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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 information is currently so rapid 
thatt three-dimensional structural information is lacking for the overwhelming 
majorityy 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 contribute valuable tools for future 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, 
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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. 

14 4 



NN o 

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). 

Scopee of this thesis 

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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