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No m/ z z M+H M+H C al c Er r or  ( ppm) XL S cor e Pept i de1 XL R esi due Pr ot ei n P+H Rank Scor e Pept i de2 XL R esi due Pr ot ei n Q+H Rank Scor e
1 448.9947 4 1792.9570 1792.9516 3.02 42.5 DVK(771.4508)FGNDAR 7 GroEL 1021.5061 6 17.6 VK(1146.5501)MLR 15 GroEL 646.4069 4 19.5
2 640.3563 4 2558.4034 2558.4079 1.75 31.7 VTLGPK(1730.8936)GR 34 GroEL 827.5098 24 -3.0 SFGAPTITK(952.5439)DGVSVAR 51 GroEL 1605.8595 1 26.0
3 466.0601 5 2326.2714 2326.2512 8.69 30.3 VTLGPK(1498.7616)GR 34 GroEL 827.5098 3 10.5 AVAAGMNPMDLK(952.5686)R 117 GroEL 1373.7028 1 14.4
4 602.1249 5 3006.5954 3006.5845 3.63 50.9 NVVLDK(1416.7057)SFGAPTITK 42 GroEL 1589.8897 1 32.2 VGAATEVEMK(1714.9392)EK 390 GroEL 1291.6562 23 9.8
5 518.2780 6 3104.6316 3104.6009 9.89 54.6 SFGAPTITK(1498.7721)DGVSVAR 51 GroEL 1605.8595 1 34.2 AVAAGMNPMDLK(1730.9288)R 117 GroEL 1373.7028 10 17.4
6 683.3787 6 4095.2358 4095.2194 4.01 38.6 GYLSPYFINK(855.5120)PETGAVELESPFILLADKK 207 GroEL 3239.7238 1 28.7 K(3364.7788)ISNIR 226 GroEL 730.4570 6 0.8
7 709.0707 6 4249.3878 4249.3552 7.68 85.2 GYLSPYFINK(1009.6640)PETGAVELESPFILLADKK 207 GroEL 3239.7238 1 69.4 GIVK(3364.7951)VAAVK 272 GroEL 884.5928 16 5.9
8 776.9112 6 4656.4308 4656.4186 2.62 46.2 GYLSPYFINK(1416.7070)PETGAVELESPFILLADKK 207 GroEL 3239.7238 1 34.1 VGAATEVEMK(3364.7746)EK 390 GroEL 1291.6562 10 3.8
9 624.0096 6 3739.0212 3739.0134 2.09 65.2 GYLSPYFINK(499.2974)PETGAVELESPFILLADKK 207 GroEL 3239.7238 1 61.9 K(3364.7702)AR 393 GroEL 374.2510 67 -6.7

10 511.5458 4 2043.1614 2043.1487 6.23 32.9 K(1312.7044)ISNIR 226 GroEL 730.4570 4 4.6 VAAVK(855.5082)APGFGDR 277 GroEL 1187.6531 1 19.7
11 537.5449 4 2147.1578 2147.1518 2.80 24.7 K(1416.7008)ISNIR 226 GroEL 730.4570 3 8.4 VGAATEVEMK(855.5015)EK 390 GroEL 1291.6562 2 9.5
12 524.8768 5 2620.3549 2620.3428 4.63 45.2 VAAVK(1432.7018)APGFGDR 277 GroEL 1187.6531 5 27.6 VGAATEVEM(Oxidation)K(1312.7038)EK 390 GroEL 1307.6511 25 7.6
13 666.1605 5 3326.7734 3326.7579 4.67 63.4 VVINK(927.4957)DTTTIIDGVGEEAAIQGR 327 GroEL 2399.2776 1 56.8 EK(2524.3317)LQER 364 GroEL 802.4417 18 -3.4
14 582.3171 6 3488.8662 3488.8373 8.29 59.3 QQIEEATSDYDREK(1250.8029)LQER 364 GroEL 2238.0633 8 22.5 VAK(2363.1308)LAGGVAVIK 371 GroEL 1125.7354 5 26.8
15 382.2232 5 1907.0869 1907.0785 4.42 35.8 739.4818-M(Oxidation)NIRPLHDR 1 GroES 1167.6051 1 27.0 VIVK(1292.6521)R 13 GroES 614.4348 5 3.4
16 406.0172 5 2026.0569 2026.0527 2.08 46.7 858.4518-M(Oxidation)NIRPLHDR 1 GroES 1167.6051 1 32.2 K(1292.6478)EVETK 15 GroES 733.4090 6 7.1
17 613.9314 5 3065.6279 3065.6190 2.91 78.1 1914.0177-MNIRPLHDR 1 GroES 1151.6102 13 23.3 EVETK(1276.6577)SAGGIVLTGSAAAK 20 GroES 1788.9702 4 45.8
18 568.7086 5 2839.5139 2839.4984 5.47 59.2 1671.9088-M(Oxidation)NIRPLHDR 1 GroES 1167.6051 2 22.2 SAGGIVLTGSAAAK(1292.6591)STR 34 GroES 1546.8547 1 30.8
19 506.4958 5 2528.4499 2528.4436 2.50 15.0 VIVK(1914.0151)R 13 GroES 614.4348 27 -0.6 EVETK(739.4797)SAGGIVLTGSAAAK 20 GroES 1788.9702 2 8.2
20 513.0867 5 2561.4044 2561.4035 0.36 38.1 RK(1671.8942)EVETK 15 GroES 889.5102 5 5.8 SAGGIVLTGSAAAK(1014.5496)STR 34 GroES 1546.8547 1 22.3
21 703.1765 5 3511.8534 3511.8420 3.25 17.6 SAGGIVLTGSAAAK(1964.9986)STR 34 GroES 1546.8547 1 6.6 VGDIVIFNDGYGVK(1671.9047)SEK 74 GroES 1839.9487 2 5.5

Featured of Crosslinking by Reductive Amination

1. Reacts with lysine �¡-amines, which are well distributed at protein-
protein interaction surfaces 1, to form secondary amines.

2. Preserves charge on modified residues leading to high charge 
density precursor ions, ideal for ETD; good fragment coverage from 
both peptides.

3. High resolution ETD yields diagnostic P, Q+XL ions which confirm 
mass of individual peptides.

4. Small rigid structure of DEB provides more precise distance
constraints.  Discrimination between different confomational states
of GroEL/GroES.

5. Type 0 modified 2 (’dead-end’) peptides contain an aldehyde 
chemical handle that can be used to discriminate these
from Type 1, 2 (crosslinked) peptides.

6. DEB contains alkyne moiety for post-labeling derivatization with
biotin or fluorophore.

No Pept i de 1 XL r esi due SU Pr ot ei n Pept i de 2 XL r esi due SU Pr ot ei n NZ- NZ CB- CB
1 DVKFGNDAR 7 A GroEL VKMLR 15 A GroEL 5.658 6.627

DVKFGNDAR 7 H GroEL VKMLR 15 H GroEL 5.343 6.274
2 VTLGPKGR 34 A GroEL SFGAPTITKDGVSVAR 51 A GroEL 12.560 11.225

VTLGPKGR 34 H GroEL SFGAPTITKDGVSVAR 51 H GroEL 11.269 9.130
3 VTLGPKGR 34 B GroEL AVAAGMNPMDLKR 117 A GroEL 16.270 11.594

VTLGPKGR 34 H GroEL AVAAGMNPMDLKR 117 I GroEL 12.066 10.401
4 NVVLDKSFGAPTITK 42 A GroEL VGAATEVEMKEK 390 A GroEL 6.145 10.984

NVVLDKSFGAPTITK 42 H GroEL VGAATEVEMKEK 390 H GroEL 15.416 20.844
5 SFGAPTITKDGVSVAR 51 B GroEL AVAAGMNPMDLKR 117 A GroEL 11.802 11.819

SFGAPTITKDGVSVAR 51 H GroEL AVAAGMNPMDLKR 117 I GroEL 6.274 13.167
6 GYLSPYFINKPETGAVELESPFILLADK 207 A GroEL KISNIR 226 A GroEL 32.264 27.504

GYLSPYFINKPETGAVELESPFILLADK 207 A GroEL KISNIR 226 G GroEL 39.129 32.509
GYLSPYFINKPETGAVELESPFILLADK 207 H GroEL KISNIR 226 I GroEL 7.196 13.908

7 GYLSPYFINKPETGAVELESPFILLADK 207 A GroEL GIVKVAAVK 272 A GroEL 7.111 12.369
GYLSPYFINKPETGAVELESPFILLADK 207 H GroEL GIVKVAAVK 272 H GroEL 11.484 12.548

8 GYLSPYFINKPETGAVELESPFILLADKK 207 A GroEL VGAATEVEMKEK 390 A GroEL 42.847 38.205
GYLSPYFINKPETGAVELESPFILLADKK 207 H GroEL VGAATEVEMKEK 390 H GroEL 7.663 11.004

9 GYLSPYFINKPETGAVELESPFILLADKK 207 A GroEL KAR 393 A GroEL 34.923 34.141
GYLSPYFINKPETGAVELESPFILLADKK 207 H GroEL KAR 393 H GroEL 6.444 11.868

10 KISNIR 226 A GroEL VAAVKAPGFGDR 277 A GroEL 9.504 9.078
KISNIR 226 H GroEL VAAVKAPGFGDR 277 H GroEL 12.694 9.677

11 KISNIR 226 A GroEL VGAATEVEMKEK 390 A GroEL 39.889 40.856
KISNIR 226 H GroEL VGAATEVEMKEK 390 N GroEL 10.273 15.601

12 VAAVKAPGFGDR 277 A GroEL VGAATEVEMKEK 390 A GroEL 31.667 33.273
VAAVKAPGFGDR 277 H GroEL VGAATEVEMKEK 390 N GroEL 8.666 13.606

13 VVINKDTTTIIDGVGEEAAIQGR 327 B GroEL EKLQER 364 A GroEL 8.199 15.788
VVINKDTTTIIDGVGEEAAIQGR 327 H GroEL EKLQER 364 H GroEL 21.455 24.965

14 QQIEEATSDYDREKLQER 364 A GroEL VAKLAGGVAVIK 371 A GroEL 13.213 10.634
QQIEEATSDYDREKLQER 364 H GroEL VAKLAGGVAVIK 371 H GroEL 8.914 11.594

15 MNIRPLHDR 1 O GroES VIVKR 13 O GroES 14.194 15.018
16 MNIRPLHDR 1 P GroES RKEVETK 15 O GroES 12.422 15.150
17 MNIRPLHDR 1 P GroES EVETKSAGGIVLTGSAAAK 20 O GroES 22.727 18.932
18 MNIRPLHDR 1 P GroES SAGGIVLTGSAAAKSTR 34 O GroES 24.505 21.535

MNIRPLHDR 1 O GroES SAGGIVLTGSAAAKSTR 34 O GroES 23.034 26.737
19 VIVKR 13 Q GroES EVETKSAGGIVLTGSAAAK 20 Q GroES 19.920 20.254

VIVKR 13 R GroES EVETKSAGGIVLTGSAAAK 20 Q GroES 27.821 24.972
20 KEVETK 15 O GroES SAGGIVLTGSAAAKSTR 34 O GroES 15.141 9.805
21 SAGGIVLTGSAAAKSTR 34 O GroES VGDIVIFNDGYGVKSEK 74 P GroES 16.613 13.174

SAGGIVLTGSAAAKSTR 34 O GroES VGDIVIFNDGYGVKSEK 74 O GroES 15.136 15.046
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A) Cytochrome C after reaction
 with 1 mM DEB, 20 mM NaCNBH3.
 Mass shifts of 126 correspond to
 Type 1 (T1) DEB adducts.  Mass
 shifts of 142 correspond to Type
 0 (T0) DEB adducts.

B) Same sample after subsequent
 derivatization with nicotinic
 hydrazide, 5 mM (+119).  The
 Hydrazide reagent only reacts
 with T0 modified protein species.

Dead-end Modifications React with Hydrazides

DEB Crosslinked Proteins Derivatized with Azide
(Click Chemistry) or Hydrzide (Dead-end Mods).

Sample 1 2 3 4 5 6 7 8 9 10
E Coli + + + + + + + + + +
XL - - - + + + + + + +
BiotAzid - + - + + + - - - +
BiotHydr - - + - - - + + + -
Deplete - - - - Neu Neu - Aff Aff Aff

Crosslinking of E. coli soluble proteomes (50 µg) with DEB probed by Streptavidin-HRP Blot.
Proteomes were reacted with 125 µM DEB, 20 mM NaCNBH3 for 1 h (”XL”). Reactions were
quenched with gel filtration columns and derivatized with either Biotin-Azide (”BiotAzid”:
100 µM azide, 1 mM CuSO4 1 mM TCEP or Biotin-Hydrazide (”BiotHydr”: 1.5 mM hydrazide).  
Some samples were depleted over Neutravidin-agarose (”Neu”) after labeling or Affi-Gel
Hz hydrazide resin before labeling (”Aff”).  Lanes 2 and 3 control for nonspecific labeling,
Lanes 4 and 7 show specific biotinylation of the alkyne and aldehyde moieties of DEB
crosslinked proteins.  Other lanes demonstrate depletion of labeled proteins.

21 Nonredundant Xlinked Residues from >200 Identified Xlinked Peptides

Crosslinking of ADP-Bound GroEL/GroES Complex

The 21 subunit bacterial chaperonin complex GroEL/GroES, utilizes ATP to sequester newly synthesized
polypeptide chains in a hydrophobic environment and assist in their folding 3.  We have utilized the
ADP bound form of the complex, which is structurally stable but not catalytically competent, as a
test case for residue specific crosslinking of a large multiprotein complex.

33 µg of GroEL and 17 µg of GroES were crosslinked in 50 µl of buffer (50 mM HEPES, 20 mM Mg(OAc)2,
10 mM KCl, 1 mM ADP, pH 8.0) with 2.5 mM DEB and 20 mM NaCNBH3.  The reaction was terminated by
acetone precipitation of the proteins.  Crosslinked proteins were enriched by SDS-PAGE.  High MW
bands were excised, reduced and alkylated with iodoacetamide, then digested with trypsin.

Tryptic digests were analyzed by ETD on a Thermo Orbitrap XL.  Only quadruply charged and higher 
precursors were selected for ETD.  Precursor spectra were measured in the Orbitrap for 2 microscans
of 100 msec max duration and an AGC setting of 2 x 106.  Product ion spectra were also measured in
the Orbitrap for 2 microscans of 500 msec max duration and an AGC setting of 2 x 10 5.  ETD activation
times were varied between 50-200 msec with supplemental activation on.

Crosslinked peptides were analyzed with a developmental version of Protein Prospector v5.3.1xl.
Briefly, putative crosslinked peptides are identified by searching for arbitrary mass modifications 
greater than 500 Da on Lys residues or at protein N-termini 4.  These searches are performed with
parent mass tolerance of 100 ppm, and a fragment tolerance of 20 ppm.  Putative crosslinked 
spectra are re-searched using the top 100 ion signals in the peak list, and the list of top 100 matching 
peptides are examined for pairs whose masses combined with the mass of the DEB bridge (C10H6) 
equals the mass of the precursor M+H (within 15 ppm). 

Proposed Mechanism of Diagnostic ETD Fragmentation

Interatomic Distances of Crosslinked Residue Pairs

Distances mapped
onto structure from
ref 3 (PDB: 1PF9).

Reporting nearest
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conformation (SU:
H-N).
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between lysine
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figure.
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Conclusions:
Crosslinking with DEB is ideally suited for ETD analysis5 as the reductive amination reaction preserves 
the cationic nature of the modified lysine resides but removes a tryptic site.  This leads to high charge 
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
with and without a mass tag characteristic of the crosslinking reagent.  We term these P+H and Q+H+XL
ions.  Additionally, c and z-ions which contain the DEB structure have a strong tendency to gain an 
additional proton.  We propose mechanisms for these processes here.

The compact, rigid structure of DEB increases resolution in MS based structural determinations.  In our
analysis of the GroEL/GroES complex, we have observed crosslinks which are characteristic of one or 
the other GroEL conformations.  This enables studies of conformational dynamics of complexes.

While the enrichment scheme that discriminates type 0 from type 1 and 2 modified peptides works, 
the efficiency is still quite poor.  For simpler systems we have found that it is much more efficient to 
purify crosslinked proteins by SDS-PAGE enrichment of high molecular weight species.  We continue to 
optimize the chemistry of the enrichment for use in more complicated systems.
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