induces PD.18.9] Although oligomeric intermediates represent 

major neurotoxic species,l91 no detailed chemical structures of 
aSyn oligomers and their possible intermediates have been 
identified. The slow rates of formation and the low concentra­
tions of aggregating intermediatesl91 could be major reasons 
for the failure of conventional mass spectrometry methods to 
detect and identify oligomers. 

Although MS (especially with electrospray ionization, ES1)11 0] 

is now established in biochemistry and structural biology and 
has proved to be highly successful for the structure determina­
tion of biopolymers from biological samples,l111 the low-con­
centration intermediates and oligomers in aSyn aggregation 
have not been identified by HPLC-MS. Nevertheless, oligomeric 
components have been observed by gel electrophoresis, 
atomic force microscopy (AFM), and electron paramagnetic res­
onance (EPR}.11 2-'4] 

Ion mobility mass spectrometry (IMS-MS) is now emerging 
as a new tool for the ana lysis of molecular assemblies of pro-
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teins.11 5-181 The ability of IMS-MS to separate ions as they pass 
through an electric drift field allows components in protein 
mixtures to be separated and differentiated according to their 
size, charge, and conformation-dependent topography, as de­
termined by differences in their collisional cross-sections.116-181 

After applying IMS-MS to oligomerization-aggregation mixtures 
of aSyn in vitro, we report here the first identification of specif­
ic autoproteolytic truncation and degradation products that 
were previously observed by gel electrophoresis, but not iden­
tified. In particular, a highly aggregating fragment was identi­
fied by cleavage between Val71 and Thr72 in the centra l 
aggregation domain of aSyn,. Aggregation studies of the car­
boxy-terminal fragment, aSyn(72- 140) prepared by both 
chemical synthesis and recombinant expression, showed a sub­
stantially faster fibrillization compared to the intact protein. 

The in vitro oligomerization of aSyn was investigated by in­
cubating it at 3r C in sodium phosphate buffer (pH 7.5) for up 
to 2S days according to a previously established procedure.11 9] 
Recombinant aSyn expressed in E. co/i120] was purified by HPLC 

to molecular homogeneity, as confirmed by ESI-MS (Figure Sl 
in the Supporting Information). The formation of oligomers 
was monitored by tris-tricine PAGE (Figure 1); bands were 
revealed that corresponded to monomeric and oligomer-like 
aSyn with molecular weights of approximately 17, 35, and 
48 kDa. In addition, protein bands with molecular weights 
lower than that of full-length aSyn were observed, with slowly 
increasing abundances over two weeks of incubation, thus 
indicating the formation of truncation and/or degradation 
products. The bands corresponding to aSyn monomer (1 a) at 
17 kDa and dimer (1 a') at 35 kDa were excised from the gel, 
digested with trypsin, and ana lyzed by HPLC-ESI-MS (Table S2). 
Sequencing of the tryptic peptides confirmed that the mono­
mers and dimers of aSyn contain full-length sequences; 
indeed, we found all the expected tryptic peptides and no 
truncated sequences. Further structural characterization was 
obtained by N-terminal Edman sequencing after transfer of the 
proteins onto a polyvinylidene fluoride (PVDF) membrane, 
which yielded the first 20 amino acids of intact aSyn. Direct 
ESI-MS analysis of the aSyn incubation mixture after a short 
time period (3 h), however, revealed a small amount of N-ter­
minally truncated aSyn lacking the first six amino acids 
(aSyn(7- 140); spot 1 b in Figures 1 and 52, and Table Sl}. In 
contrast to these results, attempts to identify the degradation 
products (bands 1 C, 1 d, 1 e in Figure 1) by direct ESI-MS and 
HPLC-MS were unsuccessful, presumably owing to their low 
concentrations. 

http://www.wiley-vch.de/publish/en/journals/bySubjectCH00/2268/
http://nbn-resolving.de/urn:nbn:de:bsz:352-170165
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Figure 1, Time-dependent autoproteolytic degradation of aSyn and modi­
fied aSyn polypeptides visualized by Coomassie and silver staining A) at the 
beginning of incubation, B) after four days, and C) after 13 days. Lanes 1: wt­
aSyn, 2: recombinant aSyn(Ala. (70- 7S)), 3: recombinant aSyn(Gly. (70- 75)), 
4: aSyn(72- 140) synthesized by SPPS; 5: recombinant aSyn(72- 140), 6: re­
combinant BSyn; 1 + and 1: incubation of wt-aSyn with and without the ad­
dition of protease inhibitors (serine-, cysteine-proteases; metalloproteases). 
Fu ll-length aSyn monomer and dimer are denoted 1 a and 1 a', respectively; 
N-terminally truncated aSyn(7- 140) is denoted 1 b. nSyn fragments are de­
noted 1 c, 1 d, 1 e; 1 c' is the dimer of fragment 1 c. B-Synuclein 6 lacks the 
(72- 83) sequence. 

After incubation of aSyn for four to 21 days, the reaction 
mixtures were subjected to ion mobility-MS analysis, wh ich 
provides inherently three-dimensional data consisting of ion 
mobility-dependent drift t ime and separation according to dif­
ferences in protein collisiona l cross sections,l1s, 16] mass/charge, 

and relative abundances, Broad-band admittance to the drift 
region afforded an ion-mobility plot of the incubation mixture 
after seven days and showed separation into two peaks corre­
sponding to multiply charged ion series with different drift 
times (Figures 2 A and S3), These proteins were identified by 
molecular-mass determinations and ESI-tandem-MS sequenc­
ing (Figure 2 B-D). Deconvolution of the multiply charged ion 
series to singly charged ions provided identification of fu ll­
length aSyn monomer (14459.4 Da) and dimer (28919,6 Da) in 
peak 2, in agreement with the mass spectrometric identifica­
tion of the gel electrophoretic bands 1 a and 1 a' in Figures 1 
(also, Figure 2 C and Table S2) . In contrast, IMS-MS analysis of 

peak 1 at a decreased drift t ime revea led proteolytic products 
arising from N- and C-terminal truncation, a Syn(14- 133) 
(12162.5 Da) and aSyn(40- 140) (10436.4 Da); these correspond 
to the proteolytic gel bands 1 c and 1 e (Figure 1 and Table Sl), 
A remarkable fragment was identified in the ion series within 
peak 1; it arose from cleavage between residues Val71 and 
Thr72 in the central amyloidogenic domain aSyn(61 - 93) and 
corresponded to the gel electrophoresis band 1 d (Figure 1). 
This C -t erminal fragment, aSyn(72- 140) was identified by 1) ac­
curate mass determination (7274.412 Da) and tandem-MS 
sequencing in the IMS-MS experiment (Figure 2 C, D) ; 2) incu­
bation of aSyn for extended time periods (> 14 days), which 
afforded this fragment in amounts sufficient for direct elution 
of the electrophoretic band and identification by MALDI-MS 
(Table S1). Additional characterization of the C-termina l frag­
ments aSyn(40-140) and aSyn(72- 140) was obtained by affini­
ty-mass spectrometryl21] and Western blot analysis w ith a mon­

oclona l aSyn antibody that recognizes a C-termina l aSyn epi­
tope, as identified by proteolytic-excision mass spectrometryl22] 
(data not shown), 

The proteolytic fragment aSyn(72- 140) was synthesized by 
1) solid-phase peptide synthesis on a semiautomated peptide 
synthesizer by using the Fmoc strategy with double coupling 
and capping in the fina l 30 cycles (band 4), and 2) recombinant 
expression in E, co/i120] (band 5; Figure 1), Polypeptides pre­
pared by both methods were purified to homogeneity by sem­
ipreparative HPLC; their molecular masses and sequences 
agreed with expected values as determined by ESI-MS and 
tandem-MS sequencing (Figure S4) . Tris-tricine PAGE of 4 and 5 
showed identical major bands corresponding to MWs of ap­
proximately 12 kDa; this is in agreement with the band of the 
autoproteolytic fragment 1 d of intact aSyn; remarkably, and in 
contrast to PAGE of intact aSyn, fragment 5 revea led the rapid 
formation of oligomers (Figure 3 A). The in vitro aggregation of 
aSyn(72- 140) 5 was ana lyzed in comparison with ful l-length 
aSyn 1 for up to five days at concentrations of 7- 30/-lM by 
using thioflavin T (ThT) fluorescencel23] as an established fibri ll i­
zation assay, and the results were compared with those of the 
oligomerization ana lysis by using tris-tricine PAGE (Figure 3), 
Although exact monitoring of fibrillization kinetics was ham­
pered by the increasing insolubility of 5 at longer aggregation 
times, the results showed a substantially faster aggregation of 
aSyn(72- 140), In contrast to full-length aSyn, the fragment 5 
showed the typical sigmOidal curve characteristic of react ive 
aggregating polypeptides. 

The autoproteolytic degradation of aSyn and the signifi­
cance of the fragment aSyn(72- 140) were ascertained from a 
number of additional mass spectrometric and gel electropho­
resis data, and from control experiments with several synuclein 
polypeptides. Comparative in vitro studies of the nonaggregat­
ing brain protein, ~-synuclein (~Syn), which lacks the central 
amyloidogenic domain (72- 83), showed neither oligomeriza­
tion-aggregation nor any autoproteolytic cleavage within 21 
days of incubation (Figure 1, lane 6); identical expression sys­
tems and HPLC purification procedures were employed for 
~Syn and aSyn, thus excluding aSyn degradation by an exter­
nal protease, Further resu lts provided evidence to exclude a 
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Figure 2. ESI-IMS-MS identification of full -length aSyn and the aSyn(72- 140) fragment in the incubation mixture of wt-aSyn after seven days at 37 °C. A) IMS­
MS drift time vs mlz of the aSyn incubation mixture in PBS buffer (pH 7.5). B) Oeconvoluted mass spectrum of ions corresponding to peak 1, proteolytic frag­
ment aSyn(72- 140). C) Oeconvoluted mass spectrum of ions corresponding to peak 2 showing full -length aSyn monomer and dimer. 0) Tandem-MS sequence 
determination of aSyn(72-140), peak 1, showing the partial sequence (101 - 119). 

proteolytic cleavage of aSyn by contaminating proteases: 
1) Incubation of aSyn with and without addition of a broad 
spectrum of protease inhibitors yielded identical autoproteolyt­
ic degradation (Figure 1 right, lanes 1+ and 1) ; 2) Boiling sam­
ples prior to incubation and the use of sterile buffers did not 
lead to a change in aSyn autoproteolysis; and 3) Observation 
showed autoproteolytic degradation for aSyn mutants 2 and 3 
in which the six residues (70- 75) were exchanged against Ala 
and Gly (Figure 1). Moreover, a recent study on the interaction 
of aSyn with ~-glucocerebrosidase (GCase), the target enzyme 
of Gaucher's disease, in cortical neurons lends additional sup­
port to the validity of our results, showing that the neurotoxic­
ity-enhancing effect of aSyn upon depletion of GCase is abol­
ished in a mutant aSyn that lacks the sequence 71 - 82,1241 

Further support for the importance of the central domain to 
the autoproteolysis of aSyn was obtained from initial hydro­
gen- deuterium exchange mass spectrometry (HDX-MS)12S1 stud-
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ies with high-resolution ESI-MS. HDX-MS of full-length aSyn 1 

showed rapid exchange « 3 h) for 115 of the 134 backbone 
hydrogens, whereas 19 amino acids remained resistant to ex­
change for > 14 days (data not shown). Remarkably, an identi­
cal number of 19 amino acids in the aSyn(72- 140) fragment 5 
were found to be resistant to HDX (exact determination of the 
shielded domain is currently being performed). These results 
suggest shielding of a C-terminal part of the hydrophobic amy­
loidogenic domain within residues 73/74 and 93, and are con­
sistent with autoproteolytic accessibility at residues 71/72. 

In conclusion, ion-mobility MS, owing to its capability to 
separate aSyn and its autoproteolytic products even though 
the concentration of the latter is small, enabled the characteri­
zation of intermediate fragments in in vitro oligomerization­
aggregation. In particular, IMS-MS revealed a possible key frag­
ment, aSyn(72- 140). The as yet unknown mechanism of auto­
proteolysis, possibly proceeding via initial N-terminal trunca-
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Figure 3. Thioflavin T fibrillization of A) the aSyn(72- 140) fragment (5) com­
pared to B) intact wt aSyn 1. Proteins (30 fLM) were incubated for five days 
in Na,HPO, (20 mM, pH 7.5) at 3r C, and ThT fluorescence was determined 

at -<,, = 450 nm and -<.m = 486 nm (F"014'6)' The fina l assay volume (100 ilL) 
contained 25 fLM ThT and 7 fLM aSyn sample. The inserts show Tris-tricine­
PAGE at the beginning of incubation (left) and after four days (right) with 
si lver nitrate staining. 

tion products, might be amenable to examination by using 

specific functional aSyn residues. Thus, modification of ful l­

length aSyn 1 by amino-succinylationl261 provided a stable de­

rivative succinylated at all Lys residues and at His50, as con­

firmed by ESI-MS; this succinylated aSyn did not show any ag­

gregation or fragmentation, but did form a dimer (Figure S5). 

The detailed biochemical evaluation of autoproteolytic prod­

ucts, presently being carried out in our laboratories, might pro­

vide a key to the elucidation of the oligomerization-aggrega­

tion mechanism of aSyn underlying its neurotoxicity. Moreover, 

the application of IMS-MS is expected to be highly valuable for 

identifying proteolytic products in the in vivo aggregation of 

aSyn. 

Experimental Section 

Gel electrophoresis of aSyn oligomerization in vitro: aSyn oligo­
mers were prepared by incubation of several batches in trip licate 
using 5- 30 iJ.M solutions for up to 25 days in sodium phosphate 
buffer (pH 7.5), as previously described.1191 Proteins were solubilized 
and denatured by using stock solutions of sample buffer (4% SOS, 
25% glycerol, 50 mM Tris buffer, 6 M urea; pH 6.8). Gels were run at 
100 V until the tracking dye reached the bottom. Separations were 
performed by tris-tricine PAGE on a MiniProtean-3 cell (BioRad) 
with 12- 15 % PAGE, and protein bands were visualized by Coomas­
sie Blue and silver staining (90 x 60 x l mm gels). 

For the protease inhibitor mixture (Complete-Mini; Roche Applied 
Science) about 50 iJ.M was dissolved in phosphate buffer (1.5 mL, 
20 mM; pH 7.5). 

Ion mobility mass spectrometry: Ion mobility mass spectrometry 
was performed on a Synapt-G 1 QTOF-mass spectrometer (Waters, 
Manchester, UK) equipped with an electrospray ionization source. 
Ions were passed through a quadrupole, either set to transmit a 
substantial mass range or to select a particular mlz ion, before en­
tering the Triwave ion mobility unit- a T-Wave trap unit for ion ac­
cumulation. Stored ions were gated (500 iJ.S) into the IMS T-Wave 
unit for separation according to their mobilities and passed to the 
T-Wave unit for transfer into the orthogonal-TOF analyzerl15al (Fig­
ure S3 A). The pressures in the T-Wave trap and transfer regions 
were 7 x 10 2 mbar (argon) and 0.5 mbar (nitrogen), respectively; 
the sample injection volume was 5 iJ.l. IMS acquisition was per­
formed over the 350- 4000 mlz range, with 25 V cone Voltage, 
0.45 bar IMS pressure, and 5- 15 V wave height. Sample were in­
jected by using an Advion Triversa Nanomate, as previously descri­
bed.IIBa.bl 

Synthesis of aSyn polypeptides : Solid-phase synthesis of 
aSyn(72-140) 4 was performed on a semiautomated peptide syn­
thesizer EPS-221 (lntavis, K61n, Germany) with a NovaSyn TGR 
resin; Fmoc protection was employed with double coupling and 
capping within residues (73-98), followed by mass spectrometric 
monitoring of intermediate crude productS.12Ia.271 Fmoc amino 
acids, NovaSyn TGR resin, and other reagents for activation and 
protection were obtained from Novabiochem. The general protocol 
applied was OMF washing followed by deprotection with 20% pi­
peridine in DMF; 8 min deprotection, 30 min coupling. Coupling 
was carried out in a mixture solution containing benzotriazol-1 -yl­
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and 
N-methylmorpholine (NMM) in OMF; the resin was then washed 
with DMF and ethanol, and dried under vacuum.1271 Final deprotec­
tion of side chains and cleavage from the resin was performed in 
trifluoroacetic acid/triethylsilane/water (95: 2.5: 2.5, v/v/v) for 2 h. 
Resin and crude peptide were separated by filtration, and the 
crude peptide was submitted to HPLC purification. 

Recombinant expression of full-length aSyn , and aSyn(72- 140) 4 
was performed by using the E. coli expression system BL 21 (DE3) 
[pLys] strain and the T7 RNA polymerase system. Harvested cells 
were centrifuged (4000 g), resuspended in PBS, and heated for 
2 min to 100 °C; the cell suspension was centrifuged for 15 min at 
4300g, and the protein wa s redissolved in PBS. HPLC purification 
of synthetic and recombinant aSyn polypeptides was performed 
with a BioRad-3000 semipreparative system on a Vydac-C4 column 
(250 x 4.6 mm) with a linea r gradient (0.1 % trifluoroacetic acid with 
0 ->80% acetonitrile) at a flow rate of 1 mLmin- 1 (Figure S4). 

Thioflavin-T (ThT) aggregation: Purified aSyn , and aSyn(72- 140) 
5 (7- 30 iJ.M) were dissolved in Na2HPO. (20 mM) containing 0.03% 
NaN3 (pH 7.5) in microcentrifuge tubes, and triplicate solutions 
were incubated at 3rC with agitation. For ThT assays, a sample 
(23 iJ.l) was withdrawn at regular time intervals. The final assay 
volume (100 iJ.L) contained ThT (25 iJ.M) and protein (7 iJ.M); a blank 
of ThT (25 iJ.M) was used as a control. Determinations were per­
formed in 96-well microtiter plates with a Victor-2 fluorescence 
plate reader (Perkin-Elmer) at A.x = 450 nm and Aem = 486 nm. Data 
were analyzed with Graph Pad Prism wherein the sigmoidal in­
crease of the ThT fluorescence was ana lyzed. 

2743 



Acknowledgements 

This work was supported by the Konstanz Research Graduate 

School of Chemical Biology, the Proteostasis Research Center, Uni­

versity of Konstanz; Th e Landesstiftung far Wissenschaft und For­

schung Baden-Warttemberg, and the US NIH, NCRR (grant no. 

P41 RR000954 to M.L.G.). 

Keywords: aggregation . alpha-synuclein . autoproteolytic 
fragmentation· mass spectrometry· oligomerization 

[1] a) M. S. Forman, V. M. Lee, J. Q. Trojanowski, Neuron 2005, 47, 479; b) M. 
Bucciantini, E. Giannoni, F. Chiti, F. Baroni, L. Formigli, J. Zurdo, N. 
Taddei, G. Ramponi, e. M. Dobson, M. Stefani, Nature 2002, 4 16, 507; 
c) H. Olzscha, S. M. Schermann, A. e. Woerner, S. Pinkert, M. H. Hecht, 
G. G. Tartaglia, M. Vendruscolo, M. Hayer·Hartl, F. U. Hart l, R. M. Vabulas, 
Cell 2011, 144,67. 

[2] a) H. Mirzaei, J. L. Schieler, J. e. Rochet, F. Regnier, Anal. Chern. 2006, 78, 
2422; b) A. Salminen, J. Ojala, A. Kauppinen, K. Kaarniranta, T. Suuronen, 
Prog. Neurobiol. 2009, 87, 181; c) A. K. Dunker, I. Silman, V. N. Uversky, 

J. L. Sussman, Curro Opin. Struct. Bioi. 2008, 18, 756. 
[3] alT. M. Dawson, V. L. Dawson, Science 2003, 302, 819; b) B. Tolnay, T. 

Probst, Neuropathol. Appl. Neurobiol. 1999, 25, 171. 
[4] a) M. H. Po lymeropoulos, e. Lavedan, E. Leroy, S. E. Ide, A. Dehejia, A. 

Dutra, B. Pike, H. Root, J. Rubenstein, R. Boyer, E. S. Stenroos, S. Chan­
drasekharappa, A. Athanassiadou, T. Papapetropoulos, W. G. Johnson, 
A. M. Lazzarini, R. e. Duvoisin, G. Di lorio, L. I. Golbe, R. L. Nussbaum, Sci­

ence 1997, 276, 2045; b) M. Goedert, Nat. Rev. Neurosci. 2001 , 2, 492; 
c) e. w. Shults, Proc. Natl. Acad. Sci. USA 2006, 103, 166l. 

[5] a) R. KrOger, W. Kuhn, T. Muller, D. Woitalla, M. Graeber, S. Kosel. H. 
Przuntek, J. T. Epplen, L. Schols, O. Riess, Nat. Genet. 1998, 18, 106; 
b) V. N. Uversky, J. Neurochem. 2007, 103, 17. 

[6] J. J. Zarranz, J. Alegre, J. e. Gomez-Esteban, E. Lezcano, R. Ros, I. Am­
puero, L. Vidal, J. Hoenicka, O. Rodriguez, B. Atares, V. Llorens, E. Gomez 
Tortosa, T. del Ser, D. G. Munoz, J. G. de Yebenes, Ann. Neurol. 2004, 55, 
164. 

[7] A. R. Saha, J. Hill, M. A. Utton, A. A. Asuni, S. Ackerley, A. J. Grierson, 
e. e. Miller, A. M. Davies, V. L. Buchman, B. H. Anderton, D. P. Hanger, J. 
Cell Sci. 2004, 11 7, 1017. 

[8] R. Kayed, Y. Sokolov, B. Edmonds, T. M. Mcintire, S. e. Milton, J. E. Hall, 
e. G. Glabe, J. Bioi. Chern. 2004, 279, 46363. 

[9] a) J. U, V. N. Uversky, A. L. Fink, Neurotoxicology 2002, 23, 553; b) L. 
Crews, I. Tsigelny, M. Hashimoto, E. Masliah, Neurotoxic. Res. 2009, 16, 
306. 

[10] J. B. Fenn, M. Mann, e. K. Meng, S. F. Wong, e. M. Whitehouse, Science 

1989, 246, 64. 
[11 ] a) A. J. Heck, R. H. Van Den Heuvel, Mass Spectrom. Rev. 2004, 23, 368; 

b) M. Przybylski, M. o. Glocker, Angew. Chern . 1996, 108, 878; Angew. 

Chern . Int. Ed. Engl. 1996, 35,806; c) P. Kebarle, U. H. Verkerk, Mass Spec­

trom. Rev. 2009, 28, 898; d) P. Nemes, S. Goyal, A. Vertes, Anal. Chern. 

2007, 79, 387. 
[1 2] a) w. Kim, Y. Kim, J. Min, D. J. Kim, Y. T. Chang, M. H. Hecht, ACS Chern. 

Bioi. 2006, 1, 461; b) A. Gbrg, G. Boguth, e. Obermaier, A. Posch, W. 
Weiss, Electrophoresis 1995, 16, 1079; c) H. Schagger, Nat. Protoc. 2006, 
1, 16. 

[13] a) w. S. Gosa l, S. L. Myers, S. E. Radford, N. H. Thomson, Protein Pept. 

Lett. 2006, 13,261-270 ; b) Z. Wang, e. Zhou, e. Wang, L. Wan, X. Fang, 
e. Bai, Ultramicroscopy 2003, 97, 73 - 79; c) M. Drescher, F. Godschalk, G. 
Veldhui s, B. D. van Roo ijen, V. Subramaniam, M. Huber, ChemBioChem 
2008, 9, 2411. 

2744 

[14] a) I. Bharathi, K. S. Rao, Neurosci. Lett. 2007, 424, 78; b) H. A. Lashuel, 
J. S. Wall, Methods Mol. Bioi. 2005, 299, 81; c) A. e. Ferreon, Y. Gambin, 
E. A. Lemke, A. A. Deniz, Proc. Natl. Acad. Sci. USA 2009, 106, 5645. 

[1 5] a) S. D. Pringle, K. Giles, J. L. Wildgoose, J. P. Williams, S. E. Slade, K. Tha­
lassinos, R. H. Bateman, M. T. Bowers, J. H. Scrivens, Int. J. Mass Spec­
trom. 2007, 261, 1; b) A. B. Kanu, P. Dwivedi, M. Tam, L. M atz, H. H. Hill, 
J. Mass Spectrom. 2008, 43, 1; c) e. Bleiholder, N. F. Dupuis, T. Wytten­
bach, M. T. Bowers, Nat. Chern. 2011 , 3, 172; d) B. T. Ruotolo, J. L. Ben­
esch, A. M. Sandercock, S. J. Hyung, e. V. Robinson, Nat. Pro toc. 2008, 3, 
1139; e) e. Uetrecht, R. J. Rose, E. van Duijn, K. Lorenzen, A. J. Heck, 
Chern. Soc. Rev. 2010, 39, 1633. 

[1 6] a) e. A. Srebalus, J. U, W. S. Marshall, D. E. Clemmer, Anal. Chern. 1999, 

71 , 3918 ; b) S. Trimpin, D. E. Clemmer, Anal. Chern. 2008, 80, 9073; 
c) B. T. Ruotolo, S. J. Hyung, P. M. Robinson, K. Giles, R. H. Bateman, e. V. 
Robinson, Angew. Chern. 2007, 119, 8147 - 81 50 ; Angew. Chern. Int. Ed. 

2007, 46, 800l. 
[1 7] a) B. T. Ruotolo, S. J. Hyung, P. M. Robinson, K. Giles, R. H. Bateman, e. V. 

Robinson, Angew. Chern. 2007, 11 9, 8147; Angew. Chern. Int. Ed. 2007, 

46, 8001 ; b) M. Zhou, A. M. Sandercock, e. S. Fraser, G. Ridlova, E. Ste­
phens, M. R. Schenauer, T. Yokoi-Fong, D. Barsky, J. A. Leary, J. W. Her­
shey, Proc. Natl. Acad. Sci. USA 2008, 105,18139. 

[18] a) M. Kloniecki, A. Jablonowska, J. Poznanski, J. Langridge, e. Hughes, I. 
Campuzano, K. Giles, M. Dadlez, J. Mol. Bioi. 2011 , 407, 11 0; b) M. luras­
cu, e. Cozma, N. Tomczyk, J. Rontree, M. Desor, M. Drescher, M. Przybyl­
ski, Anal. Bioanal. Chern . 2009, 395, 2509; c) M. lurascu, e. Cozma, J. Lan­
gridge, N. Tomczyk, M. Desor, M. Leist, M. Przybylski in Ion Mobility Spec­

trometry - Mass Spectrometry: Theory and Applications (Eds.: e. 1. Wilkins, 
S. Trimpin). 2010, CRC Press, Boca Raton; d) Y. Uu, L. H. Ho, J. A. Carver, 
T. L. Pukala, Aust. J. Chern. 2011 , 64, 36. 

[1 9] K. M. Danzer, D. Haasen, A. R. Karow, S. Moussaud, M. Habeck, A. Giese, 
H. Kretzschmar, B. Hengerer, M. Kostka, J. Neurosci. 2007, 2 7, 9220. 

[20] K. Ueda, H. Fukushima, E. Masliah, Y. Xia, A. Iwai, M. Yoshimoto, D. A. 
Otero, J. Kondo, Y. Ihara, T. Saitoh, Proc. Natl. Acad. Sci. USA 1993, 90, 

11 282. 
[21] a) A. Marquardt, S. Muyldermans, M. Przybyl ski, Chem. Eur. 1. 2006, 12, 

1915; b)M. Macht, A. Marquardt, s.o. Deininger, E. Damoc, M. Kohl­
mann, M. Przybylski, Anal. Bioanal. Chern. 2004, 378, 1102; c) M. Dragu­
sanu, B. A. Petre, S. Siamnoiu, e. Vlad, T. Tu, M. Przybylski, 1. Am. Soc. 

Mass Spectrom. 2010, 21, 1643. 
[22] a) D. Suckau, J. Kohl, G. Karwath, K. Schneider, M. Casaretto, D. Bitter-Su­

ermann, M. Przybylski, Proc. Natl. Acad. Sci. USA 1990, 87, 9848; b) P. 
Juszczyk, G. Paraschiv, A. Szymanska, A. S. Kolodziejczyk, S. Rodziewicz­

Motowidlo, Z. Grzonka, M. Przybylski, J. Med. Chern . 2009, 52, 2420; c) J. 
McLaurin, R. E. Cecal, M. Kierstead, X. Tian, A. Phinney, M. Manea, M. 
French, M. Lambermon, A. Darabie, M. Brown, e. Janus, e. Chishti, P. 
Horne, D. Westaway, P. Fraser, H. Mount, M. Przybylski, P. SI. George­
Hyslop, Nat. Med. 2002, 8, 1263 - 1269; d) R. Stefanescu, R. E. lacob, E. 
Damoc, A. Marquardt, E. Amstalden, M. Manea, I. Perdivara, M. Maftei, 
G. Paraschiv, M. Przybylski, Eur. J. Mass Spectrom. 2007, 13, 69. 

[23] R. Khurana, e. Coleman, e. lonescu-Zanetti, S. A. Carter, V. Kri shna, R. K. 
Grover, R. Roy, S. Singh, 1. Struct. Bioi. 2005, 151,229. 

[24] J. R. Mazzulli, Y. H. Xu, Y. Sun, A. L. Knight, P. J. McLean, G. A. Ca ldwell, E. 
Sidransky, G. A. Grabowski, D. Krainc, Cell 2011 , 146,37. 

[25] a) I. Kheterpal, M. Chen, K. D. Cook, R. Wetzel, J. Mol. Bioi. 2006, 36 1, 
785; b) M. M. Zhu, D. Rempel, Z. Du, M. L. Gross, 1. Am. Chern . Soc. 

2003, 125, 5252. 
[26] M. Przybylski, M. Glocker, U. Nestel, V. Schnaible, M. BIOggel. K. Dieder­

ichs, J. Weckesser, M. Schad, A. Schmid, W. Welte, R. Benz, Protein Sci. 

1996, S, 1477. 

[27] J. E. Jung, H. P. Wollscheid, A. Marquardt, M. Manea, M. Scheffner, M. 
Przybylski, Bioconjugate Chern . 2009, 20, 11 52 - 11 62. 


	Text1: First publ. in: ChemBioChem ; 12 (2011), 18. - pp. 2740-2744

http://dx.doi.org/10.1002/cbic.201100569
	Text2: Konstanzer Online-Publikations-System (KOPS)
URN:  http://nbn-resolving.de/urn:nbn:de:bsz:352-170165


