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Masss spectrometric structura l analysis of cross-linked peptides is a powerful 
methodd to elucidate the spatial arrangement of polypeptides in protein com-
plexes.. Our  aim is to develop bifunctional cross-linkers that, after  cross-linking 
proteinn complexes fol lowed by proteolyti c digestion, give rise to cross-linked 
peptidess that can be readily tracked down by mass spectrometry. 
T oo this end we synthesized the cross-linker  N-benzyliminodiacetoyloxysucci-
nimi dd (BID) , which yields stable benzyl cation marker  ions upon low energy 
CI DD MSMS. 

Sensitivee detection of the marker  ion upon low energy CI D is demonstrated 
wit hh different BID-cross-l inked peptide preparations. Wi t h BI D it becomes pos-
siblee to retrieve cross-linked and cross-linker-adducted peptides, without the 
necessityy of purifyin g cross-linked peptides prio r  to identification . The basic 
designn of this cross-linker  can be varied upon, in order  to meet specific cross-
linkin gg needs. 

Introduction n 

Manyy proteins carry out their functions as 

partt of multi subunit complexes. These com-

plexess are assembled into unique quaternary 

structures,, either transiently as assembly 

b'Xb'X i 
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Figuree 2-1: Structure of the cross-linker BID (N-
benzyliminodiacetoyloxysuccinimid). . 

intermediatess or as fully functional molecu-

larr machines. Knowledge about the identity 

off  the composing subunits and their spatial 

arrangementt is crucial for understanding the 

functionall  organization of such biological 

assemblies. . 

Masss spectrometry is already widely used 

too identify the components of multi-subunit 

complexess (1), and is gaining importance as 

aa tool to investigate spatial and topological 

relationships.. Among the methods used are 

hydrogen-deuteriumm exchange to monitor 

solventt accessibility (2), direct ionization and 

desorptionn of complexes to detect non-cova-

lentt  interactions (3;4) and the use of chemi-

call  cross-linking followed by digestion and 

masss spectrometric identification of the cross-

linkedd components (5—8). Aside from infor-

mationn on the relative topological organiza-

tionn of its constituents a cross-linked complex 

couldd also reveal data on the exact orientation 

off  these subunits. By identifying the residues 

involvedd in a cross-link, it becomes possible 

too map the interacting surfaces of the pro-

teins.. Combining this with structural data 

fromm other sources (NMR, X-ray, electron 

microscopy)) an integrated view on the cellu-

larr molecular machinery can be constructed. 

Despitee the apparent straightforwardness 

off  the cross-link approach, reports of suc-

cessfull  applications have been scarce (7—9). 

Thee detection of cross-linked peptides with 

masss spectrometric techniques has proven to 

bee difficult , for  which several explanations 

couldd be advanced. A cross-linked peptide 

wil ll  on average be larger than unmodified 

counterparts,, hampering ionization due to 
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suppressionn effects. More importantly, the 
cross-linkingg reaction is directed against 
functionall  groups on amino acid side chains 
thatt are omnipresent in protein molecules. 
T oo increase the specificity of the cross-link-
ingg reaction, and to avoid linking together all 
thee components present in a complex, reac-
tionn conditions are to be kept relatively mild 
(5;10).. This, however, results in incomplete 
cross-linkingg and partial adduction of cross-
linker-moleculess to side chains of the protein 
whilee not participating in a cross-link. Hence 
thee peptide population resulting from a digest 
off  properly cross-linked complexes wil l be 
heterogeneous,, and the signal corresponding 
too the same part of the protein wil l be divided 
overr several peaks. 

T oo overcome these problems different strate-
giess have been employed. A potentially pow-
erfull  approach is the use of a cross-linker that 
allowss purification or selective monitoring 

QQ H 
(n+1)+ + 

selectionn and fragmentation. The marker ions 

cann be easily detected by both triple quadru-

polee and hybrid quadrupole-TOF mass spec-

trometers,, the most widely used detectors for 

structuree elucidation of peptides and peptide -

derivatives. . 

Thiss structure can in principle be combined 

withh different reactivities towards functional 

groupss of proteins [for details see (10)]. In this 

instancee we used bis N-hydroxysuccinimidyl 

esters,, that react rapidly and specifically with 

primaryy amines such as lysine side chains and 

freee N-termini through nucleophilic substi-

tution. . 

W ee present the results of its application to 

twoo model peptides, tyrlysbradykinin (YKB) 

andd neurotensin. These peptides mimic the 

situationn after digestion of a cross-linked pro-

teinn in which one wil l find both intrachain 

cross-linkedd and interchain cross-linked pep-

tides. . 

n+ + 

N N 
N N 

R11 O 

N - R 2 2 

+Hr r 

+ + 

Figuree 2-2: Proposed mechanism for the formation of benzyl cations from a cross-linked peptide 
molecule. . 

duringg purification. Chen et al (11;12) have 

devisedd a method to derivatize a cross-linked 

reactionn product, making use of the fact that 

aa cross-linked peptide contains two free ami-

notermini. . 

Inn this paper we describe the synthesis of 

thee cross-linker N-benzyliminodiacetoyl-

oxysuccinimidd (BID; see figure 2—1). This 

cross-linkerr allows the specific retrieval of 

cross-linkedd peptides using mass spectromet-

ricric techniques. It contains a spacer chain that 

yieldss benzyl cations as an ionic marker upon 

Methods s 

MassMass spectrometry Reaction products were ana-

lyzedd on a Micromass Q—TOF (Micromass, 

Whyttenshawe,, UK) mass spectrometer 

equippedd with a Z-spray nano-electrospray 

source,, using gold coated nano-electro-

sprayy capillaries (Protana, Odense, Danmark). 

Capillaryy voltage was in the range of 650V to 

9000 V. Cone voltage was set to 40 V in all 

experiments.. Low energy CID experiments 

weree performed using argon as a collision 
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Figuree 2-3 : Structure of BID-
ringclosedd TyrLysBradykinin 
(YKB-BID).. The ring-closed 
peptidee was synthesized as 
describedd in methods and 
characterizedd by low energy 
CID-MSMS.. The structure of 
thee residues involved in the 
cross-linkk have been drawn 
fully,, the rest of the amino-
acidss are abbreviated using 
singlee letter code. 

HO O 

gass in the collision hexapole at a pressure of 
3.44 x 10"5 mbar as measured on the selection 
quadrupolee ion gauge. 

NMRNMR 'H N M R spectroscopy in D f -DMSO 

(dimethyll  sulfoxide) was performed with a 

Variann 500 NMR-spectrometer. 

SynthesisSynthesis of N-benzyliminodiacetoyloxysucci-

nimidnimid Ci9ti19N}Og (BID). Al l chemicals 

weree purchased from Aldrich (Milwaukee, 

WI ,, USA) and used wi thout further puri-

fication.. B I D was synthesized analogous to 

otherr iV-hydroxysuccimid esters (13; 14); 

too a closed 10 ml reaction vessel contain-

ingg a solution of 223 mg (1 mmol) N-ben-

zyliminodiaceticc acid and 230 mg (2 mmol) 

N-Hydroxysuccin imidd in 4 ml dry dimethyl-

formamidee (DMF) was added a solution of 

4600 mg (2.2 mmol) dicyclohexylcarbodi-

imidee in 1 ml dry D M F. The reaction solu-

t ionn was stirred overnight at 20"C. The 

dicyclohexylureaa precipitate was removed 

byy filtration and the solution was evaporated 

too near dryness. The product was solubilized 

inn dry ether from which 300 mg crystallized 

ass a pure product. The yield was 72 %. For 

nanoelectrospray-MS,, BID was dissolved in 

acetonitri le:formicc acid 99:1 v /v to a con-

centrat ionn of 10 (IM . 

SynthesisSynthesis of ring-closed tyrlysbradykinin and cross-

linkedlinked neurotensin Neurotensin and tyrlysbra-

dykininn were purchased from Novabiochem 

(Laufelfingen,, Switzerland) and used without 

furtherr purification. Peptides were dissolved 

inn dry DM F to a concentration of 6 mM. To 

thiss solution was added a solution of 30 mM 

BIDD in DM F to a final concentration of 3 mM. 

Afterr 30 minutes a 20-fold excess of water 

wass added to hydrolyze the unreacted N-

hydroxysuccinimidee groups. From this solu-

tionn the product was collected and cleaned 

onn a ZipTip C18 micropipettetip (Millipore, 

Bedford,, USA) according to the manufactur-

erss instructions and eluted and further diluted 

inn a solution of methanol:water:formic acid 

60:36:44 v /v for nano-electrospray. 

Resultss and Discussion 

DesignDesign of the cross-linker. A cross-linker yield-

ingg fragments that can be detected in MSMS-

experimentss has to conform to a number of 

prerequisites:: (I) the site of fragmentation 

mustt have a high proton affinity to allow 

fragmentationn in low energy CID, (II) the 

ionicc marker must be a stable leaving group, 

(III )) the energy required for fragmenta-

tionn should be comparable to the amount 
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off  energy required for fragmenting peptides, 

preferentiallyy somewhat lower. 

Forr the leaving group we chose a benzyl-

group,, which forms stable cations that can be 

detectedd at m/z 91. The fragmentation reac-

tionn predicted from a molecule with a cross-

linkk formed between the primary amines of 

twoo lysine side chains is outlined in figure 

2-2.. The attachment of the leaving group to 

thee spacer chain is through a tertiary amine, 

givingg a proton affinity of approximately 

968.44 k j /mol [based on the proton affinity of 

N,N-dimethyl-benzylamine;; see (15)], which 

inn proteins is only surpassed by those of the 

sidee chains of arginine (1051.0 kj/mol), lysine 

(996.00 kj/mol) and histidine (988.0 kj/mol) 

[seee (15)]. 

CharacterizationCharacterization of N-benzyliminodiacetoyloxy-

succinimidsuccinimid (BID). Nano-electrospray MS and 

MSMSS of BID (data not shown) was per-

formedd as described in methods. We observed 

thee singly charged ion at m/z 418.1. This ion 

wass selected for fragmentation, yielding frag-

mentt ions consistent with the structure. One 

off  the two major observed fragment ions is at 

m/zm/z 91, a benzyl cation formed as a result of 

protonationn on the tertiary amine in the spacer 

chainn with direct loss of the leaving group. 

Thee other major product ion at m/z 275.1 

wass identified as an imonium-ion. 
l HH N M R at 500MHz in D f t -DMSO 

yieldedd the following: 7.3/7.4 ppm(m,5H), 

3.977 ppm(s,4H), 3.87 ppm(s,2H) and at 

2.866 ppm(2,8H). These findings are consis-

tentt with the inferred structure. 

RingRing closed tyrlysbradykinin Cross-linking of 

YK BB was performed as described in methods. 

Expectedd products from the reaction of YK B 

withh BID would include a ring-closed struc-

ture,, where the succinimidylgroups of the 

cross-linkerr have reacted with the primary 

aminee present on the N-terminus of the pep-

tidee and the primary amine of the side chain 

off  the lysine residue at position two (10) as 

shownn in figure 2 -3, as well as adducted pep-

tides.. Under the conditions used, ring clo-

suree is the most likely phenomenon. Once a 

cross-linkerr has reacted with one of the avail-

ablee aminogroups, the proximity of the other 

aminogroupp in the same molecule wil l make 

aa reaction with the second reactive N-succin-

imidylgroupp highly likely. 

Adductedd peptides, where one reactive end of 

thee cross-linker has formed an amide bond to 

onee of the primary amines and the other suc-

cinimidyl-moietyy is hydrolyzed upon termi-

nationn of the reaction are detected in minor 

amountss only (data not shown). 

Inn nano-electrospray MS the ions of ring-

closedd YK B are found both doubly and triply 

protonatedd at m/z 769.87 and 513.59 respec-

tively.. The ions were further characterized by 

MSMS,, yielding fragments consistent with 

thee structure. Most importantly, fragment 

ionss at m/z 607.3 and 635.3 were identified 

ass a- and b- ions stemming from cleavage ot 

thee peptide-bond between lysine and argi-

nine,, proving the linkage of the N-terminus 

too the lysine. Neutral loss of CO further con-

firmedd the inferred closed ring (16). 

Inn figure 2-4 the MSMS spectra of the dou-

blyy and triply protonated ions of YKB-BI D 

aree compared at threshold energy required 

forr fragmentation. For the 3+ ion the pre-

dictedd loss of a benzyl cation is indeed the 

primaryy fragmentation pathway, occurring at 

aa threshold E]j b (=z x Vroll) of 45 eV. This 

suggestss that the third proton is predomi-

nantlyy localized at the amine in the spacer 

chain,, and the reaction channel for loss of a 

benzyll  cation is favorable at low collisional 

activation.. At higher collisional energies 

moree extensive fragmentation, also along the 

peptidee backbone, is observed. From the 2+ 

ion,, with a threshold Ej b for fragmentation of 

600 eV, the initial daughter ions formed are the 

y""  and the y'K' ion, together with the accom-

panyingg b4-ion. This corresponds to frag-

mentationn adjacent to the arginine residues at 

positionss 3 and 11 respectively. As has been 
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Figuree 2 -4 : Fragmentation of BID-ringclosed TyrLysBradykinin. The peptide was crosslinked as described 
inn methods. Low-energy CID spectra at threshold collisional activation reveal the most favorable 
fragmentations.. Upper panel: charge state 2+, at dissociaton threshold (E|ab = 60 eV) the first fragments 
observedd are y", [m/z 175.1; z= l ) , y"8 [m/z 904.2; z=l) and b4 [m/z 635.2; z= l ) , corresponding to 
cleavagee adjacent to the two arginine residues in the molecule. These arginine residues are thought to 
lockk the protons, causing preferential fragmentation. Lower panel: charge state =3*, at Elab = 45 eV. 
Readyy loss of benzylcations is seen at m/z 91and the complementary ion at m/z 724.8; z=2. The signal 
att m/z 504.2; z=3 can be attributed to neutral loss of CO, the signal at m/z 449.8; z=3 corresponds to 
thee neutral loss of tyrosynyl plus CO (see figure 2-3). 

notedd previously, arginine tends to lock the 

protons,, resulting in selective cleavage along 

thee most favorable pathway (17). Threshold 

E,ibb for the formation of a benzyl cation from 

doublyy protonated YK B is 70 eV, but this 

processs is less efficient than benzyl cation for-

mationn from the triply protonated parent. In 

additionn it should be noted that at higher col-

lisionall  activation the triply charged species of 

crosslinkedd YK B also yields more informative 

sequencee ions than does the doubly charged 

moleculee (data not shown), in agreement 

wit hh the results of Tsaprailis et al (17; 18). 

Cross-linkedCross-linked Neurotensin Cross-linking of 

neurotensinn was done as described in meth-

ods.. Neurotensin contains only one primary 

aminee on the side chain of lysine at position 

six.. Under the conditions used, this group 

iss the only available reactive group toward 

thee N-succinimidyl-esters. Therefore a cross-

linkedd product, as depicted in figure 2 -5, is 

thee expected outcome, aside from a hydro-

lyzedd side product which is formed when 

thee reaction is quenched with water. The 

expectedd monoisotopic molecular mass of 

thiss ion is 3530.88, which we observed as 

protonatedd ions in the 3+ , 4+ and 5+ charge 

state.. Further characterization was performed 

withh low energy CID, yielding sequence 

ionss consistent with the inferred structure. 

AA summary of the most important fragments 

observedd are indicated in figure 2 -5. The 

CIDD spectrum of the 5+ ion recorded at an 

Ehbb of 100 eV is shown in figure 2—6. 

Thee fivefold protonated molecule also yields 

productt ions at m/z 91 and the complemen-

taryy ion (at m/z 861; z=4) much more effi-
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cientlyy than the lower charge species. From 

figuree 2-7 it can be seen that this loss starts 

ass a significant process for the 5+ form at an 

E,, L of 87.5 eV, while the 4-fold protonated 
lab b 

ionn requires an E|ab of at least 140 eV. The 
triplyy protonated species gives off benzyl cat-
ionss only poorly at an Ekb of approximately 
1800 eV. Because of the low ion-current dur-
ingg those experiments, the data on the 3+ ion 
havee not been plotted in figure 2-7. 
Protonationn of BID cross-linked neuro-
tensinn results in the first four charges to 
bee apparently locked on side chains of the 
peptidee chain. The extra charging proton 

—i nn this case the fifth— can be thought 
too be localized in the spacer chain amine. 
Oncee this amine is protonated, fragmenta-

tionn of the bond between the nitrogen and 

thee benzylmoiety is the most energetically 

favorablee process. Indications for cleavage 

off  the other bonds to the tertiary amine are 

nott observed. W e do observe fragment-ions 

stemmingg from cleavage of the amide-bonds 

introducedd by the cross-linker. These frag-

mentss are also indicated in figure 2—4. Inter-

estingly,, we do not detect an acylium (or 

oxazolonium)) "b- type" ion (19). It seems 

thatt cleavage of the amide bond in the cross-

linkerchainn is accompanied by concerted 

CO-losss (20), forming an imonium ion 

detectedd at m/z 611.3 (z=3). This ion can 

subsequentlyy give off a benzyl cation and is 

thenn detected at m/z 871.2 (z=2). This is 

illustratedd in figure 2 -5. 

\ \ 

P P 
R R 
R R 
P P 
Y Y 
I I 
L L 

Z Z 
L L 
Y Y 
E E 
N N 
NH H 

lysine e 

225.11 1 

388.21 1 Y Y 

611.3/3+ + 

871.2/2+ + 

N N 
NH H 

11 684.5/5+ 

11 827.6/4+ 

11 786.9/4+ 

11 754.6/4+ 

11 726.1/4+ 

897.5 5 
457.8/2+ + 

409.2/2+ + 

505.3 3 

822.6/4+II Y 

850.9/4+II I 

Figuree 2-5: Structure of BID-cross-linked neurotensin. The molecule was prepared as described in 
methods.. The cross-linked lysineresidues and the spacerchain have been drawn fully, the rest of the 
aminoo acids are abbreviated using single letter code, Z denotes pyroglutamate. Indicated are the 
observedd b- or y" ions in CID MSMS used for structural confirmation (spectrum shown in figure 2-6). The 
mainn fragmentation process in the cross-linker chain is the formation of benzylcations [m/z 91) and the 
complementaryy ion at m/z 861.4; z=4. A side process, cleavage of the amide bond in the cross-linker 
chain,, is accompanied by CO-loss, forming an imonium ion detected at m/z 611.3; z=3. The loss of a 
benzylcationn from this imonium ion yields the ion at m/z 871.2;z=2. 
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Figuree 2 - 6 : Low energy CID-MSMS of BID-cross-linked neurotensin in the 5* charge state, recorded at 
a nn E f 100 eV. BID-cross-linked neurotensin was prepared as described in methods. At the collisional 
energyy used, loss of m/z 91 and the complementary ion at m/z 861; z=4 are readily observed, together 
withh extensive fragmentation sufficient for structural characterization. These fragments are indicated in 
figuree 2-5. 

Ass a side product of the cross-linking reaction 

off  neurotensin a minor portion of the peptide 

boundd to the cross-linker in which the other 

reactivee end was hydrolyzed is also found in 

minorr amounts (M = 1876.98), both as a 

doublyy and triply charged species (data not 

shown).. This conjugated neurotensin also 

givess off a benzyl cation more efficiently 

fromm the more highly charged precursor ions. 

Forr the triply charged peptide this process has 

aa threshold E,, of 60 eV, while for the dou-

blyy charged ion the threshold E,, is approxi-

matelyy 100 eV (data not shown). 

Concl l usion n 

Thee cross-linker BID has been successfully 

appliedd to cross-link primary amines pres-

entt in peptide and protein chains. The pres-

encee of a tertiary amine with the attached 

benzyl-sidee chain in the spacer chain does 

nott affect the cross-linking capabilities of 

/V-hydroxysuccinimidyl-esters.. Low energy 

CIDD MSMS of cross-linked molecules did 

releasee the marker benzyl cation, thus mak-

ingg the identification of cross-linker contain-

ingg ions straightforward. Under appropriate 

c c 

1 1 

0.1 1 

03 3 
Q. . 

-TT 0.01 

ZZ.ZZ. 0.001 

0.0001 1 
,,

50 0 100 0 

 NT 5+ 

-- NT 4+ 

1500 200 250 300 

Eiab(eV) ) 

Figuree 2-7: A comparison of the 
formationn of benzylcations from 
crosslinkedd neurotensin in the 5-fold 
protonatedd and 4-fold protonated 
form.. Indicated is the ratio of the 
ion-currentt at m/z 91 to the summed 
ion-currentt at m/z 91 plus the 
intensityy of the parent-ion. It can be 
seenn that this process is much more 
efficientt from the 5-fold protonated 
crosslinkedd product than from the 4-
foldd protonated molecule. 
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conditionss the benzyl cation was even the 

mostt abundant C ID generated ion. This wil l 

alloww a rapid screen of all potentially informa-

tivee ions in a complex mixture of cross-linked 

peptidess by parent ion scanning. 

Cross-linkingg has always been a trial and error 

processs for a particular protein complex (5; 

10),, and several cross-linkers are to be tested 

beforee a desired cross-link can be observed. 

Thee basic design which we presented here 

cann be varied upon, either by lengthening the 

spacerr chain with methylene-groups to give 

thee cross-linker more 'reach', or by adding 

differentt reactive groups to extend the reac-

tivit yy towards other functional groups present 

inn polypeptides. 

AA possibility to quaternarize the amine in the 

linkerchainn and thus fix the charge next to 

thee desired leaving group could also be con-

sidered.. The advantage would be that all 

chargee states of a cross-linked peptide would 

havee a reaction channel that does not require 

proton-shufflingg for yielding marker ions. 

Thee benzyl-label is easily detectable in low 

energyy CID experiments. Therefore cross-

linkerss like BID can be used to easily retrieve 

sitess of attachment between peptide-chains 

byy parent-ion scanning peptide mixtures 

derivedd from the digestion of cross-linked 

proteinn complexes. 
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