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Generall  Discussion 

J.W.. Back, L. de Jong, A.O. Muijsers and C.G. de Koster 

Partss of this chapter and chapter one have been submitted for publication. 



Thi ss chapter  wil l contain some thoughts on the procedures advanced in the 
experimentall  chapters, and an overview of the integration of these methods 
wit hh techniques developed by other  laboratories. A cross-link mapping toolki t is 
proposed.. Finall y an evaluation of the possibilities offered by the combination of 
chemicall  cross-linking, mass spectrometry, and molecular  modeling for  obtain-
in gg structura l informatio n about protein complexes wil l be given. 

Optimizingg specific daughter ion 
formationn from a cross-linker 

Inn chapter two it has been shown that a cross-

linkerr such as BID is capable of linking free 

aminee groups, and upon low-energy CID 

activationn can yield marker ions, confirming 

thee presence of the linker (1). 

However,, the applicability of BID as a par-

ent- ionn scanning enabled cross-linker was 

limited.. Three reasons were given; (I) sites 

off  higher proton affinity are preferentially 

protonated;; (II ) fragmentation pathways in 

thee cross-linker spacer chain other than the 

formationn of a benzyl cation are open; (III ) 

secondaryy reactions during the dissociation of 

phenylalaninee containing peptides also lead 

too formation of benzylcations. This leads to 

aa low yield of marker ions, making parent 

ionn scanning tedious, especially in complex 

mixtures. . 

Improvementt in the efficiency of marker ion 

generationn was attempted by building a new 

moleculee based on a pyridinium structure. 

Pyridiniumm salts conjugated to potentially sta-

blee leaving groups have a strong tendency to 

dissociatee into neutral pyridine moieties and 

stablee alkyl cations (2). Moreover, we aimed 

forr a more unique marker ion m/z value. 

Thee candidate chosen was methoxybenzyl, to 

producee cations at m/z 121. 

Fromm 3,5-pyridinedicarboxylic acid and 

metamethoxybenzylbromidee the intermedi-

atee depicted in figure 6-1A was synthesized 

inn high yield and purity. This compound of 

m/zm/z 288 was characterized by ES I -QTOF-

MSMS,, as shown in the upper trace of fig-

uree 6—1C. It was evident that in low energy 

CIDD the only significant dissociation product 

wass the expected methoxybenzyl cation at 

m/zm/z 121. 

Furtherr synthesis of the intended disuccin-

imidyll  cross-linker, shown in figure 6—1B, 

provedd to be more difficult . Conversion may 

havee been hindered by direct attachment of 

thee carboxylic acid groups to the ring or the 

positivee charge introduced into the ring, or 

sidee reactions of uncharacterized nature. The 

lowerr trace in figure 6—1C does show the 

selectionn at the expected mass of 482 and 

formationn of the marker ion, but the relative 

amountt of analyte present in the preparation 

wass low. 

Itt is not clear how the positive charge pres-

entt in the pyridinium ring might affect the 

suitabilityy of this compound as a cross-linker. 

Sincee we did not obtain sufficient amounts in 

aa pure form, this could not be further inves-

tigated.. jV-hydroxysuccinimide reacts with 

neutrall  primary amines, so it is expected 

thatt the nucleophilic substitution wil l not be 

impeded.. Whether this compound, or any 

analogg wil l be useful in cross-linking, is still 

openn to investigation. 

Thee concept of addition of mass spectromet-

ricc detectable markers to analytes remains 

veryy promising. Recently a similar strategy 

wass reported, in which 2-diaminoethanethiol 

wass added to sites of protein phosphoryla-

tionn in order to probe products by parent-ion 

scanningg (3). 
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Otherr optimized cross-linkers for 
masss spectrometric mapping 

Severall  other innovations to optimize cross-

linkerss for mass spectrometric mapping have 

beenn reported. Stable isotope labeled cross-

linkerss were synthesized and used in 1:1 

mixturess with their unlabeled counterparts 

(4).. This proved to be successful in order to 

confirmm the identity of newly observed ions 

ass cross-linker containing species by their 

isotopee patterns. An added advantage is the 

abilityy to count the number of cross-linker 

moleculess bound to the peptide under inves-

tigation,, by counting the isotopic shift. 

Affinit yy purifications have also been applied 

too cross-linkers, however despite the puri-

ficationn achieved, the resulting spectrum 

wass dominated by unlinked peptides with a 

boundd cross-linker. Particularly promising 

seemss a recently proposed modular cross-

linkerr (5). This cross-linker contains chemi-

call  handles to vary spacer lengths and intro-

ducee chemical reactivities, such as affinity 

tags,, cleavage sites, and isotope tags. 
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Figuree 6 - 1 : efforts to characterize NHS-MMBP 
(metamethoxybenzyl-pyridinium-3,5-dicarboxyl--
hydroxysuccinimide). . 
A.. Intermediate compound (metamethoxybenzyl-
pyridinium-3,5-dicarboxylicc acid) 
B.. NHS-MMBP 
C.. low energy CID MSMS spectra of compound A 
(upperr trace) and compound B (lower trace). As 
expected,, the only significant dissociation results in 
formationn of methoxybenzylium [m/z 121). 

AA toolkit for mass spectrometric 
mappingg of chemical cross-links 

Fromm the variety of possible approaches, and 

thee continuous advent of new tricks to map 

cross-linkss by mass spectrometry, it is evident 

thatt at present no robust general procedure 

cann be outlined. However, the usefulness of 

somee cross-linking procedures and the ana-

lyticall  workflow may be evaluated. 

Firstt and foremost, it must be considered that 

nott only chemical inhomogeneity (i.e. a mix-

ture)) of a sample may interfere with mass spec-

trometricc detection (e.g. suppression effects 

orr peak overlap), but also physical inhomo-

geneityy (as caused by isotopes) wil l dilute the 

signal,, lowering signal to noise ratios. The 

factt that a cross-linked product is on aver-

agee larger than a non cross-linked peptide is a 

disadvantagee from the start. Especially in the 

presencee of smaller molecules, high weight 

speciess tend to be underrepresented in mass 

spectra.. Broader isotopic distributions affect 

signall  height negatively irrespective of the 

detectionn technique. In MALDI -TO F post 
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sourcee decay or poor focusing of the reflec-

tronn for higher m/z values may play a role, in 

ESII  the distribution over a larger number of 

chargee states smears the signals. Other factors 

specificc to the cross-linking scenario hamper 

detectionn as well, as outlined below. 

77icc multiplicity of links and odds of detection 

ofof products With increasing length of cross-

linkerr chains, the number of groups within 

l inkingg distance wil l rise. Hence, an increas-

ingg number of products wil l be formed, each 

off  wrhich may or may not be detectable in 

aa following mapping experiment. Still, two 

factorss contribute negatively towards detect-

ability:: (I) per amount of starting material 

lesss of a distinct cross-linked product may 

bee formed, (II ) with an increasing number of 

linkss the chance of forming linked networks 

grows,, and these may not only be more diffi -

cultt to detect, but especially hard to interpret 

andd prove. 

TheThe toolkit In order to overcome some of the 

problemss mentioned above, and to optimize 

detectionn of cross-linked peptides, some 

measuress may be taken. Aside from a sen-

sitivee and accurate mass spectrometer, and 

separationn techniques to limi t co-suppression 

effects,, cross-linking and subsequent mass 

mappingg of linked peptides would benefit 

vastlyy from the availability of the following: 

I.. Software tools for prediction of candidates 

needingg further evaluation. The FindLink 

packagee introduced in chapter three is an 

example;; other tools, each with their respec-

tivee merits and disadvantages, have been 

reportedd (6-8). 

II .. A set of different linkers, to obtain cross-

confirmations.. Isotopically labeled linker sets 

(4)) are to be preferred, as these are chemi-

callyy identical and should in theory yield the 

samee links. In such cases, absence of an iso-

topicc label in the proposed cross-links may 

provee that the measured mass is in fact not 

thee linked candidate as proposed. A drawback 

iss increased physical inhomogeneity, leading 

too lower signal to noise ratios. 

Usee of linkers with identical reactivity and 

compatiblee spacer chain lengths may also 

servee for cross-confirmation, and has been 

successfullyy applied to this end. However, the 

failuree to observe expected distances in cor-

respondingg spectra can be explained without 

rejectionn of the former interpretation. Local 

distancee effects (see next section) may be pre-

vailing,, as well as altered ionization by chemi-

call  inequality. 

III .. As outlined in chapter four, ' * 0 enriched 

waterr offers great advantages to prove cross-

linkedd peptides (9). The drawback is of 

coursee signal dilution, as sample is needed 

forr both unlabeled and isotopically enriched 

spectra.. However, this is less of an issue than 

withh isotopically labeled cross-linkers, since it 

iss possible to exchange both C-terminal oxy-

genss post proteolysis (10), and the remains 

off  an aliquot of sample may be used for this 

purpose. . 

IV .. Improved cross-linkers, which may 

includee variants of the modular cross-linker 

(5),, would be useful. Either affinity labeling, 

specificc fragmentation, or any cross-linker 

sensitivee detection method may be employed, 

especiallyy if a way to enrich (signal of) cross-

linkedd over surface labeled species could be 

devised.. A solution to this phenomenon is 

nott readily envisioned. 

V.. Protein complexes in which more than 

onee copy of the same polypeptide chain is 

incorporatedd pose a specific problem. Desig-

nationn of cross-links in these complexes may 

bee ambiguous since identical cross-linked 

peptidess can arise from inter- or mfra-molecu-

larr conjugation. To overcome these limita-

tions,, the use of stable isotope labeling of the 

polypeptidess has been proposed and applied 
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(11;12).. In these experiments, a homodimer 

wass reconstituted from purified unlabeled 

andd 15N labeled protein. With this method it 

becomess possible to assign, after cross-linking 

andd mass spectrometric mapping of peptide 

fragments,, whether an observed cross-link 

stemss from an intrachain link, (containing 

onlyy 1 4N/1 4N and l 5N/ 1 5N species) or an 

interchainn link (when additional cross-linked 

peptidess containing mixed 14N/1: ,N isotope 

labelss wil l be observed). However, in order 

too be applicable the complex under study has 

too be able to spontaneously associate in vitro. 

AnalyticalAnalytical improvements Much is to be 

expectedd from advances in mass spectro-

metricc instrumentation and new ways of 

combiningg existing technologies. Improve-

mentt of the mass measurement accuracy, 

ass is possible with F T - I CR instrumenta-

tion,, wil l reduce the number of candidates 

forr cross-linked peptides drastically. Pilot 

experimentss with ESI -FT- ICR showed 

thatt the accurate mass obtained for an 

abundantt cross-linked peptide present in 

thee cross-linked R A D 1 8 - R A D6 prepara-

tionn was sufficient to unequivocally assign a 

cross-link,, whereas the accuracy obtained by 

ourr M A L D I - T O F and Q T OF instruments 

(betterr than 40 ppm) left three possibilities, 

whichh had to be verified afterwards. 

Recentt developments in FT - ICR ion trans-

portt optics enable the selective accumulation 

off  low-level populated ion species (13), as is 

mostt often the case for cross-linked peptides 

inn a digested cross-linked mixture. Further-

more,, FTMS may be combined with frag-

mentationn techniques as IRMPD (14) and 

ECDD (15), which may be more suitable than 

CID-MSMSS for large molecules. 

Anotherr interesting development is the depo-

sitionn of liquid chromatography separated 

materiall  onto MALD I plates (16), enabling 

thee combination of optimal separation with 

prolongedd sampling time offered by the static 

MALD II  interface. 

Usingg distance constraints from 
cross-linkingg experiments 

Itt has been proposed to use the distance 

restraintss derived from cross-linking experi-

mentss in a fashion much like the distance 

restraintss obtained by the Nuclear Over-

hauserr Effect (NOE) in N M R studies. In 

thiss approach, the distance spanned by a 

cross-linkerr delimits the radius of an imagi-

naryy globe, which reflects the upper bound-

aryy of the gap between the two conjugated 

moieties. . 

However,, the number of constraints that 

cross-linkingg can contribute is much lower 

thann is possible with N M R , in which a 60 

aminoo acid residue protein can give rise to 

severall  hundred NOE's (17). These are used 

too reduce the number of possible conformers 

inn order to arrive at a set of most often-popu-

latedd structure states. Given enough restraints, 

i tt is possible to derive structure information at 

atomicc resolution. 

Inn order to solve a protein structure at resi-

duee resolution from distance constraints, for 

aa chain of N residues, approximately 3N 

constraintss are needed (18). The number of 

cross-linkss necessary to assign the overall fold 

off  a protein has been estimated to be in the 

orderr of N / 10 (18). The number of distance 

constraintss to be expected from cross-linking 

experimentss wil l be approximately in this lat-

terr range. 

TlieTlie span of a cross-linker The length of the 

cross-linkerr spacer chain may provide an 

initiall  approximation of the distance gap 

betweenn two linked groups. While the aver-

agee span of a cross-linker is reported to be less 

thann the maximum possible calculated dis-

tancee for a given linker (19), maximum range 

cann be reached, and must therefore be con-

sidered.. It may be hard, and perhaps unrealis-

ticc to combine the data from experiments in 

whichh multiple cross-linkers have been used, 
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eachh having its own distribution of lengths, 

inn order to determine lower boundaries for 

throughspacee distances in a quantitative way. 

Furthermore,, it is useful to realize that 

cross-linkagee may not be possible in a direct 

through-spacee fashion, for the interior of a 

proteinn may not admit the passage of a spacer 

chain.. Thus, sometimes two reactive groups 

cannott be connected by a cross-linker that 

spanss a distance compatible with the spatial 

separationn of two reactive groups. 

Inn a retrospective analysis distances of cross-

linkk data from the E. coli ribosome were 

comparedd with crystal structures (20). It was 

indeedd found that calculated cross-link dis-

tancess usually seemed to be in the range that 

linkedd residues are separated in the crystal. 

Yett it was noted that the distribution of pos-

siblee lengths obtained was rather large. It has 

too be kept in mind however, that the protein-

proteinn cross-links in this study had not been 

mappedd to residue detail. Instead, in an effort 

too normalize the available data, the distance 

separationn for the proteins that were linked 

wass set to the nearest C -atoms of the pro-

teinss in the crystal model. Next this length 

wass compared with the maximum attain-

ablee span for the cross-linker plus the added 

lengthss of the side chains from the C -atoms. 

FlexibilityFlexibility of side chains and loops The group 

reactingg with the cross-linker is not part of 

thee amide backbone of the protein chain and 

mayy be less restricted in motion. Also, if a 

linkk originates from a residue localized in a 

flexibleflexible loop in the protein, attachments to 

residuess scattered around the structure may 

bee found. It is not clear whether the link-

agess that were found to violate the distance 

constraintss observed in the crystal structures 

off  ribosomes (20) may be attributed to such 

dynamicall  phenomena. 

TheThe vicinity of a reactive group T wo reactive 

groupss in near vicinity may be optimally 

positionedd for cross-linking to one another, 

soo that hardly any other residue wil l be found 

attachedd to one of these residues, despite the 

factt that in theory other residues may be 

'withinn reach' off one of the former groups. 

Further,, very close apposition of two residues 

mayy hinder linkage with long spacer chains 

(21),, especially if residues of suitable reactivity 

aree found at more optimal distances. These 

limitationss clearly apply to the use of negative 

dataa for the estimation of minimum distances. 

Takenn together, cross-linkers may be thought 

off  as molecular rulers, yet scale marks have 

nott been drawn upon them. 

Usingg distance restraints to select 
inferredd models 

DeDe novo modeling based on distance restraints 

fromm cross-linking only may for the moment 

(andd possibly remain) a far-fetched ideal 

(18;20;22-24),, still the information content of 

cross-linkss is high, and can be implemented 

inn protein structural studies. Cross-links have 

beenn successfully applied in studies of map-

pingg contact surfaces of proteins, enabling the 

researcherss to model supermolecular struc-

turee for complexes of which the structure of 

thee individual interacting partners had been 

welll  resolved (11 ;25—27). 

Thee combination of cross-linking with struc-

turee prediction is rapidly becoming reality. 

Ann early implementation of this method was 

too filter a set of predicted models of myoglo-

binn based on the proximity of the histidine 

ligandss to the heme (22). Only two models 

withinn this set of 20 were compatible with 

thee experimentally derived structure. It was 

notedd that four criteria are important for a 

constraintt to render it useful in reducing 

thee number of predicted structures, namely: 

(I)) the sequential distance of the residues 

involved;; (II) the accuracy with which the 

probee can limi t interatomic distances; (III ) 

thee nature of approximations used in the 

generationn of the models; (IV) the similari-
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tiess and dissimilarities in the models that are 

examinedd (22). 

Validationn of this approach came from the 

findingg of cross-links that fitted previously 

solvedd three dimensional structures in sev-

erall  studies (4;25;28), and the subselection of 

closee structural homologs based on the best 

fi tt with distance restraints from a database 

outt of which the identical structure had been 

removedd (18). Our report of the four-helical 

bundlee structure in the prohibitin complex 

(29)) is an extension of validating predicted 

structuress into the area of modeling unknown 

structures,, and proves that likely models may 

bee found for sequences with less than 30% 

homologyy to known solved structures. 

Surfacee labeling as a byproduct 
off cross-linking 

Analogouss to footprinting, surface labeling 

iss the use of chemical probes to infer overall 

inside-outsidee makeup of complexes. C o m-

parisonn of spectra from the digests of intact 

complexess and subunits may reveal peptides 

thatt wil l not label in the complexed form and 

thereforee located on interfaces. 

Itt is tempt ing to regard the byproducts 

off  a cross-linking reaction informative in 

suchh a way. Finding a surface label in pr in-

ciplee means that the residue was accessible 

too the cross-linker. Cross-links in which 

thiss residue is connected to other residues 

mayy or may not be found. If connect ions 

too other residues are found, use of surface 

labell  information is cumbersome, because 

itt is impossible to discern (I) the port ion of 

thee signal of a surface-labeled peptide stem-

mingg from attachment of an intact cross-

linkerr that has hydrolyzed at its other end 

priorr to finding a partner for conjugation 

{andd this itself may either reflect the long 

probingg time or the case of a possible part-

nerr within reach that has been conjugated 

itself),, from (II ) the result of an attachment 

off  a cross-linker that has hydrolyzed at the 

otherr end previously. 

Thee use of surface label information for pep-

tides,, which are not found cross-linked to 

otherr peptides, is also far from trivial. Pre-

parativee losses of the cross-linked peptides, 

orr the inability to detect (possibly heteroge-

neous)) trace amounts may not be ruled out. A 

lastt point of caution should be that virtually 

everyy lysine is found surface labeled after a 

cross-linkingg reaction, and as mass spectrom-

etryy is an intrinsically non-quantitative tech-

nique,, peak heights of surface labeled peptide 

ionss in mass spectra may not be taken as a 

measuree for accessibility of the residue in 

question. . 

Still ,, information is to be drawn from surface 

labels,, but this requires a dedicated approach, 

withh monofunctional molecules designed to 

labell  surfaces rather than with cross-linkers. 

Thee use of stable isotopes (30) and quenching 

experimentss at different time points to derive 

quantitativee information from the data gained 

wil ll  prove essential. 

Snapshotss and molecular 
dynamics s 

Itt is often thought that a cross-linking experi-

mentt resembles taking a snapshot, uname-

nablee to the dynamics of the protein studied. 

Itt may even be argued that the cross-linker 

wil ll  stabilize a certain conformation, either 

byy shifting conformational equilibrium or by 

enforcingg upon the protein complex a ter-

tiaryy structure due to remodeling. 

However,, it has been proven possible to trap 

hemoglobinn in either the high oxygen affinity 

R-statee or the low affinity T-state, depending 

onn the prevailing conditions at the moment 

off  cross-linking or the length of the spacer 

armm of the cross-linker used (31). Dynamics 

inn the assembly of the proteasome have been 

chartedd with the aid of cross-linking as well 

(32).. In order to really study the dynamics of 
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suchh processes with a cross-linking method-

ology,, the use of isotope labeled reagents (4), 

andd possibly application of H -D exchange 

(33)) dur ing the linking process should be 

considered.. Importantly, the combination 

off  H - D exchange and cross-linking may also 

servee as a means to assess the dynamics and 

possiblee detrimental effects of the cross-link-

ingg reaction itself. 

Cross-linkss and other sources 
off structural information: an 

integrativee view 

I tt is expected that the true potential of struc-

turee data derived from cross-linking experi-

mentss may only be fully unlocked by combi-

nationn with structural data from other sources. 

Thee challenge is to find ways of fitting the 

piecess together into an integrated model, 

unbiasedd for the source of contribution. An 

illustrativee example is found in the E. coii 

r ibosome,, a structure explored by cross-link-

ingg (34), electron microscopy (35;36), non-

covalentt ESI-MS (37), and crystallography 

(38).. A comparison of the results obtained 

byy crystallography and cross-linking revealed 

thatt in general the distances obtained by cross-

linkingg were compatible with those found in 

crystall  structures (20). 

OtherOther mass spectrometryc data Relative subunit 

topologyy of the constituent proteins of a 

complexx may be independently mapped by 

cross-linkingg and by intact desorption of non-

covalentlyy bound complexes. Subcomplexes 

foundd by C ID and interactions found by 

cross-linkingg wil l give insight into the orga-

nizationn of the subunits within a larger assem-

bly.. Again, good agreement of data from both 

sidess was found for the ribosome (37). 

H - DD exchange experiments may also contri-

butee data on topology. Aside from experi-

mentss aimed at exchanging labile protons, 

footprintingg has been tried with radical 

inducedd exchange, which is able to exchange 

alkyll  bound hydrogens that are not suscepti-

blee to back-exchange (39). The main strength 

off  H -D exchange mapping with mass spec-

trometryy is in the study of dynamic events. 

Wit hh cross-linking as a potential fixation step, 

assemblyy and disassembly of large complexes 

mayy be probed. 

XMRXMR and X-ray crystallographic data Structures 

elucidatedd by these techniques are invaluable, 

andd complement cross-link data in several 

respects.. Aside from the contribution of a 

boxfull  of well defined building blocks that 

cann be placed within a complex by the topol-

ogyy derived from mapped cross-links, the 

feedbackk of related and more or less homolo-

gouss structures that can serve as templates for 

modelingg is crucial and cannot be surpassed 

byy other techniques. 

Thee speed and sensitivity of the mass spec-

trometer,, on the other hand, may lead 

towardd a high throughput screening setup, to 

verifyy similarity of structures by similarity of 

cross-linkingg patterns from trace amounts of 

sample.. Once close structural relatedness of 

aa set of samples has been assessed this way, it 

mayy be considered less necessary to acquire 

detailedd structures for all members of the 

groupp under study. 

ElectronElectron microscopy The recent demonstration 

off  the combination of site directed cross-link-

ingg and structural electron microscopy (32), 

ass opposed to general fixation necessary for 

electronn microscopy of sections, seems very 

promising.. From the reduced propensity to 

linkk together subunits and the increased dis-

tancee in EM pictures, dynamics in disassem-

blyy were inferred. Alas, no effort was taken 

too specifically map the cross-links involved, 

sincee these might have revealed contact inter-

facess essential during this process. 

AA potentially even more powerful approach 

liess in the fine structuring of low or interme-

diatee resolution EM data. Docking of highly 
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resolvedd structure data into less resolved 

cryo-EMM maps [reviewed in (40)] can be 

combinedd with models derived from pre-

dictionss as well (41). When combined with 

cross-linking,, even better restrictions on the 

applicablee models could be imposed. Espe-

ciallyy studies on the structure of membrane 

proteins,, which are notoriously difficul t to 

resolvee by N M R and crystallography, might 

benefitt from this powerful alternative. 

Conclusions s 

Unlockingg the full potential of chemical cross-

linkingg requires detection of as many cross-

linkedd and adducted sites as possible; this is 

wheree the sensitivity of mass spectrometry 

wil ll  be exploited at its extreme. Tools for 

enrichmentt and verification of cross-linked 

peptidess have been developed, enabling 

quickk and reliable identification. 

Progresss in structural modeling is rapid, 

resultingg in large sets of targets, for which 

thee combination of cross-linking and mass 

spectrometryy may provide a validated high 

throughputt platform allowing further con-

firmation.. Combinations with other struc-

turee elucidation techniques can provide an 

integratedd view, and wil l effectively forward 

researchh in this field. 
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