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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. 
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QENKREYEKRR VSAIVEQSWN DS 152 
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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. 

45 5 



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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