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33 EK | OEReS : : : : : :
No |PeptiLde 1L XL rresi.due SU | Profei.n|Peptil.de 22 XL rresi.due SU | Profei.n|NZ-Nz
1|DVKFGNDAR 7|A |GroEL |VKMLR 15 GroEL 5.658

: : . . : S T _ The 21 subunit bacterial chaperonin complex GroEL/GroES, utilizes ATP to sequester newly synthesized SVKEGNDAR A Teroel TVRMLR erocl | 5343
1. Reacts with IySIne i-amines, which are well distributed at prOteIn A)  Cytochrome C after reaction A s polypeptide chains in a hydrophobic environment and assist in their folding 3. We have utilized the (MH5H-NH,) % $ 2|VTLGPKGR 34|A |GroEL |SFGAPTITKDGVSVAR GroEL  |12.560

protein Interaction surfaces 1, to form Secondary amines. with 1 mM DEB, 20 mM NaCNBH 100: M+T112A5+7;% M+TO, ADP bound form of the complex, which is structurally stable but not catalytically competent, as a VTLGPKGR 34|H |GroEL |SFGAPTITKDGVSVAR GroEL _ |11.269

i . . . . . . 3|VTLGPKGR 34|B |GroEL |AVAAGMNPMDLKR GroEL 16.270
Mass shifts of 126 correspond to 12484.0 12643.0 PEEICINEIIN test case for residue specific crosslinking of a large multiprotein complex. VTLGPKGR 3210 1GroEL | AVAAGMNPMDLKR GroEL 12.086

Type 1 (T1) DEB adducts. Mass . ‘ o, 2t ¥ 4|NVVLDKSFGAPTITK GroEL _|VGAATEVEMKEK GroEL | 6.145

2. Preserves charge on modified residues leading to high charge shifts of 142 correspond to Type 33 pg of GroEL and 17 pg of GroES were crosslinked in 50 ul of buffer (50 mM HEPES, 20 mM Mg(OAg) . (VHEHNHD) # UVLDRSFOARTITK 2 Gon VeRATIVIMKIK CIEL 15410

] T, - - - GroEL [11.802
0 (TO) DEB adducts. 16106 10 mM KClI, 1 mM ADP, pH 8.0) with 2.5 mM DEB and 20 mM NaCNBHThe reaction was terminated by \ SFGAPTITKDGVSVAR 51|H_|GroEL | AVAAGMNPMDLKR GroEL | 674

denS|ty precursor 1ons, ideal for ETD; gOOd fragment coverage from “g;‘;lolz - acetone precipitation of the proteins. Crosslinked proteins were enriched by SDS-PAGE. High MW 6|GYLSPYFINKPETGAVELESPFILLADK GroEL _|KISNIR o g

: ' 5.0 : L . : : : . GYLSPYFINKPETGAVELESPFILLADK GroEL _|KISNIR
both peptldes. _ | i bands were excised, reduced and alkylated with iodoacetamide, then digested with trypsin. (M+oH)* (M+5H) GYLSPYFINKPETGAVELESPFILLADK GroEL _|KISNIR GroEL | 7.196
GroEL | 7.111

" 12597Q | M+TO;T 1 \ (P+3H) + GYLSPYFINKPETGAVELESPFILLADK GroEL  |GIVKVAAVK

M+TG0,T1, / 7|GYLSPYFINKPETGAVELESPFILLADK GroEL |GIVKVAAVK
_ _ _ _ _ _ . _ . || . 2ot Tryptic digests were analyzed by ETD on a Thermo Orbitrap XL. Only quadruply charged and higher : ¢, (PH2HIXL) # S o oY FINKPETCA ELESPEILLAD e gggt E:gj‘?‘
3. ngh resolution ETD yleldS dlag nostic P, Q+XL lons which confirm 1] At LD AAAAL LA e sdabnt oo precursors were selected for ETD. Precursor spectra were measured in the Orbitrap for 2 microscans (P+2H) > c 2 (MH45H) 2+ GYLSPYFINKPETGAVELESPFILLAD GroEL |VGAATEVEMKEK GroEL | 7.663
A i g : a4 of 100 msec max duration and an AGC setting of 2 x 10°. Product ion spectra were also measured in oz Cpy| 2,2 9| GYLSPYFINKPETGAVELESPFILLAD GroEL [KAR
mass of individual peptides. Same sample after subsequent I % ' L ‘
" 10

GroEL |34.923
. . . . . . y4 GYLSPYFINKPETGAVELESPFILLAD GroEL KAR GroEL 6.444
S L 126190 1119, 19 the Orbitrap for 2 microscans of 500 msec max duration and an AGC setting of 2 x 10 . ETD activation 3|24z .2 |Cu
derivatization with nicotinic F g 7 ; : . o el :
: , times were varied between 50-200 msec with supplemental activation on. I |,||| i Dt Dl L bt ||| L T KISNIR GroEL _ |VAAVKAPGFGDR
hydraZIde, 5 mM (+119). The +119 LI | LI | LI | I I/I2+I | LI I | LI \ LI LI | LI | I \\I I2| I | LI | LI | LI | 11 K|SN|R GrOEL VGAATEVEMKEK

GroEL 9.504
GroEL 12.694
\
10)1 I I I I 1 Z ’ ZJrs3+ Cio™ ro
4. Small I’Igld structure of DEB pI'OVIdde; more preflse dIStaTCe \va?;ﬂ?cz)'?neoﬁﬁggr;)trgg?/nrggg?es , 12746.0 Crosslinked peptides were analyzed with a developmental version of Protein Prospector v5.3.1xl. 0 o0 1200 400 H000 H00 2000 VAAVK SroEl [ VAATEVEMKEK
constraints. Discrimination between different confomational states |

10|KISNIR GroEL |VAAVKAPGFGDR

Z|Z|T |||\ (O (2T ||| IT|>

GroEL |39.889
GroEL 10.273

Briefly, putative crosslinked peptides are identified by searching for arbitrary mass modifications D S

of GroEL/GroES , greater than 500 Da on Lys residues or at protein N-termini 4. These searches_are perfo_rmed with O+H (L7 pom) ¢, (86ppm) + R WINKDTTTIDGVGEEAAIGGR EKLOER
' parent mass tolerance of 100 ppm, and a fragment tolerance of 20 ppm. Putative crosslinked 2,7 (42 ppm) c,,2 (8.7 ppm) _ 14| QQIEEATSDYDREKLQER VAKLAGGVAVIK

spectra are re-searched using the top 100 ion signals in the peak list, and the list of top 100 matching . = z+1,,”" (6.6 ppm) i %:Eﬁﬁ;ﬁﬁmREKLQER xﬁ,f(LgGGVAV'K

peptides are examined for pairs whose masses co ith the mass of the DEB Iy - theoretical ot 742 % : 16| MNIRPLHDR RKEVETK
- neoreticalisolope | / 17 [MNIRPLHDR EVETKSAGGIVLTGSAAAK

e o , . .
5. Type 0 modified * (‘'dead-end’) peptides contain an aldehyde . T . equals the mass of the precursor M+H (within 15 g i o Phireiror S raso o
chemical handle that can be used to discriminate these 600 12800 | 88 malized to obse MNIRPLHDR T
frOm Type 1 2 (CI"OSS”nkEd) peptideS . ] proisotopic peak. 19|VIVKR EVETKSAGGIVLTGSAA/

1501.2629

1502.2695

VIVKR EVETKSAGGIVLTGSAA/
20|KEVETK SAGGIVLTGSAAAKSTR
21[SAGGIVLTGSAAAKSTR VGDIVIFNDGYGVKSEK
1255 1500 1905 SAGGIVLTGSAAAKSTR VGDIVIFNDGYGVKSEK

6. DEB contains alkyne molety for post-labeling derivatization with \ U ) 2

1492.7947

/
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are typice 0 C+1, z+1, z+2. GroEL 7mer

“closed”
subunits H-N

DEB Crosslinked Prote
(Click Chemistry) or H

biotin or fluorophore | ' b contain the crosslink

’)’ onre ndant ' ked R Iidues =™ >2001!~ .dfied Xlinked Peptides \ ST 63

m/'z
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Sample
E Coli

Crosslinking and Enrichment Scheme XL

BiotAzid
BiotHydr

| | Deplete
NH, : : : : , . : : . .
HoN @ )5
ngjvo GroEL 7mer
DEB

N

NE-H MNeH Calle  |Error (Cppm) XL Score |Peptiidel XL Resi.due|ProteiLn|P+H ROTIR Peptiide2 XL Resi.due|Proteiin|Q+H Rank |Score
1792.9570 |[1792.9516 3.02 42.5 |DVK(771.4508)FGNDAR 7|GroEL 1021.5061 VK(1146.5501)MLR 15|GroEL 646.4069 4] 195

640.3563
466.0601
602.1249
518.2780
683.3787
709.0707
776.9112
624.0096
511.5458
537.5449
524.8768
666.1605
582.3171
382.2232
406.0172
613.9314
568.7086
506.4958
513.0867
703.1765

2558.4034 | 2558.4079 1.75 31.7 |VTLGPK(1730.8936)GR 34 [GroEL 827.5098
2326.2714 | 2326.2512 8.69 30.3 |VTLGPK(1498.7616)GR 34 [GroEL 827.5098
3006.5954 | 3006.5845 3.63 50.9 |NVVLDK(1416.7057)SFGAPTITK 42 |[GroEL  |1589.8897
3104.6316 | 3104.6009 9.89 54.6 |SFGAPTITK(1498.7721)DGVSVAR 51|GroEL |1605.8595
4095.2358 | 4095.2194 4.01 38.6 |GYLSPYFINK(855.5120)PETGAVELESPFILLADKK 207 [GroEL  |3239.7238
4249.3878 | 4249.3552 7.68 85.2 |GYLSPYFINK(1009.6640)PETGAVELESPFILLADKE 207 [GroEL  |3239.7238
4656.4308 | 4656.4186 2.62 46.2 |GYLSPYFINK(1416.7070)PETGAVELESPFILLADKE 207 [GroEL  |3239.7238
3739.0212 | 3739.0134 2.09 65.2 |GYLSPYFINK(499.2974)PETGAVELESPFILLADKK 207 [GroEL  |3239.7238

N

SFGAPTITK(952.5439)DGVSVAR 51|GroEL  [1605.8595 1] 26.0
AVAAGMNPMDLK(952.5686)R 117 [GroEL  [1373.7028 1| 144
VGAATEVEMK(1714.9392)EK 390 [GroEL [1291.6562 | 23| 9.8
AVAAGMNPMDLK(1730.9288)R 117 [GroEL  [1373.7028 | 10| 17.4 |
K(3364.7788)ISNIR 226 |GroEL | 730.4570 6] 08
GIVK(3364.7951)VAAVK 272 |GroEL | 8845928 | 16| 5.9
VGAATEVEMK(3364.7746)EK 390 [GroEL [1291.6562 | 10| 3.8
K(3364.7702)AR 393|GroEL | 374.2510 | 67| 6.7
6 |VAAVK(855.5082)APGFGDR 277 |GroEL  [1187.6531 1] 19.7
4 |[VGAATEVEMK(855.5015)EK 390 [GroEL  [1291.6562 2] 95
VGAATEVEM(Oxidation)K(1312.7038)EK 390 |GroEL [1307.6511 | 25| 7.6
EK(2524.3317)LQER 364 |GroEL | 802.4417 | 18] -3.4
VAK(2363.1308)LAGGVAVIK 371|GroEL  [1125.7354 5] 26.8
VIVK(1292.6521)R 13|GroES | 614.4348 3.4
K(1292.6478)EVETK 15|GroES | 733.4090 7.1
EVETK(1276.6577)SAGGIVLTGSAAAK 20|GroES  [1788.9702 45.8
SAGGIVLTGSAAAK(1292.6591)STR 34|GroES [1546.8547 30.8
EVETK(739.4797)SAGGIVLTGSAAAK 20|GroES  [1788.9702 8.2
.8 | SAGGIVLTGSAAAK(1014.5496)STR 34|GroES [1546.8547 223
.6 |VGDIVIFNDGYGVK(1671.9047)SEK 74|GroES  [1839.9487 55
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2043.1614 | 2043.1487 6.23 32.9 |K(1312.7044)ISNIR 226 |GroEL 730.4570
2147.1578 | 2147.1518 2.80 24.7 |K(1416.7008)ISNIR 226 |GroEL 730.4570
2620.3549 | 2620.3428 4.63 45.2 |VAAVK(1432.7018)APGFGDR 277 |GroEL  [1187.6531
3326.7734 | 3326.7579 4.67 63.4 |VVINK(927.4957)DTTTIIDGVGEEAAIQGR 327 |GroEL  |2399.2776
3488.8662 | 3488.8373 8.29 59.3 |QQIEEATSDYDREK(1250.8029)LQER GroEL  [2238.0633
1907.0869 | 1907.0785 4.42 35.8 |739.4818-M(Oxidation)NIRPLHDR 1|GroES [1167.6051
2026.0569 | 2026.0527 2.08 46.7 |858.4518-M(Oxidation)NIRPLHDR 1|GroES [1167.6051
3065.6279 | 3065.6190 291 78.1 |1914.0177-MNIRPLHDR 1|GroES [1151.6102
2839.5139 | 2839.4984 5.47 59.2 |1671.9088-M(Oxidation)NIRPLHDR 1|GroES [1167.6051
2528.4499 | 2528.4436 2.50 15.0 [VIVK(1914.0151)R 13|GroES 614.4348
2561.4044 | 2561.4035 0.36 38.1 |RK(1671.8942)EVETK 15|GroES 889.5102
3511.8534 | 3511.8420 3.25 17.6 |[SAGGIVLTGSAAAK(1964.9986)STR 34 [GroES |1546.8547
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1. Crosslinking: NaCNBH 4 37 °C.
2. Trypsin.

Proposed Mechanism of Diagnostic ETD Fragmentation : .
GroES 7mer P J J Conclusions:

| | subunits O-U — : . : : : L :
| | Crosslinking with DEB is ideally suited for ETD analysis as the reductive amination reaction preserves
PRV PN the cationic nature of the modified lysine resides but removes a tryptic site. This leads to high charge
\ H %H H ' ' density precursors, with positive charges at the modified lysines. Hence, ETD spectra produce excellent

fragment coverage which increases the likelihood of identifying the crosslinks on a residue specific level.

. Furthermore, DEB crosslinked peptides dissociate in ETD to produce the two component peptides
Unmodified Type O (dead-end) Type 1,2 with and without a mass tag characteristic of the crosslinking reagent. We term these P+H and Q+H+XL

: £ : : : Crosslinking of E. coli soluble proteomes (50 pg) with DEB probed by Streptavidin-HRP Blot. _ ions. Additionally, ¢ and z-ions which contain the DEB structure have a strong tendency to gain an
Peptides Modified Peptides Intra- and intermolecular . ) 2 . N r Y, g ytog
P P ( ) Proteomes were reacted with 125 uM DEB, 20 mM NaCNBHor 1 h ("XL"). Reactions were 106A\J}/§/§¢MNESMELKR additional proton. We propose mechanisms for these processes here.

Crosslinked Peptides hed with gel filtration col d derivatized with either Biotin-Azide ("BiotAzid": |
quenC ed wi ge lHiratuon coiumns an erivatized wi elitner blotin-AZl e( I0TAZI 43§é¢ALBj’[f}{¢¢J{/EMAE‘Q

100 uM azide, 1 mM CuSQ1 mM TCEP or Biotin-Hydrazide ("BiotHydr": 1.5 mM hydrazide). The compact, rigid structure of DEB increases resolution in MS based structural determinations. In our

i g Some samples were depleted over Neutravidin-agarose ("Neu”) after labeling or Affi-Gel : analysis of the GroEL/GroES complex, we have observed crosslinks which are characteristic of one or

4. Cylcoaddition : : e . : X : : : ) :

N ¢ Hz hydrazide resin before labeling ("Aff”). Lanes 2 and 3 control for nonspecific labeling, (M+5H) ? the other GroEL conformations. This enables studies of conformational dynamics of complexes.
with cleavable e : o .

H Lanes 4 and 7 show specific biotinylation of the alkyne and aldehyde moieties of DEB

\/ biotin-azide. crosslinked proteins. Other lanes demonstrate depletion of labeled proteins. While the enrichment scheme that discriminates type 0 from type 1 and 2 modified peptides works,
Hydrazide Resin 5. Streptavidin * the efficiency is still quite poor. For simpler systems we have found that it is much more efficient to
(Affi-GeI Hz BioRad) capture and purify crosslinked proteins by SDS-PAGE enrichment of high molecular weight species. We continue to

’ (M+5H) * : optimize the chemistry of the enrichment for use in more complicated systems.

[3. Depletion of Aldehydes

release.

(MH5H) 2

(P+2;|) 2 (Q+2H) 2

4
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