r University of
Nottingham

~—
UK | CHINA | MALAYSIA

MASS SPECTROMETRY AS A
COMPLEMENT TO NMR

TOWARDS HIGH-THROUGHPUT PROTEIN FOOTPRINTING

Jeddidiah Bellamy-Carter
School of Chemistry, University of Nottingham

CCPN Conference Leicester 2019



UNO“'"taham INSIGHT INTO PROTEIN INTERACTIONS

Native—MS g g Protein labelling—MS
Stoichiometry Binding surfaces
Binding affinity Residue interactions

Gas-phase structure Solution-phase structure

A UL |1 Aﬁ Ll bl L b



Jedd Bellamy-Carter, 06/09/2019
Typically on intact proteins

Jedd Bellamy-Carter, 06/09/2019
Analysis performed on digested proteins


”°““9"a“‘ PROTEIN LABELLING METHODS

Covalent HDX
labelling =

‘Fast’ Conventional
photochemical reagents

labelling incl. cross-linking



Jedd Bellamy-Carter, 06/09/2019
Stable throughout subsequent work-up and analysis.
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oL Tonan PHOTOLABELLING REAGENTS

Radicalstt
@ From H,0, and hv @ 248 nm in FPOP Aromatic and sulfur-containing
CF3 From "OH and CF,SO_Na Aromatic and aliphatic
Carbenes*
i From diazirine and hv @ 352 nm Aromatic with other residues
NH 3 dependent on probe chemistry. Can insert into any X-H bond.

B

t ). Chen, D. L. Rempel et al. J. Am. Chem. Soc., 18724 (2012)
T M. Cheng et al. Angew. Chem., 14007 (2017)
* C.C.Jumperetal., Anal. Chem., 2913 (2011)
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Where X is C, H, N, O or S


”°““9"a“‘ CARBENE LABELLING

‘Our’ carbene probe (+202.02 Da)

and hv @352 nm
Now available from Sigma/Merck

as TDBA (85559-46-2) 77K

Manzi et al. Nat. Comm., 13288 (2016)



”°““9"a“‘ IMPROVED LABELLING EFFICIENCY
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ol Niingham TYPICAL EXPERIMENTAL WORKFLOW
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LASER RADIATION

Irradiation Gel Digestion
S5uL@ 10 uM Separate proteins +
remove contaminants
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Covalently labelled isomers often have different
retention unlike in HDX
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Hottinfiam WORKING THROUGH THE DATA

Repeat for all peptides and files

Footprinting Experiment Find matches Integrate areas Store and calculate
LC-MS data frm

“ \ e
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- In silico digest of
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Yt £ oL/ OUTER MEMBRANE PROTEIN F (OMPF

OmpkF

Allows the diffusion of small hydrophilic molecules across the outer
cell membrane into the periplasm
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RT: 0.00 - 49.98

Tryptic peptide: YADVGSFDYGR
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Nottingham EXAMPLE: PEPTIDE Y91-R101 MS/MS

Shlﬁs in Unlabelled
MS/MS spectra
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UNO“'"taham BOTTLENECKS IN ANALYSIS

LASER RADIATION

Irradiation Gel Digestion LC-MS Data

C C A

1 hour 2 hours Over night Over night 1 week



w University of
ol [0 INTRODUCING

User friendly interaction
with data

Rapid batch processing
and visualisation

Shareable output for
reproducible research

Released under the GNU Lesser General Public License
® 2019 Jeddidiah Bellamy-Carter, University of Nottingham

github.com/jbellamycarter/pepfoot P m

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)
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File Edit Help

MANUAL-FIRST VERIFICATION

£ 2 % 7 Modifications Enzymes
Peptide Level = Analysis  NGL Viewer
Peptides
NERDTAR = %108 m/z: 924.41-924.45 %106 m/z: 1025.42-1025.46
© RSNGDGVGGSISYEYEGFGIVGAYGAADR
© SNGDGVGGSISYEYEGFGIVGAYGAADR 129
© TNLQEAQPLGNGK 41
TNLQEAQPLGNGKK
© KAEQWATGLK L0
© AEQWATGLK 54
© AEQWATGLKYDANNIYLAANYGETR 0.8
~ YDANNIYLAANYGETR
™ VOAMMTVI AAMVEETDMATDT TMK b E d I C
g g xtracted lon|Chromatograms
Predicted 100 %
Experimental a5 %
0.4
11 it
221-236 0.2 ;“ ‘
Charge State 2 x | i
o (Nl
' 0.0 - - - - 0 - - - —
LSE . v I 0 10 20 30 0 0 10 20 30 40 50
Modified m/z 1025.44 Time Time
Unmodified m/zerror 3.06 mmu %108 rt: 25.8-30.1 x107 rt: 28.7-35.4
Modified m/zerror -6.68 mmu 924,43 w403 3.5 Jozs 451025‘95
2.5 T
Unmodified Area 2258413651 3.0 1
Modified Area 226751858
Modification 0.09 2.0 1 2.5 1
* Remove Assignment 2.0 1 1026.45
154 925,44
Zoom Extract Integrate M ass Sp_ect ra
1.0 1
1.0
- 975,94 1026.96
I = 1024.48 Jl Jl
926.44 i 1027.45
0.0 + . Jl‘h A = 0.0 ‘-i"‘")"‘ - . JL - li a
923 924 925 926 927 1024 1025 1026 1027 1028
miz m/z

Chromatogram extracted!

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)

Hide
Data Files + 3 -

LM_AD_OmpF_1_040816.mz5
LM_AD_OmpF_2_040816.mz5
LM_AD_OmpF_3_040816.mz5

Z

Sequence

GAEIYNKDGNKVDLYGKAVGLHYFSKGNGENSYGGNGDMTYA
RLGFKGETQINSDLTGYGQWEYNFQGNNSEGADAQTGNKTRL
AFAGLKYADVGSFDYGRNYGVVYDALGYTDMLPEFGGDTAYS
DDFFVGRVGGVATYRNSNFFGLVDGLNFAVQYLGKNERDTAR
RSNGDGVGGSISYEYEGFGIVGAYGAADRTNLOEAQPLGNGK
KAEQWATGLKYDANNIYLAANYGETRNATPITNKFTNTSGFA
NKTODVLLVAQYQFDFGLRPSIAYTKSKAKDVEGIGDVDLVN
YFEVGATYYFNKNMSTYVDYIINQIDSDNKLGVGSDDTVAVG
IVYQF

Modifications

Acetyl =
Acrylamide adduct

Amidation

Aryldiazarine-TDBA

Biotinylation

Carbamidomethyl

Carbamylation -
Aryldiazarine-TDBA -
Digestion

Trypsin >
Peptide Length 5 - = |40 S
Peptide Charge 1 |- |4 |&
# Missed Cleavages 1 |5

MS Parameters
Tolerance 20

mmu -

#sExplore 2 Batch


Jedd Bellamy-Carter, 06/09/2019
File import through .mz5 file format. Data from all major vendors can be converted to this using Proteowizard. 

(1) Wilhelm, M.; Kirchner, M.; Steen, J. A. J.; Steen, H. Mz5 : Space- and Time-Efficient Storage of Mass Spectrometry Data Sets . Mol. Cell. Proteomics 2011, 11 (1), O111.011379. https://doi.org/10.1074/mcp.o111.011379.
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Hottinfiam BATCH PROCESSING

File Edit Help

L1 2 % % Modifications Enzymes Hide
Peptide Level  Analysis = NGL Viewer Data Files + 3 -
Apo LM _AD OmpF 1 040816.mz5
LM_AD_OmpF_1_040816.mz5 LM_AD_OmpF_2_040816.mz5
LM_AD_OmpF_2_040816.mz5 e —| H LM_AD_OmpF_3_040816.mz5
LM_AD_OmpF_3_040816.mz5

Holo 1.01
Sequence
0.8 4 GAETYNKDGNKVDLYGKAVGLHYFSKGNGENSYGGNGDMTYA
. RLGFKGETQINSDLTGYGOWEYNFQGHNSEGADAQTGNKTRL
- AFAGLKYADVGSFDYGRNYGVVYDALGYTOMLPEFGGDTAYS
= DDFFVGRVGGVATYRNSNFFGLVDGLNFAVQYLGKNERDTAR
b= RSNGDGVGGSTSYEYEGFGIVGAYGAADRTNLOEAQPLGNGK
£ 064 KAEQWATGLKYDANNIYLAANYGETRNATPITNKFTNTSGFA
Threshold 0.05 = B NKTODVLLVAQYQFDFGLRPSIAYTKSKAKDVEGIGDVDLVN
g YFEVGATYYFNKNMSTYVDYIINQIDSDNKLGVGSDDTVAVG
Significance 0.05 = = IVYQF
o
i o
v Unity _3 0.4
Difference Plot |4 Modifications
'S
Update Acetyl
02 Acrylamide adduct
: Amidation
Aryldiazarine-TDBA
BT — Biotinylation
0.0 . . Y . . . . . . . Carbamidomethyl
= & ¢ % 8 3 &8 2 8 @4 3 83 &5 5 2 /%8 R B B ¥I 2 ¥ R 8 8 % ¢ Carb lati
& & & i $ é - — - - - — — - ~ ~N ] ™~ o~ o N o~ ~N m m m m arbamylation =
1 - ~ ® < - o~ -+ o~ a 1=} @ — o~ N —- — ~ v 0 - m ~ W . N
©® 2 8 4 X & 5 2 F R & N & @ 83 8 % 85 8 A Aryldiazarine-TDBA 5
Digestion
91-YADVGSFDYGR-101 Trypsin -
Peptide Length H = =40 |5

E Peptide Charge 1 kiENa |~
# Missed Cleavages 1 |3

MS Parameters

0.12 0.14 0.14 Mean: 0.13 Deviation: 0.01

Tolerance 20 mmu

#sExplore 2 Batch

Chromatogram extracted!

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)


Jedd Bellamy-Carter, 06/09/2019
With reliable chromatography the manual parameters can be batch processed across any number of data files for the same protein/peptide mix
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File Edit Help
A%

&
Peptide Level

Apo
LM_AD_lsoT_tryp_dig_sample1_CID_1096.mz5
LM_AD_lsoT_tryp_dig_sample2_CID_1096.mz5
LM_AD_isoT_tryp_dig_sample3_CID_1096.mz5

Analysis

1 L3
Holo

LM_AD_IsoT_DiUB_tryp_dig_sample1_CiD_109
LM_AD_lsoT_DiUB_tryp_dig_sample2_CID_109
LM_AD_IsoT_DiUB_tryp_dig_sample3_CID_774

Threshold 0.05 =
Significance 0.05 »
v Unity
Difference Plot
Update

NGL Viewer

Fractional Modification

_  Modifications Enzymes

0.8 4

0.6

0.4 1

0.2 4

(]
—
-

n
-
.ry
—
o
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101-123

124-135

136-146

147-164

149-164

181-193

208-223

225-249
241-249

250-287

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)

291-305

294-305
306-331
332-354
332-355
363-381

382-403

382-408

GROUPING BY TREATMENT

Hide

404-417
418-425
421-434
435-451
455-464
465-472
485-510

332-NLGNSAYLNSVVQVLFSIPDFQR-354

0.33 031 0.8

0.08 0.17 0.05

Apo

Mean: 0.27 Deviation: 0.07
Holo

Mean: 0.10 Deviation: 0.05

564-576

564-577

577-587

578-587

578-588

606-630

757-780

h

781-795

781-797

828-838

831-838

848-857 [! |

Data Files - 3 -

LM_AD_lIsoT_tryp_dig_sample1_CID
LM_AD_lsoT_tryp_dig_sample2_CID
LM_AD_IsoT_tryp_dig_sample3_CID
LM_AD_lsoT_DiUB_tryp_dig_sample
LM_AD_IsoT_DiUB_tryp_dig_sample
LM_AD_lsoT_DiUB_tryp_dig_sample

Ll "

Sequence

GSMAELSEEALLSVLPTIRVPKAGDRVHKDECAFSFOTPE
SEGGLYICMNTFLGFGKQYVERHFNKTGQRVYLHLRRTRR
PKEEDPATGTGDPPRKKPTRLAIGVEGGFDLSEEKFELDE
DVKIVILPDYLEIARDGLGGLPDIVRDRVTSAVEALLSAD
SASRKQEVQAWDGEVROVSKHAFSLKQLDNPARIPPCGWK
CSKCDMRENLWLNLTDGSILCGRRYFDGSGGNNHAVEHYR
ETGYPLAVKLGTITPDGADVYSYDEDDMVLDPSLAEHLSH
FGIDMLKMOKTDKTMTELEIDMNQRIGEWELIQESGVPLK
PLFGPGYTGIRNLGNSAYLNSVVQVLFSIPDFQRKYVDKL
EKIFONAPTDPTQDFSTOVAKLGHGLLSGEYSKPVPESGD |+

Modifications

Acetyl =
Acrylamide adduct

Amidation

Aryldiazarine-TDBA

Biotinylation

Carbamidomethyl

Carbamylation -
Aryldiazarine-TDBA -
Digestion

Trypsin -
Peptide Length H - 40 |3
Peptide Charge 1 kiENa |~
# Missed Cleavages 1 |5

MS Parameters

Tolerance 20

#sExplore 2 Batch
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File Edit Help
=a

Peptide Level

Apo
LM_AD_lsoT_tryp_dig_sample1_CID_1096.mz5
LM_AD_IsoT_tryp_dig_sample2_CID_1096.mz5
LM_AD_lsoT_tryp_dig_sample3_CID_1096.mz5

‘5':: +

Analysis

4 L
Holo

LM_AD_IsoT_DiUB_tryp_dig_sample1_CID_109
LM_AD_lsoT_DiUB_tryp_dig_sample2_CID_109
LM_AD_|soT_DiUB_tryp_dig_sample3_CID_774

Threshold 0.05 =
Significance 0.05 -
v Unity
V| Difference Plot

Update

NGL Viewer

Modification Difference %

GROUPING BY TREATMENT

Modifications Enzymes

H
= |
| ] = || [ ] == |
50%_ E
] [} .
0% T T !l
-50% -
-100% -
-150% -
gm0 es Tl assh eI geenrbenuaneBRE
ORI RS S I B S L L B A A e O A A O B U R B B B L
22 R 2R o8 8¢ RaFRES2YEINNEEBRRBA iR R EddRRenR
S 990 TR A I RRNRNeEREeLRIGEEZPPABREGRRERREEeppPnY
332-NLGNSAYLNSVVQVLFSIPDFQR-354
Apo
0.33 031 0.18 Mean: 0.27 Deviation: 0.07
Holo

0.08 0.17 0.05 Mean: 0.10 Deviation: 0.05

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)

Hide
Data Files + "

LM_AD_IsoT_tryp_dig_sample1_CID
LM_AD_lsoT_tryp_dig_sample2_CID
LM_AD_IsoT_tryp_dig_sample3_CID
LM_AD_IsoT_DiUB_tryp_dig_sample
LM_AD_IsoT_DiUB_tryp_dig_sample
LM_AD_IsoT_DiUB_tryp_dig_sample

[ J

Sequence

GSMAELSEEALLSVLPTIRVPKAGDRVHKDECAFSFDTPE
SEGGLYICMNTFLGFGKQYVERHFNKTGQRVYLHLRRTRR
PKEEDPATGTGDPPRKKPTRLAIGVEGGFDLSEEKFELDE
DVKIVILPDYLEIARDGLGGLPDIVRDRVTSAVEALLSAD
SASRKQEVOAWDGEVROVSKHAFSLKQLDNPARI PPCGWK
CSKCDMRENLWLNLTDGSILCGRRYFDGSGGNNHAVEHYR
ETGYPLAVKLGTITPDGADVYSYDEDDMVLDPSLAEHLSH
FGIDMLKMOKTDKTMTELEIDMNQRIGEWELIQESGVPLK
PLFGPGYTGIRNLGNSAYLNSVVOVLFSIPDFQRKYVDKL
EKIFQNAPTDPTOQDFSTQVAKLGHGLLSGEYSKPVPESGD -

Modifications

Acetyl =
Acrylamide adduct

Amidation

Aryldiazarine-TDBA

Biotinylation
Carbamidomethyl

Carbamylation -
Aryldiazarine-TDBA =
Digestion

Trypsin -
Peptide Length 5 3| - [0 |3
Peptide Charge 1 & 4 |z
# Missed Cleavages 1 |+

MS Parameters

Tolerance 20 mmu ~

#sExplore 2 Batch
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Showing the extent of modification, rather than statistical significance
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File Edit Help

Modifications Enzymes Hide

Peptide Level  Analysis = NGL Viewer Data Files + 3 =-

PDB
USPS (demo).pdb

Load PDB

Colour Scaling

v Continuous

Controls

C: Cartoon Toggle

H: Hetero Object Toggle

R: Recenter view

I: Spin Toggle

K: Rock Toggle

Left Move: Rotate around center
Right Move: Move in plane

shift + Left or Middle: Zoom

shift + Middle: Clip Plane

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)

LM_AD_IsoT_tryp_dig_sample1_CID
LM_AD_lIsoT_tryp_dig_sample2_CID
LM_AD_lIsoT_tryp_dig_sample3_CID
LM_AD_IsoT_DiUB_tryp_dig_sample
LM_AD_IsoT_DiUB_tryp_dig_sample
LM_AD_IsoT_DiUB_tryp_dig_sample

Sequence

GSMAELSEEALLSVLPTIRVPKAGDRVHKDECAFSFOTPE
SEGGLYICMNTFLGFGKQYVERHFNKTGQRVYLHLRRTRR
PKEEDPATGTGDPPREKKPTRLAIGVEGGFDLSEEKFELDE
DVKIVILPDYLEIARDGLGGLPDIVRDRVTSAVEALLSAD
SASRKQEVQAWDGEVRQVSKHAFSLKQLDNPARIPPCGWK
CSKCDMRENLWLNLTDGSILCGRRYFDGSGGNNHAVEHYR
ETGYPLAVKLGTITPDGADVYSYDEDDMVLDPSLAEHLSH
FGIDMLKMOKTDKTMTELEIDMNQRI GEWELIQESGVPLK
PLFGPGYTGIRNLGNSAYLNSVVOVLFSIPDFORKYVDKL
EKIFONAPTDPTODFSTOVAKLGHGLLSGEYSKPVPESGD |~

Modifications

Acetyl =
Acrylamide adduct

Amidation

Aryldiazarine-TDBA

Biotinylation

Carbamylation -

Aryldiazarine-TDBA -
Digestion

Trypsin b
Peptide Length 5 + = (%0 |3
Peptide Charge 1 = = EE—=

# Missed Cleavages 1 |+

M5 Parameters

Tolerance 20 mmu -

#sExplore Batch
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Interactive 3D molecular viewing provided by NGL Viewer. Labelling information is assigned to the b-factor field of PDB.

(1) Rose, A. S.; Hildebrand, P. W. NGL Viewer: A Web Application for Molecular Visualization. Nucleic Acids Res. 2015, 43 (W1), W576–W579. https://doi.org/10.1093/nar/gkv402.
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Manzi et al. Angew. Chem., 129 (2017)
Manzi et al. Nat. Comm., 13288 (2016)

OmpkF
E. coli e High labelled/change
membrane e Low labelling/change
protein USP5
Ubiquitin
protease
a b 14
i . 08- 5
2 2 i
k. 8
3 ;g 0.6 1
= = P X :
g S 04- O 8e .
$ B
s &
0.2
0_
8

01
01
33
41
61
97
97
10
212-220
221-236
281-306 (i
1-19

245-254

101-115

589-605

w
i
o™~

307-324

325-341
124-135
136-146
149-164
208-223
250-287

255-278

- - = o = =

Residue # Residue #

® PepFoot data e Published data

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)
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TDBA probe is partially sequestered into the membrane region, allowing labelling of membrane interacting residues. 

(1) Manzi, L.; Barrow, A. S.; Hopper, J. T. S.; Kaminska, R.; Kleanthous, C.; Robinson, C. V.; Moses, J. E.; Oldham, N. J. Carbene Footprinting Reveals Binding Interfaces of a Multimeric Membrane-Spanning Protein. Angew. Chemie - Int. Ed. 2017, 56 (47), 14873–14877. https://doi.org/10.1002/anie.201708254.
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OmpkF
35% increase in peptides
6% more coverage

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)

FINDING MORE IN THE DATA

Published data
® New coverage

USP5

/6% increase in peptides
20% more coverage



UNO“'"taham CONSIDERATIONS FOR DATA

Time-of-Flight (ToF) data [ .
are noisier than FT-ICR or

5

OrbiTrap giving large file J

o
916.94

sizes: § |

C x1o8 9:;4 1:233-23.7 D xj08 — Ll rt: 19.3-24.2
2.6 GB for 40 mins LC-MS | |
Requires data filtering before .| 2\ N L1l
analysis [E . k

NI U5 U B U <.

Bellamy-Carter and Oldham. J. Proteome Res., 2925 (2019)
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Filtering is only needed for the manual verification step to make user interaction quicker.

Jedd Bellamy-Carter, 06/09/2019
A result of combining a wider retention time range – lower signal to noise.
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* High-throughput protein footprinting can be used to screen targeted
Interactions prior to NMR

* Probe selectivity gives rise to variable labelling &

* Protein sequence can limit analysis,

- Peptides too small or too large by proteolysis E

* Data analysis bottlenecks can be overcome with software

- Especially for targetted interactions

* MS and NMR can solve more problems together than apart


Jedd Bellamy-Carter, 06/09/2019
Different probes can give complementary coverage of proteins.

Jedd Bellamy-Carter, 06/09/2019
Combinations of several proteases can help, occasionally there is no suitable protease for a region.
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