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Introduction n 

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

Ann adaptation of chapters one and six has been submitted for publication 



Thee growth of gene and protein sequence informatio n is currentl y so rapid 
thatt  three-dimensional structural information is lacking for  the overwhelming 
majorit yy of known proteins. In this thesis, efforts are described to develop rapid 
andd sensitive methods for  protein structural characterization complementing 
existingg technologies. Based on chemical cross-linking and mass spectrometry 
thesee methodologies are thought to contribut e valuable tools for  futur e high 
throughputt  protein structure elucidation. 

Proteinn structure determination 

Proteinn function is tightly coupled to pro-
teinn structure. The conformational scaf-
foldd provides the context in which active 
sites,, ligand binding pockets and interaction 
domainss are embedded (1). It has become 
evidentt that often proteins carry out their 
functionn as part of large complexes, resem-
blingg molecular machines, and it is their 
interplayy that lies at the core of cellular 
function. . 
Therefore,, structure determination of pro-
teinn (complexes) is one of the key steps in 
understandingg protein action. Given the 
vastt number of proteins existing in nature, 
acquiringg experimental structural data for all 
proteinss individually may already be infea-
sible.. The increased complexity arising from 
thee need to characterize interactions and 
spatiall  relationships within large assemblies, 
whichh in themselves may be transient both 
inn time and in composition, further compli-
catess this task. 
Butt solving all structures one by one may 
nott even be necessary. Protein structure 
seemss to have evolved along a limited num-
berr of pathways, conserving functional pro-
teinn motifs over the course of evolution. 
Sometimess new functions were developed, 
andd scrambling of building blocks has com-
binedd and separated domains, giving rise to 
moree or less related families. It is estimated 
thatt only a few thousand overall structures 
orr folds exist, an order of magnitude less 
thann the number of protein families. 

Basedd upon their structure and function, pro-
teinss can be grouped and (sub-)classified into 
structurall  families, as implemented in data-
basess such as SCOP (2) and CATH (3), pro-
vidingg a framework in which further inves-
tigationss and evaluations can be carried out. 
Large-scalee initiatives have been launched, 
whichh seek to solve at least one represen-
tativee structure from every protein family. 
Thesee structures could then serve as template 
forr the modeling of related proteins. 

Currentt techniques for protein 
structuree elucidation 

Thee majority of experimentally solved three-
dimensionall  protein structures have been 
obtainedd by virtue of X-ray crystallography, 
NM RR and electron microscopy. A short 
descriptionn of their respective merits and 
shortcomingss is given below. For a more 
detailedd account on the use of X-ray crystal-
lographyy and NMR to study protein struc-
ture,, the reader is referred to the book by 
Brandenn and Tooze (1). For an insight into 
thee possibilities of electron microscopy as 
aa means of protein structure determination, 
severall  reviews [see (4;5)] provide a good 
startingg point. 

X-rayX-ray crystallography This highly resolving 
techniquee (up to Angstrom resolution) only 
becomess feasible when micro- to milligram 
amountss of a sufficiently pure protein (com-
plex)) are available, and if it is possible to let 
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thiss material pack into well-ordered and dif-
fractingg crystals. The majority of known pro-
teinn structures deposited into PDB have been 
obtainedd by this method. 

NuclearNuclear Magnetic Resonance (NMR) This tech-
niquee has the advantage that it enables the 
studyy of proteins in solution, however large 
amountss of material are required in order to 
getget structural information. In practice, this 
methodd is limited to proteins (or fragments) 
smallerr than 30 kDa, as the number of NMR 
signalss increases with the size of the analyte, 
andd become indiscernible for larger systems. 

(Cryo-)(Cryo-) Electron Microscopy (EM) of isolated 
proteinprotein complexes While routine resolution 
off  this method is less than that obtained by 
thee above-mentioned methods (in the range 
off  15 to 30A), some protein structures have 
beenn solved to resolutions better than 4A. 
Thiss technique has been especially useful 
too study integral membrane complexes (6), 
whichh may be large in size and do not pack 
intoo ordered 3D crystals easily but are apt to 
formm ordered lattices in a 2D plane, as well as 
otherr large structures (i.e. tubulin). 

Molecularr modeling and 
structurall prediction 

InIn this thesis, the definition of molecu-
larr modeling wil l be restricted to the effort 
off  predicting and further refining structure, 
basedd on knowledge gained from solved 
models.. This can be done by comparative 
modelingg (superimposing sequences on exist-
ingg template structures), or by calculating ah 
initioinitio  the trajectory through the folding path-
ways. . 
Thee ab initio methods for protein folding, 
whichh seek to predict the accessible global 
freee energy minimum that a protein can 
reach,, are far from being generally applica-
ble.. Given the scant success obtained thus far, 

somee acceptable results for a few small pro-
teinss only, these methods are clearly still in 
theirr infancy. Further development of exper-
tisee wil l be necessary (7-9). 
Comparativee modeling methods, such as 
threadingg or fold assignment, are more 
developedd and yield more reliable results. 
Inn general, comparative modeling methods 
inn which prior to the modeling itself, more 
thann one homologue of the target sequence 
iss taken into account tend to score much bet-
terr than efforts that seek to model a single 
proteinn sequence (7). These procedures, as 
forr instance a PSI-BLAST search (10; 11) may 
bee performed separately, and the aligned set 
off  sequences may be used as input, or it may 
bee part of the implemented modeling rou-
tine.. Multi-domain proteins may be modeled 
inn a stepwise fashion, seeking folds for the 
domainss one by one. 

Threadingg considers the context of the resi-
duess to be modeled, and translates regions 
off  the sequence of interest into terms of 
environmentall  descriptors. The derivatized 
descriptionn is then compared to descriptions 
off  solved models and best fits are selected. 
Secondaryy structure succession or fold recog-
nitionn methods rely on the propensity of cer-
tainn residue combinations to adopt secondary 
structuree conformations, such as a-helices or 
{3-sheets.. The succession of these elements is 
matchedd to templates for which three-dimen-
sionall  models are available, again selecting 
bestt fits. The structural predictions in chapter 
fivee were mainly performed with implemen-
tationss of this latter method (12;13). 
Thee success of modeling heavily relies on the 
availabilityy of template models with a suffi-
cientt degree of sequence similarity. Depend-
ingg on the level of homology, programs for 
structuree prediction are able to predict mod-
els,, which may suffice for different levels of 
applications;; an overview of the degree of 
structurall  similarity that might be obtained is 
presentedd in figure 1—1 [adapted from refer-
encee (9)]. 
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Figuree 1-1: Accuracy of protein models 
basedd on the sequence identity between 
thee target protein and available templates. 
Inn the left column the range of application 
off comparative modeling and ab initio 
predictionn are indicated. Depending on 
sequencee identity shared between target 
andd template proteins (second column), 
thee RMS (root-mean square) deviation 
off the backbone atomic positions from 
predictedd and experimentally derived 
structuress increases (third column) and 
modell accuracy drops (fourth column) 
ass identity becomes less. Examples of 
predictedd structures superimposed on 
determinedd structures are shown in the 
lastt column, but overall structure may be 
surprisinglyy well predicted in certain cases 
[adaptedd from reference (9)]. 

Masss spectrometry and its 
applicationss in biochemical 

research h 

Thee extremely high sensitivity and speed of 

analysiss offered by mass spectrometry make 

thiss technique suitable for a multitude of 

applications.. Especially when sample amounts 

aree limiting, as is most often the case for pro-

teinn chemistry, it is the method of choice. 

Sincee the inception of the 'soft' ionization 

methodss MALD I (14) and electrospray (15) 

thee possibility to ionize, desorb and detect 

ionss from intact biological macromolecules 

hass become operational for a growing num-

berr of laboratories. The principles of peptide 

masss fingerprinting (16), mass spectrometric 

sequencingg of peptides (17) and subsequent 

refinementss (18;19) have spurred an entire 

fieldfield of research, currently known as pro-

teomics.. Rather loosely, proteomics may be 

definedd as systematically mapping, identifying 

andd quantifying the total protein complement 

includingg posttranslational modifications 

derivedd from the genome [i.e. the proteome; 

seee also reference (20)J. 

Otherr applications of mass spectrometry in 

biochemicall  research include, but are not 

limitedd to, single nucleotide polymorphism 

mapping,, tracking metabolism (metabolo-

mics)) (21), and mass imaging (22). 

Masss spectrometry to study 
proteinn structure 

Establishedd mass spectrometric techniques 

havee been applied in studies of protein struc-

ture.. In this paragraph a short account of four 
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masss spectrometric methods to directly probe 
tertiaryy and quaternary structure is given. 
Thee main topic of this thesis wil l follow in 
thee paragraphs below. 

Thee combination of mass spectrometry and 
hydrogen/deuteriumm exchange has been 
usedd to map at large the extent of solvent 
accessibilityy of (parts of) complexes by iden-
tifyin gg the number of exchangeable hydro-
genss within a structure or fragments thereof 
(23).. Conformational probing has also been 
performedd on intact non-covalent protein 
assemblies,, determining the number and 
identityy of constituent subunits (24;25). Frag-
mentationn experiments on these complexes 
havee been used to map subcomplexes and 
studyy their topologies. Assemblies as large as 

intactt ribosomes and intact viroids have been 

studiedd in this way (26). 

Alsoo the distribution of charge states obtained 

byy ESI-MS of proteins has been regarded as 

aa reflection of gas phase and possibly solution 

phasee protein structure (27). This can gain 

furtherr importance upon combination with 

neww developments like electron capture dis-

sociationn of distinct charge states (28). 

Ch h emicall cross linking g 

Chemicall  cross-linking is the process of 
covalentlyy joining two molecules by the use 
off  cross-linking agents. The molecules to 
bee linked may be proteins, peptides, drugs, 

XL L 
+ + 

B B 

A A 

il L L 
A+B B 

Figuree 1-2: A cross-linking experiment followed by SDS-PAGE and peptide mass fingerprinting of the 
proteinn bands. Without cross-linker (left lane), the complex is separated into two subunits (A and B) that 
aree characterized by certain peptide peaks in the mass spectrum after digestion (see left panels). After 
thee addition of cross-linker, a band of higher molecular weight appears. The bands that migrate at the 
samee rate as the original subunits in the control lane give rise to spectra containing the same peptides 
(markedd a or b, respectively) and new peaks (marked with an asterisk) that may be surface labeled or 
intrachainn cross-linked peptides. The mass spectrum of the digest of the new band can contain all of the 
aforementionedd products (a, b and *) as well as possible interchain cross-linked peptides (marked #). As 
suppressionn effects may occur, not all peptides will be seen in all experiments, and from their absence in 
thee spectrum the absence of the species may not be directly inferred. In the spectrum of the cross-linked 
band,, one of the unmodified peptides from protein B has not been drawn to illustrate this. 
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nucleicc acids or even solid particles (29). In 

thiss thesis, only the cross-linking of proteins 

iss considered. 

Ann idealized experiment, in which cross-

linkingg is applied to a heterodimeric protein 

complexx and the result is analyzed on SDS-

PAGEE is depicted in figure 1-2. After addi-

tionn of the cross-linker, a newly formed band 

off  higher molecular weight appears, consist-

ingg of the two units linked together. 

Cross-linkingg implies that two (or more) resi-

duess are joined, thus a cross-linker should 

sportt at least two reactive sites, whether tar-

getedd to residues of the same type (homo-

bifunctional)) or towards different moieties 

(hetero-bifunctional).. Reactions may be 

directedd against specific amino acids, as out-

linedd in the following paragraph, or less selec-

tive,, e.g. by radical formation as in the case of 

photoo cross-linkers. 

Thee spacer chain foremost governs the prob-

ingg distance span of the cross-linker, and also 

influencess other physico-chemical character-

istics,, including water solubility (and corre-

spondinglyy membrane permeability if appli-

cable),, and the possibility to penetrate into 

thee protein core of the complex to be linked. 

Thee spacer chain may have characteristics that 

alloww selective monitoring (i.e. fluorescence), 

purificationn (i.e. affinity), cleavage of linked 

products,, or the presence of masked reactive 

groupss (for subsequent reactions). 

Zeroo length cross-link formation may be 

establishedd by agents as E DC (30) or, as 

recentlyy described, by complete dehydration 

inn the absence of cross linkers (31). 

ReactiveReactive groups in proteins The side chains of 

aminoo acids can be grouped based on their 

functionality,, and their properties can be used 

forr modifying reactions (29). 

Aliphaticc groups of leucine, isoleucine, valine, 

alanine,, and glycine, the ring structure of 

proline,, and the benzyl group of phenylala-

nine,, are quite inert to modification. Cur-

rentlyy known reactions directed against the 

alcoholicc groups of serine and threonine, the 

primaryy amides of asparagine and glutamine 

orr the guanidine group of arginine are so 

harshh and non-specific that in practice they 

aree of littl e use. While in theory the imidazole 

groupp of histidine, the fenolic side chain of 

tyrosine,, the indole group of tryptophan and 

thee thioether of methionine provide selective 

reactivity,, it must be noted that the chemis-

tryy of possible linking reactions when applied 

too 'real-life' samples gives rise to many side 

reactions.. This is not much of an issue when 

thee question to be answered is limited to the 

simplee identification of cross-linked proteins, 

butt mapping of cross-linked peptides wil l be 

severelyy hampered by the chemical inhomo-

geneityy of such samples. 

Thee carboxylic acids of aspartic acid, glu-

tamicc acid, and the C-terminus are suscep-

tiblee to more subtle reactions. Condensa-

tionn reactions with diimide reagents (32) and 

nucleophilicc substitutions with diazo-acetates 

orr diazo-acetamides have been successfully 

applied. . 

Thee most selective reactions can be applied 

too the sulfhydryl group of cysteine, such as 

conjugationn to N-maleimides, alkylation by 

organicc halo compounds, conjugation by 

organomercurials,, disulfide exchange, or 

disulfidee formation by oxidation. It should 

bee noted however, that cysteines are often 

buriedd in the protein interior and involved 

inn structural features such as disulfide 

bridgess or ligation of cofactors, and may 

bee not susceptible to modifications. C o n-

jugationn of these cysteines can also destroy 

structure. . 

Primaryy amines of lysine side chains and 

thee N-terminus offer an attractive target, 

andd can be alkylated like sulfhydryls —be 

itt less specifically than in the case of sulfhy-

dryls—— acylated by various compounds (i.e. 

iso(thio)cyanates,, imidoesters, N-hydroxy-

succinimidyll  esters, p-nitrophenylesters, and 

acyl-- or sulfonylchlorides) or condensated 

withh carboxylic acids by diimides. 
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Figuree 1-3: Reaction scheme of cross-linking 2 proteins with N-hydroxysuccinimide. A nucleophilic 
attackk of primary amines on the carbonyl carbons displaces succinimide moieties of the cross-linker, and 
stablee amide bonds are formed. 

Itt is possible to change reactivity of residues, 

byy attaching modifiers with other functional-

itiess to specific side chains. Examples include 

thee addition of sulfhydryls to amines by 

2-iminothiolanee (33), dehydroalanine forma-

tionn by beta elimination of phosphate from 

serine,, or adding other groups by simple 

conjugationn reactions. The new functional-

itiess may then be employed for cross-linking 

reactions. . 

ConditionsConditions for chemical cross-linking It is impor-

tantt that conditions during the reaction are 

(near)) physiological and existing protein 

structuree is not too much perturbed by the 

modification.. Especially this last aspect is of 

muchh concern, as it makes it hard to prove 

thatt distance information obtained by analysis 

off  cross-linked polypeptides reflects the situa-

tionn of a protein (complex) in the native state. 

Intuitively,, the destructiveness of chemical 

modificationn tends to be overestimated, as 

iss evident from the observation that most 

enzymess to which cross-linkers have been 

appliedd retain (most of) their activity (34). 

Somee of the same conjugations are applied 

inn the attachment of enzymes to well plates 

forr ELISA (29). Moreover, most cross-links 

foundd when basic fibroblast growth fac-

torr (bFGF) was internally cross-linked with 

BS33 were well compatible with the already 

knownn three-dimensional structure of this 

proteinn (35). In retrospect, most of the cross-

linkss within the ribosome that were reported 

inn several studies and collected into databases 

(36;37)) were found to correspond to the dis-

tancess found in crystal structures (38). 

TheThe choice of a cross-linker For cross-linking to 

bee successful several conditions have to be 

met.. Reactive groups of the right selectiv-

ityy must be accessible to the agent, they have 

too be within the distance span of cross-linker 

spacerr chains, and preferably yield unique 

conjugations.. Polar groups such as carboxylic 

acidss and primary amines fulfil l these crite-

ria,, as they are often situated on the exterior 

off  polypeptides, at or near contact inter-

faces.. The frequency of occurrence of these 

residuess is quite high, so that many possible 

probingg points are available. This of course is 

inn conflict with the wish for a limited number 

off  unique conjugations, as the multiplicity of 

linkss wil l increase with an increasing number 

off  reactive groups within distance. By vary-

ingg reaction conditions optimal experimental 

parameterss should be found. 

Therefore,, cross-linking is a trial and error 

process,, in which multiple linkers with a 

differentt spacer chain but with the same 
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reactivityy may need to be employed. Cross 

confirmationss from experiments with other 

cross-linkerss may increase confidence that 

retrievedd links are valid, and distance restraints 

mayy be further refined. Spacer chain length 

mayy be varied in order to probe different 

distancee spheres. Some caveats of this latter 

assumptionn wil l be raised in chapter six. 

TJicTJic N-hydroxysuccinimide reaction Al l cross-

l inkingg experiments reported in this thesis 

havee been conducted with iV-hydroxysuc-

cinimidee cross-linkers (29;39). These cross-

linkerss react rapidly and preferentially with 

primaryy amines, forming stable amide bonds. 

Thee reaction scheme is outlined in figure 1-3. 

Ideall  condit ions for the linking reaction are 

pHH 8, room temperature, a protein concen-

trationn of less than 1 mg /ml to avoid spuri-

ouss cross-links in too concentrated samples, 

andd absence of primary amines. Competing 

reactionss with other nucleophiles do occur, 

andd foremost to be considered is hydrolysis 

byy water. This results in the formation of a 

carboxylicc acid group at one end of the linker. 

I ff  the other reactive end is or wil l be conju-

gatedd to a lysine £-amino group, the resulting 

productt wil l not form a cross-link, and gives a 

surfacee label. In chapter six, the usefulness of 

thesee by-products wil l be evaluated. 

TheThe information gained by analyzing cross-links 

Severall  types of information can be obtained 

whenn mapping products of a cross-linking 

reaction.. Establishing the identity of pro-

teinss involved in a cross-link can help solve 

issuess of relative topology of subunits within 

aa complex. The structure of the ribosome has 

largelyy been elucidated this way (37), prior 

too the intact desorption in the gas phase (40) 

andd the almost concurrent solution of crystal 

structuress (41;42). Direct mapping of cross-

linkedd subunits with mass spectrometry fol-

lowedd by subunit identification has been 

successfullyy applied to finding new structure 

topologyy in the nuclear pore complex (43), 

thee proteasome complex (44), and the inter-

leukin-66 dimer (45). 

Identifyingg the cross-linked sites themselves 

givess a new level of information. Contact 

interfacess have been mapped for the binding 

sitess of small peptides (46), and data of this 

kindd can be integrated with docking stud-

ies,, in order to define relative orientation of 

ligandss or proteins within a complex. 

Cross-links,, both from within a single poly-

peptidee chain (35) or from separate chains 

(47),, define through-space distance con-

straints.. Molecular modeling, whether it is 

donee ab initio or by means of comparative 

techniques,, results in a number of possible 

structures,, and for each structure confidence 

intervalss may be calculated. The structures 

forwardedd by the modeling procedure may 

thenn be evaluated in terms of the number 

off  satisfactions and violations of the distance 

restraintss that have been empirically derived. 

AA more detailed discussion of the merits and 

pitfallss of this approach wil l be presented in 

chapterr six. 

Modell systems used in this thesis 

NeurotensinNeurotensin and TyrLysBradykinin These two 

modell  peptides were chosen to test cross-

linkerss in the simplest way conceivable, with 

minimall  interference from side reactions. 

Neurotensinn was chosen because it contains 

onlyy one primary amine at a lysine side chain, 

andd under the conditions used wil l form 

'H-shaped'' cross-links, while YK B wil l form 

lariatt shaped linked molecules, in which the 

aminoo terminus is connected to the lysine at 

positionn two. Apart from the testing of cross-

linkerss as described in chapter two, linked 

neurotensinn was also used for initial testing of 

thee oxygen 18 labeling method described in 

chapterr four. 

TlieTlie RAD6-RAD18 complex These proteins 

aree part of the postreplicative D NA repair 

machinery,, and involved in ubiquitin conju-
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gation.. R A D6 is an E2- and R AD 18 an E3-

typee ubiquitin ligase (48;49). The C-terminal 

domainn of R AD 18 associates with RAD6, 

ass was evident from the isolation of a trun-

catedd recombinant R AD 18 in heterodimeric 

interactionn with His-tagged RAD6. This is 

thee complex used in chapter four. A longer 

translationn product of recombinant human 

R A DD 18 was isolated in the same experiment, 

andd eluted from the gel filtration column as 

aa tetramer, containing two chains of R A D6 

andd R AD 18 each, as suggested previously 

(50).. Experiments on this tetrameric complex 

havee not been concluded yet. 

TheThe mitochondrial prohibitin complex The pro-

hibitenn complex is built in a 1:1 stoichiometry 

fromm two types of subunits: PHB1 of 32 kDa 

andd PHB2 of 34 kDa. Since the mature com-

plexx is estimated to be approximately one 

MD aa in size, the number of subunits of each 

typee is in the range of 12 to 16. As the com-

plexx is ubiquitously expressed in mammalian 

tissuess and has been highly conserved through 

evolution,, a vital function among eukaryotes 

hass been suggested. Based on recent results it 

wass proposed that the PHB complex forms a 

novell  type of membrane-associated holdase/ 

unfoldasee chaperone for the stabilization of 

mitochondriall  proteins (51). 

Scop ee of this thesi s 

Thiss thesis explores the potential of chemi-

call  cross-linking when combined with mass 

spectrometricc analysis and molecular model-

ingg for the elucidation of tertiary and qua-

ternaryy protein structure. Diving in head first 

intoo this field, it was found that additional 

toolss had to be developed, and these are 

describedd in chapters two, three and four. 

Inn chapter two a cross-linker tailored for 

MSMSS analysis is described, and its behavior 

whenn linked to peptides under low energy 

CIDD conditions is documented. Chap-

terr three describes an algorithm for quickly 

interpretingg mass spectral data from cross-

linkingg experiments, and its implementation. 

Chapterr four contains both a method, namely 

thee labeling of C-terminal residues with 180 

enrichedd water, which serves the purpose of 

swiftlyy recognizing cross-linked peptides in 

aa spectrum, and a first analysis of a real-life 

cross-linkedd protein complex. Next in chap-

terr five, the applicability of cross-linking 

technologyy in combination with molecular 

modelingg to a very large complex is demon-

strated. . 

Thee concluding chapter (six) summarizes the 

mostt important findings of the experimental 

papers,, points out both strengths and short-

comingss of the methodology in its current 

state,, and comes up with some recommen-

dationss and improvements which may render 

thee cross-link technology even more useful. 
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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 
^ 00 N Y N ^ \ 

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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Lysine e 

BID D 

RPPGFSPFR R 

Tyrosine e 

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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Experimentall  methodologies for  protein characterization by mass spectrometry 

urgee development of informatic s tools that can extract informatio n from com-

plexx M S data. Thi s has prompted us to develop a dedicated software tool that 

facilitatess protein complex structur e studies, which combine chemical cross-

Ünkin gg wit h mass spectrometry. The FindLin k program can effectively extract 

chemicallyy linked sites in proteins from sets of complex M S data. 

Introduction n 

Overr the last decade mass spectrometry has 

provenn to be a powerful analytical tool in life 

sciences.. Success is only partly attributed to 

thee drastic improvements in mass spectromet-

ricc instrument performance, and the progress 

madee with the developments of ionization 

methods,, MSMS methods and hyphenation 

off  mass spectrometry with liquid chromato-

graphy. . 

Thee key to advance must be development 

off  informatics tools that help extracting rel-

evantt information from complex mass spec-

trometricc data. It appears that a growing 

numberr of commercial and freely available 

internet-basedd software programs can assist 

thee researcher with the analyses of mass spec-

trometricc data. However, novel experimental 

strategiess and methodologies in proteomics 

urgee for more specialized tools, which are 

nott yet practically implemented in the avail-

ablee programs. 

Inn our laboratory we have developed a 

methodd to obtain information on the fold-

ingg and structure of protein complexes. This 

methodd involves chemical cross-linking of 

proteinn complexes combined with mass spec-

trometricc analyses of the cross-linked pep-

tidess in the digest mixture. To assist in the 

interpretationn of mass spectra, a dedicated 

softwaree program has been developed, called 

FindLink,, which conveniently can extract 

l inkedd protein sites from complex mass spec-

trometricc data. 

Generall Strategy 

Thee proteins or protein complexes under 

studyy are subjected to chemical cross-link-

ingg using various cross-linking reagents. 

Cross-linkedd proteins are separated (i.e. by 

gell  filtration or SDS-PAGE) and subse-

quentlyy digested with proteases. The resul-

tingg peptide mixtures are mass analyzed and 

thee M S data are imported in and evaluated 

byy the FindLink program. Verification of 

assignedd links by means of MSMS analyses 

off  selected peptides may be required. The 

acknowledgedd cross-links can be used as con-

straintss for fold recognition (1) and in in silico 

molecularr modeling studies, integrated with 

dataa from X-ray crystallography, N M R and 

electronn microscopy. 

Thee FindLink analysis 

Ann outline of the process in flow-sheet form is 

presentedd in figure 3 - 1. MS data can directly 

bee imported into the FindLink program from 

anyy source or experiment as mass/intensity list 

spectra.. The data are expected to be decon-

volutedd for ion charge states and isotopic dis-

tribution,, using a program such as MaxENT3 

(availablee from M E DC solutions, Cambridge, 

UK) ,, yielding singly charged mono-isoto-

picc ion mass lists. Multipl e MS spectra can 

bee imported from different sources or from 

time-segmentedd LCM S data for simultane-

ouss FindLink analysis. Optionally, imported 

MSS spectra can be cleaned-up by removing 
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MSS Data 

Figuree 3 - 1 : Flowsheet of FindLink. Theoretical calculations are depicted in the gray panel at left, on the 
basiss of the inputs (protein sequences, digestion rules, residue selectivity of the cross-linker and cross-link 
parameters)) a list of masses to be matched is calculated. Data processing from MS data is outlined in 
thee gray panel on the right. Multiple spectra from several experiments are combined into one set which 
iss matched. Different cross-link reactivities may be matched in one single calculation, and are input 
viaa 'modification rule', bottom left in the flowsheet. All candidate links matching calculated masses are 
systematicallyy collected and may be evaluated and annotated by the user. 
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Figuree 3 -2 : Screenshots of RndLink output. In the left panel the notebook is used to define a number 
off output sheets for data evaluation using different cross-linking rules. The displayed sheet shows the 
matchess with singly cross-linked peptides. In the column at the right side one can annotate validated 
links.. The right panel shows the notebook set at database generation parameters, providing feedback 
onn the number of database entries generated. The shown autoreport collects annotations from all output 
sheetss and presents a color diagram with the linked and adducted residues in the protein. Data taken 
fromm reference (2). 

dataa which overlap with data from maximally 

twoo imported reference spectra from the cor-

respondingg non-crosslinked and/or unmodi-

fiedd proteins. 

Thee program can generate mass/peptide 

lists,, based on the input of: (I) the residue 

sequencee of one (for cross-linking within one 

protein)) or two (for additional cross-linking 

betweenn proteins) proteins, (II) on the chem-

icall  selectivity of the digestion, and (III ) on 

thee chemical selectivity of the modifier or 

cross-linkk reagent. Optionally, generated lists 

cann include all peptides and peptide combi-

nationn candidates for surface label modifica-

tions,, for intramolecular cross-linking within 

peptides,, and for intermolecular cross-linking 

betweenn peptides from one or two proteins. 

Non-viablee combinations of overlapping 

peptidess from one protein (which may be 

generatedd due the allowed digest miscleav-

ages)) are omitted from the lists. Each list 

entryy is automatically matched within a user-

definedd mass tolerance with the experimental 

mass/intensityy lists. The matches for surface 

labeling,, intramolecular cross-linking within 

aa peptide, and intermolecular cross-linking 

betweenn peptides originating from one or 

twoo proteins in the complex are systemati-

callyy documented on separate output sheets 

(seee figure 3—2). It appears that the confi-

dencee level of the FindLink assigned cross-

linkedd and/or modified sites, drastically 

increasess if mass accuracy of the experimental 

dataa improves from about 40 to below 2 ppm 

(Fourierr transform ion cyclotron resonance 

MSS data). For the asignment of MS data with 

ann accuracy of about 40 ppm, multiple can-

didatess may be possible. In these cases confir-
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mationn of a suggested linked site in the pro-

teinss can be obtained from MSMS analyses of 

thee corresponding peptide in the digest mix-

turee and/or from oxygen-18 labeling (2). 

Forr cross-linked multi-protein complexes a 

step-wisee FindLink analyses of the MS data 

forr each protein-pair in the complex, can 

map-outt the detectable cross-links between 

proteinss in the complex. 

Applications s 

Too date, the FindLink program has success-

fullyy supported studies in which chemical 

cross-linkingg has been used to probe protein 

complexx structure (2;3), and in which (semi-) 

syntheticc surface labels have been attached 

too a specific protein (4). In these studies, the 

FindLinkk program has proven that it can 

matchh verifiable (cross)-links with relatively 

smalll  peaks from large complex MS datasets. 
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AA n ew method is presented to screen proteolyti c mass maps of cross-linked pro-
teinn complexes for  the presence of cross-linked peptides and for  the verifica-
t io nn of proposed structures. On the basis of the incorporatio n of  1 80 from iso-
topicall yy enriched water  int o the C-termin i of proteolyti c peptides, cross-linked 
peptidess are readily distinguished in mass spectra by a characteristic 8 amu shift. 
Thi ss is due to the incorporatio n of two 1 80 atoms in each C-terminus, so that 
normall  and surface-labeled peptides shift 4 amu and cross-linked peptides con-
tainin gg tw o C-termin i wil l shift 8 amu compared wit h their  unlabeled counter-
parts. . 
Th ee method is fast, sensitive and reliable and can be combined wit h any avail-
ablee cross-linking reagent and a wide range of proteolyti c agents. As proof of 
principl ee we successfully applied the method to a complex of two D N A repair 
proteinss (Rad l8-Rad6) and identified the interaction domain. 

Introductio n n 

Chemicall  cross-linking of proteins is an estab-

lishedd method for gathering structural informa-

tionn of protein complexes (1;2). Depending on 

thee depth of analysis of the cross-link data, dif-

ferentt conclusions can be drawn from the data. 

Fromm the identity of the cross-linked proteins, 

onee may find new structural relationships in 

multii  protein complexes and build a rough 

topologicall  model. The real bonus however, 

coniess from pinpointing the cross-linked resi-

dues,, a task not easily accomplished. As shown 

byy Young et a\ (3) cross-links within the same 

polypeptidee chain represent restrictions in 3D 

spacee and can be used to delimit the possible 

foldd families to which the protein under study 

mayy belong. Cross-links between different 

peptidee chains are particularly valuable since 

theyy reveal contact sites of the complexes. 

AA first approach usually involves peptide mass 

fingerprintingg experiments followed by com-

putationall  methods in which the masses of 

peptidess found in the spectrum of the cross-

linkedd sample are computed to match a com-

binationn of peptide masses with the added mass 

off  the cross-linker within a certain experimen-

tall  error (4;5). However, unequivocal discri-

minationn of the possibilities generated by this 

approachh requires additional evidence, which 

wil ll  be discussed below. 

AA first choice would be MSMS fragmenta-

tionn of the putative cross-linked peptides, but 

thesee studies often require more material than 

justt a peptide mass fingerprint of the digested 

andd cross-linked material, which may be l im-

iting. . 

Upp to date, several strategies have been 

broughtt forward to help the investigator 

findd the cross-linked peptides in mixtures of 

unmodified,, surface-labeled (i.e. modified by 

thee cross-linker but not actually cross-linked) 

andd cross-linked peptides. Our own previ-

ouss work in the field resulted in a proto-

typee of a cross-linker that can be specifically 

tracedd by parent-scanning methods on mass 

spectrometerss (6). Roepstorff et al have pio-

neeredd the mass mapping of cross-links con-

tainingg disulfide bridged spacers, followed by 

controll  experiments with on target reduc-

tionn and alkylation of the cross-linkers (7). 

Thee observation of the correct masses after 

derivatizationn can serve as additional proof 

forr the correct assignment of the cross-link. 

However,, surface labeled peptides present in 

thee preparation wil l yield the same reduced 

andd alkylated products, and the contribution 

off  cross-linked product cannot be appreci-

ated.. An approach launched by Muller and 

co-workerss (8) is susceptible to a similar flaw. 

Theyy have synthesized deuterated analogues 

off  existing cross-linkers. The observation of 
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peakk pairs separated by the amount of deu-

teriumm incorporated draws the researchers 

attentionn to the peaks of peptides that have 

reactedd with cross-linker, without addressing 

thee question of whether they are true cross-

linkss or surface-labeled peptides. 

Thee approach of Chen et al (9) involves the 

notionn that a cross-linked peptide usually 

hass two N-termini. After blocking of lysine 

sidee chains prior to digestion, they specifi-

callyy derivatized the N-termini after diges-

tionn with a group that results in an altered 

RP-LCC retention. Derivatization with 50% 

isotopicallyy labeled reagent results in a char-

acteristicc pattern for true cross-linked pep-

tides,, for which a 1:2:1 (unlabeled:singly 

labeled:doublyy labeled) abundance distribu-

tionn is found. However, this complex mult i-

stepp derivatization relies on complete methyl-

ationn of all lysine side chains and cannot 

detectt links involving the N-terminal amino 

group. . 

Recently,, an elegant method for quantitative 

proteomicss has been described, in which pro-

teinss are digested in I K O water (10-12). It has 

beenn noted that trypsin after hydrolysis subse-

quentlyy exchanges the second oxygen in the 

newlyy formed carboxy terminus (13). This 

resultss in peptides differing 4 amu in mass 

withh the corresponding peptides digested 

withh trypsin in normal water. 

Ourr method is based on the notion that a two 

C-termini-containingg cross-linked peptide 

digestedd in H ^ O wil l shift 8 amu compared 

withh the peptide formed upon proteolysis in 

normall  abundance water, as has been observed 

byy Reynolds ct al in a GluC digest of a syn-

theticc HSP peptide (14). Using fully enriched 
, K OO water, full advantage is taken of complete 

incorporation.. This is in contrast to studies 

performedd by Wallis et al in a recent effort to 

locatee disulfide bonds with the use of 50% I K 0 

isotopicallyy enriched water (15). Also, these 

authorss used the enzyme pepsin, an enzyme 

forr which the exchange characteristics for the 

secondd oxygen have not yet been established. 

Ourr methodology is readily applicable in 

combinationn with any available cross-linking 

reagentt and a range of proteolytic enzymes 

(14)) and does not require synthesis of custom 

labeledd chemicals. Another advantage is that 
UlOO and l hO labeled analytes wil l not display 

alteredd reversed phase HPLC retention times, 

whilee deuteratcd compounds may cause sig-

nificantt retention time shifts (16;17). 

Inn this study, we cross-linked the Rad l8-

Rad66 heterodimer, and demonstrate the use-

fulnesss of the technique by identifying several 

cross-linkss allowing the identification of the 

interactionn domain. The Rad6 -Rad l8 pro-

teinn complex is an E2/E3 ubiquitin ligase pair 

thatt is involved in postreplicative DNA repair 

(18;19). . 

Methods s 

ChemicalsChemicals I M O Labeled water (95+% atom 
l sO)) was purchased from Isotec (Miamisburg, 

OH).. The cross-linker bis(sulfosuccinimidyl) 

suberatee (BS3) was purchased from Pierce 

(Rockford,, IL) , Sulfo-iV-benzyliminodiace-

toyloxysuccinimidee (sBID), a water-soluble 

analoguee of BID (iY-benzyliminodiacetoyl-

oxysuccinimide),, was synthesized as pre-

viouslyy described for BID (6), with the 

replacementt of iV-hydroxysuccinimide by 

sulfo-N-hydroxysuccinirnidee (Pierce). The 

sulfonatee groups introduced by this proce-

duree render the cross-linker water-soluble. 

Identityy and purity were assessed by N M R 

andd mass spectrometry. 

ProteinProtein expression and isolation cDNA encoding 

Rad66 and R a d l8 were cloned into a pET25 

vectorr and expressed in bacterial cell cultures 

uponn IPTG induction. The complex was 

purifiedd from clarified cell extract on Talon 

resinn (Clontech, Palo Alto, CA) using a poly-

histidinee tag on the Rad6 N-terminus. The 

eluatee was further purified on a size exclusion 

matrixx (Sepharose 200, Pharmacia, Uppsala, 
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Sweden)) yielding the final purified complex. 

Forr amino terminal sequence analysis, pro-

teinss separated by gel electrophoresis and 

electroblottedd on PVDF membranes were 

sequencedd by automatic Edman degradation 

onn a Procise model 494 sequencer (Applied 

Biosystems,, Foster City, CA). 

Cross-linkingCross-linking and digestion The protein complex 

att a concentration of 0.5 mg/ml in a 20 mM 

sodiumm phosphate buffer (pH 7.9) was incu-

batedd with 1 mM cross-linker at room tem-

peraturee for 30 minutes. SDS-PAGE was per-

formedd according to Laemmli (20). Protein 

bandss were cut out of the gel and digested 

ass described by Shevchenko (21). For direct 

digestionn in solution, after cross-linking cys-

teiness were reduced with dithiothreitol, and 

S-alkylatedd with iodoacetamide. The sample 

wass subsequently diluted tenfold in water and 

spunn in an Ultrafree UFV0.5 Centrifugal Fil-

terr (Millipore, Bedford, MA) . The dilution 

andd centrifugation step was repeated twice, 

resultingg in a 1000-fold reduction of buffer 

saltss and alkylating agent. The sample was 

thenn split in two equal aliquots, which were 

driedd in a vacuum centrifuge to complete 

dryness.. Sample was reconstituted in 29 JJ.1 of 

eitherr natural abundance water or mO labeled 

water.. To this solution 1.5 [i\  of acetonitnle 

andd l | l l of a trypsin solution (sequencing 

grade,, Roche, Basel, Switzerland) in 1 M 

ammoniumm bicarbonate was added, so that 

thee trypsin : substrate ratio was approximately 

1:255 (w:w). The digestion mixture was incu-

batedd at 37°C overnight. 

MALDI-TOFMALDI-TOF peptide analysis Peptides were 

collectedd on ZipTip |iC]f < pipette tips (Mil -

lipore),, washed with 0 .1% formic acid and 

elutedd with 60% acetonitri le/ 0 .1% for-

micc acid. Subsequently 0.5 1̂ of the eluate 

wass mixed with 0.5|Ltl of a 10 mg/ml (X-

hydroxyy cinnaminic acid solution in 1:1 (v:v) 

acetonitrile:ethanol.. The mixture was spotted 

onn to a MALD I target plate and allowed to 

dry.. Reflectron MALDI -TO F spectra were 

acquiredd on a TOFSPEC 2EC mass spec-

trometerr (Micromass, Wythenshawe, U.K.). 

LC-ESI-MSLC-ESI-MS and MSMS peptide analysis The 

digestedd peptide mixture was loaded onto the 

precolumnn of an Ultimate nano-HPLC sys-

temm (LC Packings, Amsterdam, The Nether-

lands)) and separated on a PepMap C nano 

reversedd phase column (75 jl m I.D.). Elu-

tionn was performed using a gradient of 5 to 

40%% acetonitrile with 0.1% formic acid. The 

flowflow was infused directly into an ESI -QTOF 

masss spectrometer (Micromass) via a modi-

fiedd nano-electrospray device (New Objec-

tive,, Woburn, MA) . MSMS experiments 

weree conducted with Argon as collision gas 

att a pressure of 4 x 10° bar measured on the 

quadrupolee pressure gauge. 

AnalysisAnalysis of mass spectra with the FindLink algo-

rithmrithm After internal mass calibration (better 

thann 40 ppm), the MALD I and electrospray 

MSS spectra were charge deconvoluted using 

thee M a x E N T3 algoritm (MEDC solutions, 

Cambridge,, UK) . 

Forr each experiment, the above-obtained 

MSS data were scanned for digest fragments 

thatt were modified with the used chemi-

call  cross linker. A custom-made software 

tooll  called FindLink supported these analy-

ses.. The FindLink program generates a mass/ 

fragmentt database, based on the input of the 

residuee sequence of the proteins in the com-

plex,, the selectivity of the digest cleavages, 

andd the chemical selectivity of the chemical 

cross-linker.. Database entries include all frag-

mentt candidates for surface label modifica-

tions,, for intramolecular cross-linking within 

aa fragment, and all fragment combinations for 

cross-linkingg within and between proteins 

inn the complex. Each database entry is auto-

maticallyy matched within a definable mass 

tolerancee with the experimentally obtained 

masss lists. The matches for surface labeling, 

intramolecularr cross-linking within a single 

digestt fragment, and intermolecular cross-
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linkingg between digest fragments within and 

betweenn proteins in the complex are system-

aticallyy documented as output of the analyses. 

Resultss and Discussion 

Bacteriall  expression of the His-tagged Rad6 

proteinn yielded the sequence as expected 

includingg the polyhistidine tag, and is referred 

too as Rad6H. Expression of R a d l8 yielded 

thee full length protein as well as a truncated 

form,, most likely due to the presence of an 

alternativee start codon in the sequence rec-

ognizedd by E. coli. This was confirmed by N -

terminall  sequencing using Edman degrada-

tionn (results not shown). The truncated form 

off  R a d l8 is referred to as Rad l8S and starts 

att Met312. It purifies with Rad6H as a stable 

complex.. Number ing of the residues in both 

proteinss follows the order of the TrEMBL 

databasee (accession numbers Rad6: Q9D0J6 

andd R a d l 8: Q9QXK2). The polyhistidine 

tagg is numbered in negative. 

Thee full length and the truncated form of 

Rad6 -Rad l88 complex could be easily sepa-

ratedd by size exclusion chromatography. After 

purificationn no impurities could be detected 

onn coomassie stained polyacrylamide gels. 

Stablee cross-links were formed in the 

Rad l8S-Rad6HH complex with both sBID 

andd BS3, as shown in figure 4 - 1. The size 

off  the newly formed band upon incubation 

wit hh cross-linker corresponds to a heterodi-

mer,, consisting of one copy of each of the 

subunits.. Using in gel digestion and peptide 

masss fingerprinting (1), the presence of both 

polypeptidee chains in the new band was veri-

fied. . 

Afterr reductive alkylation of the cysteine 

residuess and removal of the excess alkylating 

agent,, the cross-linked and non-cross-linked 

controll  complexes were subjected to tryptic 

digestionn in either normal abundance water or 
, sOO labeled water as described in the experi-

mentall  section. The sample was desalted and 

concentratedd prior to MALDI-M S analysis. 

Peakss that corresponded to unmodified tryp-

ticc peptides displayed a near complete 4 amu 

shiftt in the corresponding 1 60 and 1 80 traces 

(dataa not shown), as already demonstrated 

byy others (10-13). The C terminal peptide 

off  Rad6H at m/z 1490.72 did not shift, in 

accordancee with the proposed mechanism, 

inn which trypsin wil l only exchange oxygen 

atomss of peptides ending in Arg or Lys. 

Thee C terminus of Rad l8S yields fragments 

tooo small to be detected in this approach. 

Peakss shifting 8 amu in the corresponding 
1 600 and 1 80 traces were already evident at 

aa first glance, as well as their absence from 

sBIDD BS3 CTRL 

18SS + 6H 

*0*0 6 H 

Figuree 4 - 1 : SDS-PAGE of the cross-linked Radl8S-
Rad6HH complex. Upon incubation with either sBID 
orr BS3 a new band appears, which consists of a 
covalentlyy bound heterodimer, containing one of 
eachh subunits. The cross-link efficiency is estimated 
too be about 40%. 

thee control spectra. An example is shown 

inn figure 4-2, where the presence of a peak 

pairr with an 8 amu increase is present in the 

tracess of both sBID and BS3 cross-linked 

complex.. As expected, the peak pairs for the 

differentt cross-linkers are separated 49 amu, 

thee mass difference of the cross-linker spacer 

chain.. Calculations of possible cross-links 

wit hh our FindLink algorithm showed that 

thee peak at m/z 1008.5 could be attributed to 

aa cross-linked peptide with an error of only 

22 ppm ( m / 2 _ d = 1008.5310; m/zMmi 

==  1008.5295; data for BS3). The nearest 
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Figuree 4 - 2 : MALDI-TOF MS analysis of a cross-linked tryptic peptide. A.The amino terminus of Radl8S 
(MR)) is linked to Lysl4 of RadóH. Asterisks indicate the positions of '80-atoms. B. Trace 1: cross-link with 
BS3,, digested in normal abundance water. The measured m/z of 1008.531 deviates only 2 ppm from 
thee calculated m/z (1008.529). Trace 2: the same BS3 cross-linked peptide after digestion in l 8 0 water, 
thee mass is shifted 8 amu due to the incorporation of four oxygens into the peptide C termini. Trace 3: 
samee peptide cross-linked with sBID in normal abundance water. The mass difference of sBID and BS3 is 
499 amu. Trace 4: same peptide cross-linked with sBID and digested in , 8 0 water. 

alternativee explanation requires an error of 

9711 ppm (including single and double sur-

facee labels, or a combination of surface labels 

andd cross-links). This renders the evidence 

convincing.. However, this is also due to the 

factt that the peptide mass is small, limiting 

thee number of combinations that can be fit-

ted.. For larger masses, the number of possible 

combinationss within the experimental error 

marginss tends to increase. 

Ass a final piece of evidence, LC-MSMS anal-

ysess were performed on this cross-linked pep-

tide,, as shown in figure 4—3. The peptide was 

selectedd as a doubly charged ion of m/z 504.7 

forr the unlabeled sample and of m /z 508.7 

forr the 1 80 labeled sample respectively. As 

expected,, fragment ions containing one of 

thee C-termini of the cross-linked peptide 

displayedd a shift of 4 amu in the correspond-

ingg MSMS spectra. The N-terminal a -ion at 

m/zm/z 253.1 did not shift. Taken together, this 

iss consistent with the localization of all four 
l sOO atoms at the carboxy termini of the argi-

ninee residues. It follows that de novo sequenc-

ingg of cross-linked peptides is simplified by 

thee presence of an l 80-labeled fragmentation 

spectrum. . 

Forr a more comprehensive analysis, MALD I 

dataa were deconvoluted with the MaxEnt3 

algorithm.. The output was read into the 

FindLinkk software, an in-house-written util -

ityy program. This program calculates a matrix 
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off  all possible peptide combinations includ-
ingg cross-links within the same polypeptide 
chain.. It also filters for the availability of reac-
tivee groups —in this example, amino groups 
presentt at N-termini or lysine side chains— 
andd adds the mass of the cross-linker or its 
correspondingg surface label. It is capable of 
handlingg various different combinations and 
hass the possibility of subtracting reference 
spectra. . 

Fromm digest spectra of cross-linked peptide 
mixtures,, FindLink advanced several puta-
tivee cross-links and surface-labeled peptides 
thatt were subsequently checked for correct 
labell  incorporation. Table 4-1 and figure 
4-44 illustrate an example where two pos-
siblee candidates are listed for a cross-linked 
peptidee peak at m/z 2510.23. The choice 
forr the cross-link spanning from the N- ter-
minuss of Rad l8S to Lys66 of Rad6H (see 
figuree 4-5 for residue numbering) was made 
becausee this peptide incorporates up to four 
l 8 00 atoms. The alternative explanation, with 
aa lower error margin was ruled out, since 
thiss peptide with an internal cross-link con-

A A 

80 0 

0 0 
100 0 

179.12 2 

tainss only one C-terminus and hence cannot 

incorporatee more than two l sO atoms. The 

correspondingg BS3 cross-linked peptide pres-

entt at m/z 2461.24 displayed the same label-

ingg characteristics (data not shown). 

Anotherr illustrative example is seen when 

thee peptide cross-link spans a linear stretch of 

aminoo acids. This is seen for the newly formed 

peakk at m/z 2166.10 in the BS3 cross-linked 

(andd m/z 2215.14 in the sBID cross-linked) 

samplee (data not shown). The computational 

analysiss cannot distinguish between the possi-

bilit yy of a cross-link between the N-terminus 

andd Lys318 of the peptide Met312-Lys328 

(Radl8S)) and a subsequent hydrolysis of the 

bondd between Arg313 and Leu314, or alter-

nativelyy a hydrolyzed surface label at either 

thee N-terminus or Lys318 and a missed 

cleavagee at Arg313. This is because both out-

comess result in the same gross formula, and 

hencee are identical in exact mass. In this case, 

thee mass shift of 8 amu reflecting the incor-

porationn of up to four 1 80 atoms immediately 

identifiedd the first mentioned alternative (i.e. 

thee cross-link). 

B B 

838.46 6 

-L ii  HU 

b:263 3 
a:2355 "> b:834.5 

a:806.5 5 

DF F 
60 0 

L u l _ _ 
263.15 5 

— — 

703.42 2 
7 29"7806.500 l 

q , uu . . i . . l .. 
300 0 500 0 700 0 800 0 900 0 

Figuree 4 - 3 : LC-QTOF-MSMS analysis of the BS3 cross-linked peptide depicted in figure 4 -2 . A.The 
structuree of the cross-linked peptide is drawn, with the cross-linker and the amino acids involved in 
thee cross-link drawn fully, the other residues in standard one letter abbreviation. B. Lower trace: low 
energyy CID MSMS of the doubly charged ion at m/z 504.7. Upper trace: low energy CID MSMS of 
thee corresponding , 8 0 labeled peptide (doubly charged ion at m/z 508.7). It can be seen that after 
fragmentationn some ions that include one labeled arginine shift 4 amu with respect to the unlabeled 
peptide.. Fragment ions from the N-terminus (a- and b-type ions) do not shift. 
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Mass s 

2510.231 1 

2510.231 1 

Int t 

2 2 

2 2 

Calculated d 

2510.259488 8 

2510.274746 6 

P pm m 

11 1 

17 7 

Linkedd fragments 

LEASKLNENVMVFTKNQTEK K 

MRR LVIEFSEEYPNKPPTVR 

Tablee 4 - 1 : FindLink analysis of m/z 2510.23, considering sBID cross-links in the Radl8S-Rad6H complex 
withh trypsin as a cleaving reagent. Residues involved in the cross-links are shaded grey. FindLink 
generatess two possible solutions within 20 ppm. The possibility with an error of 11 ppm (an internal 
cross-linkk in Radl8S from K318 to K328) is ruled out, as this product would have only one free C-terminus 
andd can hence incorporate only two 1 80 atoms. The correct interpretation is a cross-link spanning from 
thee amino terminus of Radl8S to K66 of RadóH. 

Figuree 4 - 4 : MALDI-TOF MS analysis of an sBID cross-linked peptide at m/z 2510.23. Lower trace: 
digestionn in normal abundance water. Upper trace: digestion in , 8 0 labeled water. The peptide 
incorporatess up to four , 8 0 atoms and must hence contain two free C-termini. 

100, , 

0 0 

100 0 

% % 

MR* * 

LVIEFSEEYPNKPPTVR** * 

2518.17 7 
19.17 7 

2511.23 3 

2510.23 3 2512.23 3 

_£^^ L 
2510 0 2515 5 2520 0 

m/z z 

AA special case is cross-linking of the C-ter-
minus.. As trypsin does not exchange oxy-
genss of C-terminal residues other than Arg 
orr Lys, a cross-linked peptide containing the 
C-terminuss will  display the shifting behavior 
off  the cross-linked peptide it is attached to. 
Inn this case, the BS3-cross-linked peptide at 
m/zm/z 3350.62 (error 14 ppm) and the corres-
pondingg sBID-cross-linked peptide at m/z 
3399.6344 (error 8 ppm) were identified as a 
cross-linkk spanning from Lys508 of Radl8S 

too Lys75 of Rad6H. Both peptides incorpo-
ratedd up to two 1RO atoms, consistent with 
thee fact that trypsin will  not exchange the 
oxygenss of the carboxy terminal Asn509 of 
Radl8S. . 
Anotherr cross-link was identified along the 
samee lines. The internal cross-link Lys359-
Lys3633 in the peptide K359GYK3MK3WTGR 
off  Radl8S was found as an 8 amu shifting 
peptidee pair at m/z 1093.631 (error from 
calculatedd mass of 5 ppm, and a mass dif-
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ferencee of 49 amu with the corresponding 

sBIDD cross-linked peptide which also dis-

playedd a complete 8 amu shift) and as a pep-

tidee pair shifting 4 amu at m/z 1231.70, dif-

feringg 98 amu with the corresponding sBID 

cross-linkedd peptide. This latter peptide 

containss two bound cross-linker molecules, 

off  which one is in the form of a surface label. 

Becausee in the two cross-linker peptide of 

m/zm/z 1231.70 no internal cleavage site for 

trypsinn is left, it cannot incorporate more 

thann two 1 80 atoms, consistent with the 

44 amu shift. From the data available, it is not 

possiblee to discriminate whether the cross-

linkk runs also from Lys359 to Lys362 and 

thee surface label is at Lys363, or any other 

combinationn or a mixture of all possible 

combinations.. However, the cross-linked 

productt of m/z 1093.631 can only represent 

aa cross-link from Lys359 to Lys363 subse-

quentlyy cleaved by trypsin at Lys362, which 

thereforee is the only cross-link we have 

assigned.. Still, the peptide of m/ z 1231.7 is 

successfullyy identified. 

R A D 1 8 SS EfcLEASEtN E N V M V F I ® J Q TE0EIEEVHS EYRK0HQNAF QLLVDQAK03 3 60 
Y K B T G R V S QAA A A M R T D E P AE TLPSMRTDEP AETLPSMRTD EPAETLPLMR 410 
ADEPAETLPSS ECIAQEDNVS FSDTVSVTNH FPQPQLDSPG PSEPERPDDS 460 
SSCTDILFSSS DSDSCNRNDQ NREVSPQQTR RTRASECVEI EPRNEKNE T̂ 509 

- 133 1 

RAD6HH 0HH HHHHLVPRGS MSTPARRRLM RDFB^LQEDP PVGVSGAPSE 3 0 
NNIMQWNAVII FGPEGTPFED GTFKLVIEFS EEYPN0PPTV RFLSEfaFHPN 8 0 
VYADGSICLDD ILQNRWSPTY DVSSILTSIQ SLLDEPNPNS PANSQAAQLY 130 
QENKREYEKRR VSAIVEQSWN DS 152 

B B 
3122 318 328 633 3455 359 363 

RAD18S S 

RAD6H H 

it t 

S S 
-133 14 666 75 

508 8 

4 4 

3122 318 328 333 1345 359 363 

RAD18S S 

RAD6H H 

it t 

s s 
-133 14 

I I 

Figuree 4 - 5 : A. Amino acid sequence of the proteins used in this study. Residues involved in cross-links 
aree boxed. B. Summary of the cross-links identified using BS3. C. Summary of the cross-links identified 
usingg sBID. 
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Usingg this technique, we finally identified a 

numberr of cross-links in the Radl8S-Rad6H 

dimer,, some of which arc within the same 

polypeptidee chain, others linking the two 

chainss together. The cross-links found for 

thee two cross-linking agents used in this study 

aree shown in the diagram of figure 4 -5. Most 

cross-linkss are found for both agents, contrib-

utingg to the body of evidence gathered. 

Inn a recent study the average amine-amine 

distancee for BS3 was estimated to amount 9A 

,, see reference (22). Such quantitative 

dataa do not exist for sBID, but based on our 

simulations,, we estimate the cross-link dis-

tancee for this linker to be 7.5A . This 

iss well compatible with distances bridged by 

thee linkers and especially useful to appreci-

atee the flexibilit y of the N-terminus of the 

truncatedd RadlHS. This amino terminus has 

beenn found to be involved in four distinct 

cross-links,, three of which link to residues on 

R a d 6 H.. Of these, one links to the N-termi-

nuss of the HisTag on Rad6H, which is also 

thoughtt to be flexible (unpublished observa-

tions),, the other two being on the top side of 

Rad6.. This pinpoints the truncated N-termi-

nuss o f R a d 1 8S (and thus the corresponding 

stretchh in the full length R a d l8 protein) to 

bee in this region. 

Itt is noteworthy that residues M e t l 3, Lysl4 

andd Lys66 of Rad6H are on the apical side 

off  the molecule. This region is homologu-

ouss to the region of UbcH7 that interfaces 

aa R ing type E3 in the c-Cbl -UbcH7 crystal 

structuree [PDB accession: lfbv, see reference 

(23)],, implying that the cross-links are in the 

interfacee region. Also, the deletion constructs 

madee for the yeast R a d 6 - R a d l8 complex are 

indicativee that interaction of the two proteins 

reliess on the N-terminus of Rad6H and the 

N-terminall  region of Rad l8S (24). A more 

detailedd account of a possible structure for the 

R a d l 8 S - R a d 6HH complex based on the data 

obtainedd is outside the scope of this paper and 

wil ll  be reported elsewhere. 

Conclusions s 

Afterr chemical cross-linking of polypeptide 

chainss retrieval of the positions of the intro-

ducedd cross-links is the next step. This starts 

withh a comparison of a digest of cross-linked 

andd control untreated sample to find modi-

fiedd peptides in the sample. Computational 

techniquess such as our program FindLink can 

suggestt possible explanations for the differen-

tiall  peaks, and should be used as a guideline 

inn the interpretation of the spectra. However, 

additionall  proof of the proposed cross-linked 

peptidess remains necessary, and often distinc-

tionn between alternative solutions has to be 

made.. For these purposes several strategies 

mayy be employed. 

Inn this study, we have demonstrated the use-

fulnesss of digestion of cross-linked protein 

complexess in H.,, sO. The shift of 8 amu in 

masss spectra of cross-linked peptides digested 

inn H , , K 0 relative to the same peptides 

digestedd in normal abundance water demon-

stratess the presence of two C-termini. It also 

providess additional analytical advantages, i.e. 

thee assignment of b- and y-fragment ions in 

MSMSS spectra. 

Furthermore,, it is important that masses are 

measuredd as accurately as possible, to limi t 

thee number of cross-link candidates. Cross-

linkingg with an alternative cross-linking 

agentt can also contribute to the elucidation 

(8).. This is especially useful in the case where 

moree than one cross-linker is expected to be 

boundd to the peptide of interest, in which 

casee the observed difference in the masses 

fromm the alternate experiments wil l be a mul-

tiplee of the mass difference in the cross-linker 

spacerr chains. 

Thee ease of incorporation of  1 KO and the 

flexibilit yy to combine this technique with 

alll  available cross-linkers seem to hold great 

promisee both for swiftly retrieving cross-links 

inn a digest spectrum and for confirmation and 

assignmentt of proposed linkages. 
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Thiss wil l open new avenues for identification 
off  interaction sites in protein complexes in a 
rapidd and sensitive way. 
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Thee mitochondrial prohibiti n complex consists of two subunits (PHB1 of 
322 kDa and PHB2 of 34 kDa), assembled into a membrane-associated super-
complexx of approximately one MDa. A chaperone-like function in holding and 
assemblingg newly synthesized mitochondrial polypeptide chains has been pro-
posed.. To further  elucidate the function of this complex, structural informatio n 
iss necessary. In this study we use chemical cross-Unking, connecting lysine side 
chainss which are well scattered along the sequence. Cross-linked peptides from 
proteasee digested prohibiti n complexes were identified with mass spectrometry. 
Fromm these results, spatial restraints for  possible protein conformation were 
obtained.. Many interaction sites between PHB1 and PHB2 were found, whereas 
noo homodimeric interactions were observed. 

Secondaryy and tertiar y structural predictions were made using several algo-
rithm ss and the models best fittin g the spatial restraints were selected for  further 
evaluation.. From the structure predictions and the cross-link data we derived a 
structura ll  buildin g block of one PHB1 and one PHB2 subunit, strongly inter-
twinedd along most of their  length. The size of the complex implies that approxi-
matelyy 14 of these buildin g blocks are present. 
Eachh unit contains a putative transmembrane helix in PHB2. Taken together 
wit hh the unit buildin g block we postulate a circular  palisade-like arrangement 
off  the buildin g blocks projecting into the intermembrane space. 

Introduction n 

Thee two structurally related proteins PHB1 
andd PHB2, previously referred as prohibitin 
proteins,, localize to mitochondria in mam-
mals,, plants and yeast (1—6). In yeast, levels 
off  PHB1 and PHB2 have shown to be inter-
dependentt and have been shown to physi-
callyy associate with each other to form a 
largee multimeric complex in the mitochon-
driall  inner membrane of mammals and yeast 
(4;5;7).. The molecular mass of the so-called 
PHBB complex is estimated to be one MDa 
byy migration in Blue Native Electrophoresis 
(BNE)) experiments. PHB constituent pro-
teinss are ubiquitously expressed in mamma-
liann tissues and have been highly conserved 
throughh evolution, suggesting a vital function 
amongg eukaryotes. To date various functions 
havee been attributed to both PHB proteins, 
includingg cell cycle regulation, receptor-
mediatedd signalling at the cell surface, age-

ing,, apoptosis, and a role in the assembly of 
mitochondriall  respiratory chain complexes 
(3).. Although the now clear localization of 
thee PHB complex to the mitochondria has 
alreadyy provided the context where to place 
itss function, the exact role of these proteins 
stilll  remains unclear. Based on recent results 
wee propose that the PHB complex forms a 
novell  type of membrane-associated holdase/ 
unfoldasee chaperone for the stabilisation of 
mitochondriall  proteins. Because the abil-
ityy of the PHB complex to stabilise newly 
translatedd mitochondrial gene products via 
directt interaction, it was proposed that the 
PHBB complex could form a barrel structure 
wheree proteins could be contained (7). In 
thee yeast Saccharomyces cerevisiae the PHB1 
andd PHB2 subunits have molecular weights 
off  32 and 34 KDa respectively, varying very 
littl ee among other eukaryotes. Assuming a 
molecularr mass of one MDa, between 12 and 
166 subunits of each PHB1 and PHB2 would 
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bee needed to form such a complex. Beyond 

thee interdependence of PHB1 and PHB2 to 

formm the PHB complex, which suggests that 

theyy probably associate in a 1:1 ratio (further 

substantiatedd by the equal staining intensity 

off  the protein bands upon blue native 2D 

electrophoresiss (7)), nothing is known about 

thee structure of the complex. More detailed 

structurall  information of the PHB complex 

iss required to further elucidate the molecular 

mechanismm of action of the PHB complex. 

Resolvingg the structure of a protein with 

unknownn function wil l give valuable clues 

too its role in vivo. Three-dimensional protein 

structuress have been traditionally determined 

byy X-ray crystallography and N M R spectros-

copy.. X-ray crystallography is limited to the 

availabilityy of analyte crystals and N M R to 

smalll  protein complexes. These techniques 

requiree relatively large amounts of pure pro-

tein,, and this becomes especially labor-inten-

sivee in the case of membrane proteins. 

Also,, despite the increasing number of deter-

minedd macromolecular structures, structural 

genomicss and protein modelling are still l im-

itedd to known folds or structures. Although 

PHBB proteins are highly conserved in evolu-

tion,, their low sequence similarity to known 

proteinn folds makes them difficul t to model. 

Ass an alternative approach to structure deter-

minationn we have generated amino acid 

distancee information using cross-linking 

technologyy and mass spectrometry for the 

identificationn of cross-links (8). Although 

thee atomic distance information provided by 

cross-linkss might be of low resolution, a lim-

itedd number of distance constraints (9) can be 

off  valuable help to solve the tertiary structure 

off  a macromolecule. Our cross-linking results 

suggestt that the PHB complex is built from 

heterodimers,, where PHB1 and PHB2 run 

parallell  and intertwined for a long distance 

throughh their primary structure, raising the 

conceptt of a PHB 'unit cell'. We predict the 

unitt cells to be organized into a large palisade 

shapedd macromolecular complex. 

Methods s 

StrainsStrains and media. For overexpression of the 

PHBB complex the Saccharomyces ccrevisiae 

strainn W303/1A (AphblAphb2) transformed 

withh the multicopy shuttle vector YEplacl95 

containingg both PHB1 and PHB2 genes was 

usedd (7). Yeast was grown on W O minimal 

mediaa (0.67% Yeast Nitrogen Base, 2% galac-

tose)) complemented with amino acids and 

lackingg uracil for selection of the plasmid. 

PreparationPreparation of mitochondrial fractions. Yeast cells 

weree grown as described above. Highly puri-

fiedd mitochondria were obtained following 

thee protocol described by Glick et al (10), 

withh slight modifications. 

BlueBlue native electrophoresis and Electro-elution. 

Bluee native gel electrophoresis was per-

formedd according to Schagger and von Jagow 

(11).. Electro-elution was performed basi-

callyy as described by Schagger (12). In some 

instancess the electro-elution buffer was sup-

plementedd with 0.01% lauryl maltoside and 

2.5%% glycerol. 

SecondarySecondary structure prediction. For predict-

ingg transmembrane helices we used the 

T M H M MM 2.0 algorithm (13) available at 

h t tp : / /www.cbs.d tu .dk /serv ices/TMHMM--

2.0// . Secondary structure was predicted 

usingg the Jpred2 algorithm (14;15) avail-

ablee at http:// jura.ebi.ac.uk:8888/ and 

3D-PSSMM V2.6.0 (16) available at ht tp: // 

www.bmm.icnet.uk/~3dpssm// . Al l pro-

gramss were used at default settings. 

ChemicalChemical cross-linking. Dithiobis (succinimi-

dylpropionate)) (DTSP) was purchased from 

Sigmaa (St Louis, MO). SulfoBID, a water-

solublee analog of BID (17), was synthesized 

ass previously described for BID, with the 

replacementt of i \-hydroxysuccinimide by 

sulfo-N-hydroxysuccinimidee (Pierce, Rock-

ford,, IL) . The sulfonate groups introduced by 
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Figuree 5 - 1 : Re-electrophoresis of electro-eluted 
PHBB complex. PHB complex was cut out of a first 
dimensionn BNE gel and electro-eluted as described 
inn Methods. Upper blot: control incubation of 
ann aliquot of complex in cross-link buffer for the 
samee duration as a cross-linking experiment. After 
incubationn the complex was run again on a native 

CTRLL first dimension and subsequently on a denaturing 
(SDS)) second dimension. Protein was visualized 
byy anfi-PHBl antibody. Approximately 90% of the 
loadedd amount of protein is still in intact complexes 
runningg at 1 MDa. Lower blot: Cross-linking with 
sBID.. An aliquot of electro-eluted complex was 

sBIDD incubated with 1 mM sBID as described in Methods. 
Westernn analysis after BNE2D revealed bands 
runningg at 1 MDa in the first dimension (size of the 
PHBB complex) that dissociated into 70 kDa bands in 
thee second dimension (size of PHB dimers). 

thiss procedure render the cross-linker water-
soluble. . 

Cross-l inkingg of electro-eluted complex was 
donee at a protein concentration of 0.5 mg/ml 
inn 20 mM sodium phosphate pH 7.8, 1.25% 
glycerol.. Cross-linkers were added to a final 
concentrat ionn of 2 m M. The solution was 
keptt at room temperature for 25 minutes. 
Cross-l inkingg in Blue native gel pieces was 
performedd as follows. Pieces of gel were cut 
outt and washed 5 times for 1 hour with cross-
l inkingg buffer (50 mM tri-ethanolamine 
pHH 8.0) at 4°C. Then an aliquot with a vol-
umee equal to the gel pieces of 4 mM DTSP 
inn cross-linking buffer was added and incu-
batedd at room temperature for 30 minutes. 

TrypticTryptic digestion and sample preparation for mass 

spectrometry.spectrometry. Digestion of proteins and cross-

linkedd products contained in polyacryl-

amidee gel pieces was performed according 

too Shevchenko (18) with sequencing grade 

trypsinn (Roche, Basel, Switzerland). Peptides 

weree collected in 20 mM N H . H C O, and 
44 3 

desaltedd and concentrated on ZipTip fj,C 

tipss (Millipore, Bedford, MA) , and eluted in 

100 (II 60% acetonitnle/ 1% H C O O H. 

MassMass spectrometry. For MALD I analyses 0.5 |Xl 

off  peptides were mixed with 0.5 (J.1 OC-cyano 

hydroxycinnaminicc acid (10 mg/ml in 

ethanohacetonitrilee 1:1), spotted on target 
platess and allowed to dry. 
Reflectronn MALDI -TO F mass spectra were 
recordedd on a TofSpec 2EC mass spec-
trometerr (Micromass, Whyttenshawe, UK) 
equippedd with a 2 GHz digitizer. Electro-
sprayy MS and low energy collision induced 
dissociationn (MSMS) analyses were per-
formedd on a Q-Tof (Micromass, Whyt-
tenshawe,, UK) mass spectrometer with a Z-
Sprayy orthogonal ESI source. Fragmentation 
off  peptides was performed using argon as a 
collisionn gas at a quadrupole pressure gauge 
readingg of 4 x 10"5 mbar. 
Forr direct infusions, peptides were intro-
ducedd using gold-coated nano electrospray 
capillariess (New Objective, Woburn, MA) . 
Afterr mass calibration ( better then 40 ppm), 
thee MALD I and electrospray MS spectra were 
chargee deconvoluted using the MaxENT 3 
algoritmm (MEDC solutions, Cambridge, UK) , 
whatt resulted in the mass list of principle iso-
topee ions with single charge. 

AnalysisAnalysis of mass spectrometric data. For each 

experiment,, the above-obtained MS data 

weree scanned for digest fragments which were 

modifiedd with the used chemical cross linker. 

AA custom-made software tool called Find-

Linkk supported these analyses. The FindLink 
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programm generates a mass/fragment database, 

basedd on the input of the residue sequence 

off  the proteins in the complex, the selectiv-

ityy of the digest cleavages, and the amino acid 

residuee chemical selectivity of the chemical 

cross-linkk reagent molecule. Database entries 

includee all fragment candidates for surface 

labell  modifications, for intramolecular cross-

linkingg within a fragment, and all fragment 

combinationss for cross-linking within and 

betweenn proteins in the complex. Each data-

basee entry is automatically matched within 

aa definable mass tolerance with the experi-

mentallyy obtained mass lists. The matches for 

surfacee labelling, intramolecular cross-linking 

withinn a single digest fragment, and inter-

molecularr cross-linking between digest frag-

mentss within and between proteins in the 

complexx are systematically documented as 

outputt of the analyses. 

Result s s 

IsolationIsolation of the complex. Highly purified mito-

chondriaa from yeast cells overexpressing 

thee PHB complex were extracted for blue 

nativee electrophoresis as described previously 

(7).. After the first native dimension the pre-

dominantt high molecular weight band cor-

respondingg to the PHB complex was cut out. 

Thee stability of the complex after electro-elu-

tionn was tested by re-applying the unmodi-

fiedd electro eluted complex to 2 dimensional 

bluee native electrophoresis. Approximately 

90%% of the electro eluted complex remained 

stablee as seen with Western analysis of its 

migrationn as a high molecular weight entity 

(seee figure 5—1). 

Cross-linking.Cross-linking. Cross-links were introduced 

intoo the PHB complex with the Afunctional 

lysinee reactive cross-linkers DTSP and sBID 

ass described in methods. For cross-linking 

inn solution, the PHB complex was electro-

elutedd from the gel slices. In other experi-

mentss DTSP was applied directly to the gel 

pieces. . 

Afterr cross-linking the complex still migrated 

inn BNE at one MDa. In the second (SDS) 

dimensionn the band at 32 kDa was replaced 

byy a new band at approximately 70 kDa (illus-

tratedd for sBID in figure 5—1). Peptide mass 

fingerprintingg showed this new band to con-

PHBll  MSNSAKLIDVITKVALPIGIIASGIQYSMY D 
PHB22 MNRSPGEFQRYAKAFQKQLSKVQQTGGRGQVPSPRGAFAGLGGLLLLGGGALFINNALFN 

PHB11 VKGGSRGVIFDRINGVKQQWGEGTHFLVPWLQKAIIYDVRTKPKSIATNTGTKDLQMVS 
PHB22 VDGGHRAIVYSRIHGVSSRIFNEGTHFIFPWLDTPIIYDVRAKPRNVASLTGTKDLQMVN 

PHB11 LTLRVLHRPEVLQLPAIYQNLGLDYDERVLPSIGNEVLKSIVAQFDAAELITQREIISQK 
PHB22 ITCRVLSRPDWQLPTIYRTLGQDYDERVLPSIVNEVLKAWAQFNASQLITQREKVSRL 

PHB11 IRKELSTRANEFGIKLEDVSITHMTFGPEFTKAVEQKQIAQQDAERAKFLVEKAEQERQA 
PHBB 2 IRENLVRRASKFNILLDDVSIT YMTFS PEFTNAVEAKQIAQQDAQRAAFWDKARQEKQG 

PHBB 1 SVIRAEGEAESAEFISKALAKVGDGLLLIRRLEASKDIAQTLANS SNWYLPSQHSGGGN 
PHB22 MWRAQGEAKSAELIGEAIKKSRD-YVELKRLDTARDIAKILASSPNRVILDNEALLLN T 

PHB11 SESSGSPNSLLLNIGR 
PHB22 WDARIDGRGK 

Figuree 5-2 : Aligned sequences of PHB1 and PHB2. The region expected to be membrane spanning in 
PHB22 and membrane associated in PHB1 is underlined. Lysine residues (possible targets of the cross-
linkerss used in this study) are set in bold. It can be seen that lysines are well distributed along the 
chains. . 
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Exper iment3 3 MH + + Error r 
(ppm) ) 

Fragmentt 1' Fragmentt 2 cross-link*1 1 

1.3.6 6 1117.555 32 
PHB1:: 73-76 

TKPK K 
PHB2:: 102-105 

AKPR R 
PHB1K74 4 
PHB2K103 3 

1.3,6 6 1485.711 9 
PHB2:: 11-21 

YAKAFQKQLSK K 
PHB2K13 3 
PHB2K17 7 

.2,3,4,6,7.88 1646.83 32 PHB1:: 152-159 
IRKELSTR R 

PHB2:: 102-105 
AKPR R 

PHB1K154 4 
PHB2K103 3 

1.3,4,6,7,88 1777.93 PHB1:: 147-154 
EIISQKIR R 

PHB2:: 175-179 
EKVSR R 

PHB1K151 1 
PHB2K176 6 

,2,3,4.5.6,7,88 1874.99 4 PHB1:: 147-160 
EIISQKIRKELSTR R 

PHB1K151 1 
PHB1K154 4 

9,10,11 1 1888.06 6 
PHB1:: 147-160 

EIISQKIRKELSTR R 
PHB1K151 1 
PHB1K154 4 

1,2,3,4,5,6,7,88 2398.20 4 PHB1:: 200-209 
FLVEKAEQER R 

PHB2:: 227-235 
AAFVVDKA R R 

PHB1K204 4 
PHB2K233 3 

1,2,3,4,6,7,88 2442.26 10 PHB1:: 73-85 
TKPKSIATNTGTK K 

PHB2;; 264-270 
DYVELK R R 

PHB1K76 6 
PHB2K269 9 

1,3,4,6 6 3212.70 0 25 5 
PHB1:: 189-204 

QIAQQDAERAKFLVEK K 
PHB2:: 262-270 
SRDYVELKR R 

PHB1K199 9 
PHB2K269 9 

Tablee 5-1 a : l , DTSP cross-link in blue native gel; 2, DTSP cross-link in solution; 3, DTSP MALDI-TOF + 
FindLink;; 4 , DTSP ESI-QTOF-MS + FindLink; 5, DTSP ESI-QTOF-MSMS; 6, reductive alkylation of DTSP + 
MALDI-TOF;; 7, reductive alkylation of DTSP + ESI-QTOF-MS; 8, reductive alkylation of DTSP + ESI-QTOF-
MSMS;; 9, BID cross-link in solution; 10, BID cross-link + MALDI-TOF + FindLink; 11, BID cross-link + ESI-
QTOF-MSMS;; b: measured m/z for MALDI-TOF or charge deconvolved ESI-QTOF-MS; c: protein chain, 
peptidee fragment, residue numbers and peptide sequence, d: positions of the cross-linked lysines. 

tainn both PHB1 and PHB2 (data not shown). 
Figuree 5—2 shows the aligned sequences of 
thee homologous PHB polypeptides. Also 
indicatedd are the positions of the many lysine-
residues,, scattered along the peptide chains, 
providingg numerous cross-link opportunities. 
Afterr cross-linking the complex was digested 
withh trypsin in solution, or in gel pieces cut 
outt after second dimension denaturing elec-
trophoresis.. Peptide mixtures were mass-
mappedd by MALDI-TO F and ESI-QTOF 
masss spectrometry. Subsequently MS data 

weree scanned for digest fragments which 
weree modified with the used chemical cross 
linker.. These analyses were supported by a 
custom-madee software tool called FindLink 
(seee methods section). The cross-links found 
inn this study are summarized in table 5—1. To 
validatee our identification method we per-
formedd low energy CID MSMS of some 
proposedd cross-linked peptides and con-
firmedd the identification. This is illustrated in 
figuree 5-3 for the fragmentation of the DTSP 
cross-linkedd peptide in which PHB1 K204 
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Figuree 5 -3 : ESI-QTOF-MSMS analysis of a DTSP cross-linked peptide. P1K204 is linked to P2K233. 
Thee singly charged peptide was seen in MALDI-TOF at m/z 2398.2 (deviation from calculated mass 
== 14 ppm). In ESI a triply charged ion was seen at m/z 800.1 and fragmented by low energy CID 
ass described in methods. A: structure of the cross-linked peptide, the lysine residues are linked by 
theirr e-amino groups through DTSP. Observed fragment ions are indicated (Roepstorff & Fohlman 
nomenclature).. B: ESI-QTOF-MSMS spectrum: fragment ions corresponding to the ions marked in figure 
5-3AA are annotated. 

linkss to PHB2 K233. For DTSP linked pep-

tidess reduction and alkylation of the disulfide 

bridgee in the cross-linker and retrieval of the 

alkylatedd products (19) also yielded additional 

confirmations. . 

Ass expected, in addition to the cross-links, 

wee found a large number of surface-labeled 

peptidess (where lysine has reacted with one 

endd of the cross-linker and the other reactive 

moietyy has been hydrolyzed). 

Foremostt it is noteworthy that all but two 

(PHB11 K151-K154 and PHB2 K13-K17; 

linkagess spanning four and five residues 

respectively)) cross-links observed are between 

residuess in a PHB1 and a PHB2 chain. We 

havee neither observed any cross-links from 

onee PHB1 molecule to another PHB1, nor 

fromm a PHB2 molecule to another PHB2. 

Thiss leads directly to the hypothesis that the 

complexx consists of heterodimeric PHB1-

PHB22 building blocks. 

Fromm the observation of the cross-link 

pairss PHB1K74-PHB2K103, PHB1K151-

PHB2K1766 and PHB1K204-PHB2K233, 
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Figuree 5 - 4 : Predicted secondary structure of the PHB proteins. Solid blocks indicate a-helices, filled 
arrowss indicate B-sheets. Alignment is the same as in figure 2. Cross-links found in this study (see also 
tablee 1) are indicated. Most cross-links connect residues in PHB1 to residues in PHB2. 

whichh align in primary and secondary struc-

ture,, we hypothesize both chains to run inter-

twinedd for long stretches. This fits the results 

inn that it would give extensive possibilities 

forfor interchain cross-linking, and render the 

chancess of residues within the same chain to 

bee within cross-linking distance less likely. 

Ass can be seen in figure 5-4 cross-links are 

foundd predominantly in the C-terminal heli-

call  region. In the central beta sheets only 

PHB1K744 links to PHB2K103. This latter 

PHB2K1033 is also close to PHB1K154, as 

doess PHB1K76 with PHB2K269. 

Figuree 5-5: 
Modell of an unit-

celll building block. 
Ann elongated three 
segmentt assembly 

consistingg of a 
membranee anchor, a 
centrall p-sheet and a 
protrudingg four a-helix 
bundlee (similar to the 

fourr helix-bundles 
off Snare proteins) is 

postulated. . 

IntegratingIntegrating predicted secondary structure and 

observedobserved cross-links. The lack of suitable model 

templatess with high homology to prohibitins 

andd other members of the so-called Band 7 

proteinn family prompted us to use predic-

tionn methods as starting point. To check for 

possiblee transmembrane regions, we used the 

T M H M MM algorithm (13). The suggested evi-

dencee for a possible transmembrane helix for 

PHB22 (positions 37-59) seems adequate (data 

nott shown). The homologous helical site in 

PHB11 may not quite fulfil l the requirements 

forr transmembrane spanning helices. Yet, 

thee similarity to PHB2 is so high that in our 

modell  it is considered membrane-associated. 

Ass we did not find cross-links that contrib-

utee structural data in the region N-terminal 

too the putative membrane stretches, we can-

nott experimentally derive a structure in this 

region. . 

Too predict possible fold formation, we used 

thee algorithms Jpred2 (14;15) and PSSM 

(16)) at default settings. From the output a 

modell  for both chains was built, in which we 

assignedd similar secondary structure to aligned 

portionss of both molecules. This structure is 

depictedd in figure 5-4. It is clear that the pro-

teinss belong to the mixed a/fj fold family, a 

veryy broad group of proteins with many pos-

siblee fold formations. 

Thee PSSM fold recognition algorithm subse-

quentlyy suggested homology of the C-termi-

nall  domain of prohibitin to the PSSM super-

familyy with founder ID clfioa, consisting 

off  the four-helix bundle proteins syntaxin 
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Figuree 5 - 6 : 
AA representation of the super-
structuree of the complex. 
Thee membrane associated 
elongatedd building blocks 
assemblee in a ring shaped 
structure,, probably acting asa 
holdase/unfoldasee for newly 
synthesizedd mitochondrial 
proteins.. A: dimeric building 
blockk (top view). B: proposed 
circularr arrangement of the 
buildingg blocks (top view). 
C:: a section of four building 
blockss and the mitochondrial 
innerr membrane (side view). 

Matrix x 

1AA and T-Snare protein SSOl. For PHB2 

thiss structure ranked first, scoring a PSSM 

E-valuee of 0.513, for PHB1 this structure 

rankedd third, scoring an E-value of 1.81. 

Althoughh these values are not convincing 

inn itself (confidence interval approximately 

50%),, many of the cross-links found in this 

studyy were superimposable on this template, 

whilee other possible solutions were ruled 

outt because we could not fit in the observed 

cross-linkss in the corresponding 3D models. 

Thiss further increases the confidence inter-

vals,, although it cannot be yet expressed in 

numbers.. To our knowledge this is the first 

reportt on a hitherto unknown protein struc-

turee where computed structural predictions 

weree substantiated via chemical cross-links 

ass distance restraints. Still, all precautions 

thatt are to be taken with structural modeling 

aree valid, and the model presented should be 

viewedd as a best approach given current limi -

tations.. Therefore, the model is not refined 

too high resolution, but only a fold designa-

tionn of the predicted secondary structure is 

presented. . 

Thee output of the structural prediction algo-

rithmss was imported into 3D viewers. The 

suggestedd regions of homology, comprising 

twoo OC-hehces and a connecting pj-strand were 

selectedd and positioning was constrained by 

thee span of the cross-links found. We used a 

lengthh of 8 A (  1 A) for the length of DTSP, 

ass computed by Green (20). It is plausible 

thatt the four-helix bundle present in Snares 

iss represented by a two-helix contribution 

fromm both PHB1 and PHB2. Taken together, 

aa model depicted in figure 5-5 is constructed. 

Inn this model a (3-sheet region (contain-

ingg the cross-link between PHB1K74 and 

PHB2K103)) is close to the membrane and 

thee four-helix bundle protrudes further into 

thee mitochondrial intermembrane space. 
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Discussio n n 

Inn this study we have proposed a partial struc-

turee for the prohibitin complex. The require-

mentt for both PHB1 and PHB2 to be pres-

entt stoichiometrically to form a complex (7) 

alreadyy indicates a strong co-dependence 

off  both subunits. The striking finding that 

hardlyy any contacts within the same poly-

peptidee chain are observed, nor any cross-link 

betweenn two PHB1 chains or between two 

PHB22 chains leads to the concept of a PHB 

'unit-cell '.. While the lack of observation of 

cross-linkss between two chains of the same 

typee does not entirely rule out the possibility 

off  contacts between them, the prevalence of 

linkss between chains of PHB 1 and PHB2 sug-

gestt that these are in closest proximity. In this 

modell  the complex is built from heterodimers, 

whichh run parallel and intertwined for a long 

distancee across the primary structure. 

Predictionn methods (13) propose a transmem-

branee helix for PHB2 (residues 37-59). By 

analogy,, in our model the hydrophobic helix 

inn the N-terminus of PHB 1 (residues 14-30) 

iss expected to be membrane associated. Both 

chainss are on the same side of the membrane 

(3),, as is exemplified by our finding of an 

extensivee number of cross-links between the 

twoo chains. A model in which an assembly 

off  PHB 1 is found on one side, and an assem-

blyy of PHB2 on the other side of the mito-

chondriall  inner membrane is ruled out as has 

alreadyy been suggested (3). A model best fit-

tingg our experimental results is presented in 

figuree 5 -5. We propose this assembly to pro-

jectt into the mitochondrial intermembrane 

spacee based on previous observations (5). It 

shouldd be kept in mind, that this structure is 

builtt based on computed predictions. 

Combin ingg the proposed function of the 

PHBB complex as a holdase/unfoldase for the 

assemblyy of respiratory chain protein com-

plexess (3) with the elongated unit-cell build-

ingg block and the expected size of the PHB 

complex,, we arrive at a tentative model of 

thee super structure, as given in figure 5-6. 

Thee molecular mass of the complex (one 

MDa),, suggests an intact complex to be 

builtt from approximately 14 (range 12-16) 

off  these unit cells. While this wil l be a fixed 

number,, the exact count does not affect the 

palisadee shaped model. Large multimeric 

assembliess consisting of a number of identical 

structurall  units usually arrange in a circular 

fashion,, which in this case lines the cavity to 

holdd newly synthesized mitochondrial poly-

peptidee chains. 
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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. 

H00 w 
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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 

.00 o . 

CH3 3 
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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 

64 4 



(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. 

Usin gg distanc e constraint s fro m 
cross-linkin gg experiment s 

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 distanc e restraint s to selec t 
inferre dd model s 

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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SUMMARY Y 

Thee growth of gene and protein sequence information is so rapid that programs in structural 
biologyy cannot keep up the pace. Even though the current 15 million known sequences can 
bee grouped into approximately 40,000 protein structure families and these are probably built 
upp from a repertoire of a few thousand folds, 3D structural information is not available for the 
overwhelmingg majority of proteins. 
Thee fact that many proteins function as part of larger assemblies, which may be transient both 
inn composition and in time, further complicates the task. Empirical stucture data of these pro-
teinn complexes is especially lacking. 
Molecularr modeling or structural genomics provides part of the answer. Computers can calcu-
latee possible similarities between sequences and sequence-derived information, and from that 
informationn infer structure for a large number of proteins. Docking and fitting may be applied 
too appreciate higher order assembly. Still experimental feedback and verification of proposed 
modelss is necessary. 
Thiss thesis aims to provide new tools for structural elucidation of proteins by offering the sen-
sitivityy and speed of mass spectrometric analysis to purvey experimental data that can be used 
ass distance constraints to verify and correct homology modeled structures. By chemical cross-
linkingg distance information from protein structure is retained, and mass spectrometry is used 
too map these links. After verification these links are used as distance restraints to select the best 
fittingg structure model from a set of predicted models. 
However,, simply comparing spectra of cross-linked and non cross-linked samples does not yield 
enoughh evidence to unequivocally identify cross-links. Additional tools had to be developed. 
Initiallyy we sought improvement by facilitating the detection of cross-linker containing spe-
cies,, and synthesized cross-linkers as BID (chapter two) and MMBP (chapter six). BID is appli-
cablee as a cross-linker and has been used with success, but fell short in practical use, as the spe-
cificc formation of marker ions was sub optimal when applied to real life samples. Difficulties 
encounteredd in optimizing the synthesis of MMBP and other improved linkers based on the 
samee design as BID led us to abandon this field, and seek alternative approaches. 
Digestionn in 180-enriched water, as reported in chapter four, is easier to perform, and gives 
directt confirmation that a peptide is cross-linked. Furthermore, the interpretation of MSMS 
spectraa benefits from the incorporation of the labeled oxygens at the C-termini of the peptides. 
Muchh improvement was made in speeding up the numerical analysis and calculation of pos-
siblee cross-link candidates, described in chapter three. Currently we have available a fast and 
robustt software program to check for cross-link candidates in MS and LCMS data. 
Buildingg relevant models from cross-link data is the ultimate goal, and maps of distance con-
straintss as shown in chapters four and five are the first step towards this end. In chapter five, 
thee map of distance constraints has been used to select the best fitting structure from a set of 
predictedd three-dimensional models. Combined with experimental and predicted membrane 
associationn and function, a tentative structure for the assembly into a supercomplex has been 
proposed. . 
AA summary of the strengths and shortcomings of the methodology in its current state, together 
withh recommendations and improvements which may render the cross-link technology even 
moree useful, is presented in chapter six. 
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Overvieww of the procedure. Cross-links are introduced in protein complexes and (after proteolysis) 
detectedd by mass spectrometric analysis. Identified proteins are modeled, and models are validated by 
thee three dimensional locations of the cross-links. Complexes are modeled from the integration of nearest 
neighbourr analyses and identified and validated 3D models. 
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SAMENVATTIN G G 

Dee snelheid waarmee gen- en eiwitsequenties beschikbaar komen is niet bij te benen op het 
niveauu van het verwerven van driedimensionale structuurinformatie van de betreffende eiwit-
ten.. Weliswaar is het mogelijk de structuren van een groot deel van de 15 miljoen bekende 
enn voorspelde eiwitten af te leiden uit de gemeenschappelijke bouwplannen (op het moment 
luidtt de schatting dat er enkele duizenden vouwschemas bestaan), zij het dat van de meeste 
schemass nog geen duidelijk voorbeeld voorhanden is. 
Dee meeste eiwitten functioneren als deel van complexen, die dynamisch worden gereguleerd 
inn opbouw en afbraak. Hierdoor is het verkrijgen van structuurinformatie van deze com-
plexenn een nog veel grotere uitdaging. 
Gedeeltelijkk kunnen we ons een beeld vormen van complexe structuren door middel van 
analoogg modelleren van structuurinformatie. Door vergelijking van homologe sequenties en 
daarvann afgeleide informatie met bestaande driedimensionale structuurinformatie, kunnen we 
voorspellingenn doen voor structuren. Het is ook mogelijk hogere orde structuur te modelleren 
doorr middel van het inpassen van losse structuren in ruimtelijke inpasstudies. Toch blijf t het 
wenselijkk modellen te toetsen aan de hand van experimentele gegevens. 
Aangezienn massaspectrometrie een zeer gevoelige en snel uit te voeren analysetechniek is, is 
getrachtt gebruik te maken van deze methode om gegevens te verkrijgen die inpasbaar zijn in 
eiwitstructuurstudies.. Dit proefschrift vormt een aanzet daartoe. 
Doorr middel van covalente crosslinking van aminozuren kunnen we een inzicht krijgen in de 
afstandenn waarmee deze residuen ruimtelijk gescheiden zijn. Middels massaspectrometrische 
analysee van de mengsels die na cross-linking van een eiwitcomplex zijn gegenereerd en kennis 
overr de afstanden die door de crosslinker worden overbrugd kunnen deze gegevens worden 
ingepastt in de voorspelde ruimtelijke modellen. 
Hett bleek echter niet simpel om signalen van gecrosslinkte peptiden eenduidig te onderschei-
denn in dergelijke mengsels. Daarom is eerst gezocht naar technische verbeteringen alvorens de 
ruimtelijkee analyses te verrichten. 
Doorr de crosslinker van een markerende groep te voorzien die specifieke signalen geeft bij 
massaspectrometrischee fragmentatie werd gepoogd een linker te ontwerpen die de analyse 
eenvoudigerr maakt. Aanzetten daartoe zijn beschreven in hoofdstuk 2 (cross-linker BID) en 
inn het begin van hoofdstuk 6 (crosslinker MMBP). De crosslinker BID bleek eenvoudig te 
maken,, en is ook met succes toegepast op eiwitcomplexen. Helaas bleek de afsplitsing van de 
markeergroepp tijdens de massaspectrometrische analyse suboptimaal. De crosslinker MMBP, 
diee wel de gewenste opbrengst van markeerionen gaf, was daarentegen moeilijk te bereiden. 
Anderee mogelijkheden zijn met meer succes toegepast. Door inbouw van de stabiele zuur-
stofisotoopp , K O in de C terminus van peptiden tijdens de proteolyse is het mogelijk gebleken 
gecrosslinktee peptiden snel en eenduidig te onderscheiden. Gecrosslinkte peptiden bevatten 
immerss twee C-termini, en zullen dus tweemaal zoveel  1KO inbouwen. In hoofdstuk 4 is 
dezee methode beschreven, tezamen met de toepassing ervan op een eiwitcomplex (RAD18-
RAD6)) dat betrokken is bij DNA reparatie. 

Hoofdstukk 3 geeft een kort overzicht over de automatisering van de data-analyse, waarmee het 
mogelijkk is in korte tijd een zeer groot aantal alternatieven te overzien waaruit nader gekozen 
moett worden. 
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InIn hoofdstuk 5 wordt ingegaan op de mogelijkheid om door middel van de afstandsrestricties 
diee met behulp van crosslinking verkregen zijn een model te bouwen voor een groot eiwit-
complex.. Met gebruikmaking van gegevens over de functie en membraanassociatie van het 
prohibitinecomplexx dat een rol speelt bij het begeleiden van de eiwitsynthese in mitochondria, 
iss een meest waarschijnlijke structuur gekozen uit de vele mogelijke voorspellingen. 
Tenslottee worden de mogelijkheden die crosslinking biedt voor eiwitstructuuronderzoek, met 
namee in samenhang met andere analytische technieken, samengevat in hoofdstuk 6. 
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SAMENVATTINGG VOOR DE LEEK 

Eiwittenn vervullen in de chemische fabriek die leven heet een essentiële rol. Ze worden 
gebruiktt om structuur te geven (niet alleen aan pezen maar ook bijvoorbeeld aan een spin-
neweb),, dienen als opslag van voedingsstoffen, transporteren allerlei verbindingen, bewegen 
(spiersamentrekking),, en reguleren het verloop van tal van chemische reacties (verbranding 
maarr ook opbouw van nieuwe stoffen). 
Hierbijj  is de structuur van de eiwitten uitermate belangrijk. Eiwitten zijn opgebouwd uit (in 
principe)) 20 bouwstenen, die als kralen aan een ketting aaneengeregen worden, maar vouwen 
zichh ruimtelijk in vele verschillende vormen. Het is de vorm die een eiwit aanneemt waar-
doorr ze in staat zijn bepaalde bindingen aan te gaan met andere moleculen in hun omgeving 
enn reacties op een gecontroleerde manier te laten verlopen. Om tal van redenen zijn onder-
zoekerss geinterresseerd in deze structuren. Bijvoorbeeld om op kunstmatige wijze reacties te 
latenn verlopen, waartoe we met onze hedendaagse chemische kennis niet toe in staat zijn. Of 
omm te begrijpen hoe geneesmiddelen werken, die vaak hun functie vervullen doordat ze aan 
eiwittenn binden. 
Onderzoekk naar de ruimtelijke structuur van eiwitten kan ons dus veel leren, maar helaas is 
hett niet zo eenvoudig uit te voeren. Weliswaar bestaan er methoden, waarmee de structuren 
vann eiwitten tot in groot detail opgehelderd kunnen worden, maar deze zijn niet altijd even 
makkelijkk uit te voeren. Het begint al met het gegeven dat er grote hoeveelheden gezuiverd 
eiwitt voor nodig zijn —voor eiwitchemici is een paar milligram echt zuiver eiwit soms een 
immensee berg. En dan ben je, afhankelijk van de techniek die je toepassen wilt , Röntgendif-
fractiee of kernspinresonantie, nog aan een paar beperkingen gebonden. 
Gelukkigg blijkt het mogelijk te leren van het verleden. Want hoewel eiwitten theoretisch 
gezienn in een schier oneindig aantal vormen kunnen vouwen, blijkt het dat in de praktijk een 
paarr duizend bouwplannen worden gevonden. En met behulp van moderne technieken kun-
nenn we vrij snel de lineaire (keten-)structuur van heel veel eiwitten voorspellen, en zelfs aan-
nemelijkk maken dat een nieuw gevonden eiwit tot op zekere hoogte lijk t op eentje waarvan 
wee al (een deel van) de structuur van kennen. 
Tochh blijf t de wens om deze uitspraken experimenteel te toetsen bestaan, met name wan-
neerr een keuze uit meerdere modellen gemaakt moet worden. Daarom wilden we een snelle 
enn gevoelige meetmethode, massaspectrometrie, gebruiken om aan dergelijke gegevens te 
komen. . 
Dee opzet die we gekozen hebben is die van chemische cross-linking. Hierbij proberen we 
groepenn aan het oppervlak van eiwitten met reactieve stoffen aan elkaar vast te knopen. De 
stoffenn die we daarvoor gebruiken zijn ten opzichte van de grootte van de eiwitten die we 
bestuderenn klein, zodat als we de verbonden delen kunnen terugvinden, we weten welke 
delenn van het eiwit er dichtbij elkaar in de buurt zitten. Op deze manier perken we als het 
waree het aantal mogelijke structuren in, en kunnen we de modellen die worden voorspeld 
toetsen.. Een model waarin de afstanden tussen de met elkaar verbonden punten groter zijn 
dann de afstand die de gebruikte cross-linker kan overspannen is waarschijnlijk niet het juiste. 
Terwijll  een model waarin meerdere cross-links ruimtelijk in te passen zijn de juiste richting 
kann aangeven. 

Hett bleek vrij eenvoudig deze cross-links aan te brengen in eiwitten, maar helaas was de 
detectiee van de precieze posities van de links, ondanks de gevoeligheid van de gebruikte meet-
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methode,, niet zo gemakkelijk. Daarom gaan de hoofdstukken 2, 3 en 4 van dit proefschrift 
ookk voornamelijk over de ontwikkeling van technieken, waardoor we de signalen van stuk-
jess eiwit met daarin cross-links, die wel degelijk aanwezig waren, goed te onderscheiden en 
naderr te verifiëren. In hoofdstuk 5 wordt dan vervolgens een poging gedaan om aan de hand 
vann dergelijke links een model voor te stellen en nader te bewijzen. In hoofdstuk 6 gaan we 
naderr in op de nieuwe mogelijkheden die openstaan, nu we deze technische moeilijkheden 
eenmaall  hebben overwonnen. 
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intensievee samenwerkingen, waar al dan niet iets meetbaars werd gemeten, waar zin en onzin 
uitkwamen,, waar al dan niet iets mee werd gedaan. Veel, heel veel leerzame momenten voor 
dee jonge onderzoeker. Wegens meedenken, prutjes maken, en dat alles soms zelfs met suc-
ces,, neemt Louis wel een aparte plek in in dit rijtje. En dan, op het gevaar af van namen te 
vergeten:: Alicia, Andrea, Bart, Bob, David, David, Eddy, Eelco, Els, Farhad, Frederic, Hans, 
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tigg werken was. En met het binnenhalen van Bondien en Ans hebben we niet alleen meer 
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Amuiguitaa Marta, samenwerken en goede vrienden worden, en lol te blijven trappen, soms is 
hett leven mooi. Dave, niet alleen wetenschap maar ook het gevoel voor het totaal overbodige, 
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Robertt (Papin!) wordt nog steeds node gemist. Gelukkig dat Michael de bij voorbaat verloren 
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Vrienden,, kennissen, familie en andere mensen die in mijn hart zijn: veel, heel veel heb ik aan 
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Enn de grootste schat die ik in mijn promotietijd heb mogen ontdekken, Iris: AE3! 
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Stellingenn behorende bij het proefschrift XLMS3D: Cross-linking 
andd Mass Spectrometry for Protein Structure Elucidation. 

I I 
Dee nauwkeurigheid van Khorana en medewerkers bij de interpretatie is geringer dan de 
nauwkeurigheidd van hun gepubliceerde meetgegevens. 
(Caii  et al, PNAS 98:4877; Itoh et al, PNAS 98:4883) 

II I 
Eenn label kan het beste worden ingebouwd in de te onderzoeken stof. 
(Mullerr et al, Anal Chem 73:1927; hoofdstuk 4 van dit proefschrift) 

II I I 
a.. Pas als de onzin waarmee genomics en proteomics het zicht op de werkelijkheid hebben 
vertroebeldd is weggewied, zal blijken welke bijdrage ze leveren aan onze kennis over de 
chemiee van het leven. 

b.. De voortgang van de wetenschap is niet gebaat met het definiëren van nieuwe gebieden 
eindigendd op -omics die slechts tot differentiatie en niet tot integratie leiden. 

rv v 
Bijj  het streven de levende cel te berekenen dringt zich de vraag op wanneer dit doel tot op 
dee helft zal zijn genaderd. 

V V 
Ookk bij het werken met geavanceerde apparatuur blijf t de instelling van de onderzoeker 
belangrijkerr dan die van het instrumentarium. 

VI I 
Hett verdient aanbeveling om studenten niet alleen te leren hoe onderzoeksresultaten te 
presenteren,, maar ook hoe te luisteren. 

VI I I 
Alss begeleiders en promovendus een idee hebben wat het onderwerp zal zijn, is het best 
mogelijkk een promotie in driejaar af te ronden. 

VII I I 
Inn de huidige discussie over wachtlijsten in de gezondheidszorg wordt het heilzame effect van 
wachtenn op een consult onderschat. 

IX X 
Menselijkee wreedheid is een nauwkeuriger omschrijving dan onmenselijke wreedheid. 

X X 
Democratiee is de knoet die nodig is om hen die niet sterk genoeg zijn voor anarchie in toom 

tee houden. 
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