Proteomics Informatics -
Protein characterization: post-translational
modifications and protein-protein
interactions (Week 10)
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Protein Complexes - specific/non-specific binding

E Stats Ta ble 1: Xf-f >0 number of replicates
J = = <{runs in which
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Sowa et al., Cell 2009



Protein Complexes - specific/non-specific binding

a Dataset with negative control b Dataset without negative control
Control Experimental Experimental
affinity purificalion affinity puriﬁcation affinity purification
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Choi et al., Nature Methods 2010



Intensity

ein Complexes - specific/non-specific binding
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Analysis of Non-Covalent Protein Complexes

* affinity purifcation
-> jsolate complex
: Csl4 —O>—

‘tagged’ protein
subunit

Affinity column
divide complex - containing solution into three aliquots

#

MS of intact complex

-> establish stoichiometry
0 pmole )
1 A40
- 1D gel and proteomics OO
-> list of subunits A39 %)
A41
[2 pmoles]
%,
B39

04 m/z
8000 9000 10000 11000 12000

confirm by tandem MS
-> list of masses

0767 1117 1477 1sas 2108 V2

denature complex
record mass specutrm

-> list of subunit masses

™/Z{500 1050 1100

®*Homology modelling
-> atomic models

1150

0
1200

Taverner et al., Acc Chem Res 2008



Non-Covalent Protein Complexes

100

Percent

d
S. cerevisiae Stoichiometry
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" 28+ (SC8 + Cde23) APC/C subunit
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2
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L) 73
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74,457 Da
(Cac23-His ) Cde23 2
“ »
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m/z Total MW (kDa) 1,127-1,158

Schreiber et al., Nature 2011



Affinity Capture Optimization Screen

More / better quality
interactions

Cell extraction

B [
ample extraction buffer matrix
Salt concentration changes
T o

Example PO:
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LaCava, Hakhverdyan, Domanski, Rout
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Cloning nanobodies for GFP pullouts

e Atypical heavy chain-only IgG antibody produced in camelid family — retain
high affinity for antigen without light chain

 Aimed to clone individual single-domain VHH antibodies against GFP — only
~15 kDa, can be recombinantly expressed, used as bait for pullouts, etc.

* To identify full repertoire, will identify GFP binders through combination of
high-throughput DNA sequencing and mass spectrometry

ViH ——
C.0 VHH clone for
H recombinant
C.3 expression

Standard IgG Camelid VH IgG



Cloning llamabodies for GFP pullouts

Llama GFP
immunization
) -
Bone marrow Serum bleed V VHH
aspiration
v v =
Lymphocyte Crude serum
1000 bp — total RNA

500 — lgG fractionation & T Y™
200 — RT / Nested PCR GFP affinity purification
300 — oe

VHH amplicon GFP-specific

VHH fraction

454 DNA
sequencing
500,000 Y10
0 VRH DNA FLDDSEASLPDK
T
@ 400.000 , LC-MS/MS
[ sequence library
QX 300,000 @
“‘6 é ¥s yu2 M8
k-] n - =
. 200,000 - S & vs M*'»36y by
(@) 21 |b, Vs Yo . ‘; Yo
7 10118
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0 - T T T T T ) HH
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TP LEE P LS VHH clones
Fridy, Li, Keegan, Chait, Rout

Read length (bp)



Identifying full-length sequences from peptides

Underlined regions are covered by MS

CDR1 CDR2 CDR3

CDR3: 100.0% (14/14); combined CDR: 100.0% (33/33); DNA count: 10
MAQVQLVESGGGLVQAGGSLRLSCVASGRTFSGYAMGWFRQTPGREREAVAATITWSAHSTYYSDSVKDRETISTIDNTRNTGYLOMNSLKPEDTAVYYCTVRHGTWETTSRYWTDWGQGTQVTVS

CDR3: 100.0% (14/14); combined CDR: 72.7% (24/33); DNA count: 1
MAQVQLVESGGALVQAGASLSVSCAASGGTISKYNMAWFRRAPGREREAVAATITWSAHSTYYSDSVKDRETISIDNTRNTGYLOMNSLKPEDTAVYYCTVRHGTWETTSRYWTDWGQGTQVTVS

CDR3: 100.0% (14/14); combined CDR: 72.7% (24/33; DNA count: 1
MADVQLVESGGGLVQSGGSRTLSCAASGRVLATYHLGWFRQSPGREREAVAATITWSAHSTYYSDSVKGRETISTIDNARNTGYLOMNSLKPEDTAVYYCTVRHGTWETVSRYWTDWGQGTQVTVS

CDR3: 100.0% (14/14); combined CDR: 42.4% (14/33); DNA count: 1
MAQVQLEESGGGLVQAGDSLTLSCSASGRTFTNYAMAWSRQAPGKERELLAATIDAAGGATYYSDSVKGRETISIDNTRNTGYLOMNSLKPEDTAVYYCTVRHGTWETTSRYWTDWGQGTQVTVS

CDR3: 100.0% (14/14); combined CDR: 42.4% (14/33); DNA count: 1
MAQVQLVESGGGRVQAGGSLTLSCVGSEGIFWNHVMGWFRQSPGKDREFVARISKIGGTTNYADSVKGRETISIDNTRNTGYLOMNSLKPEDTAVYYCTVRHGTWETTSRYWTDWGQGTQVTVS

Rank sequences according to:
CDR3 coverage; Overall coverage;
Combined CDR coverage; DNA counts;
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Sequence diversity of 26 verified
anti-GFP nanobodies

« Of ~200 positive sequence hits, 44 high confidence clones were synthesized
and tested for expression and GFP binding: 26 were confirmed GFP binders
. .
« Seguences have characteristic conserved VHH residues, but significant
diversity in CDR regions.
:[. :I.q 29 39 49 59 69 79 BD 90 100 119 120
EFXOVQLVE .[SEGGTL QA GSLRL SRTFSNYWGEFREJAPGKEREFVAA_\WTGVSTYYA SVKGRPTISRENDK__TVYVQMNSLIPEETnIEYEnnVEARSFSDTYSRVNE?DYW Q
QVQLVE.S GGLE EJSLRVAAESRTYSDYAMGE EAPGKERDFVAG slgls cleD|T Y|y ABJSVKGRFTISR NAK;;TMYLQMNSLKPEETnVFHHRTG,__TVLFTSRVDYR
QVQLVE.S GGLM GSLRLE2 2EGs|I Fs|sNaAMARIY RMTPEKQRELICD|I TR|. GIGI|TKICAWSVKGRFTI SRNTKRTVYLOMNS LKSEDTAVH{Y[MAAKSEGYFG . FPRVENE|Y|P[Y GTQVTV’
QVQLVE|.|S[EGGLE GSLRLEFMAAFGR(TFS|TSAMARFREAPCKEREFAAGTI TIWI S|S S|TY|Y TRSVKGRETI SRENAKFTVYLOMNS LKPERITAVE{YV[MAAKSEGYFG . F PRVENE|Y|PY WlEo[hdsNEgq
QVQLVE|.|S[&GG L)Y GSLRLEAYVARGR(T FS|GYAMGFRITPGREREAVAAT TIWS AHS|TY|Y SIS VKDREFTISTINTRIITGYLOMN S LKPEWTAVE{V[UTVRIHGTWF . . . . TTSRY|WTD Wfelofchdekigay
QVQLVE|.|S[§GG Ly GSLRLEIV TEGFTFDIHDMG APGKERDIVAR|ISKISGDI|ITYYARSVKGRFIISRENTKWTVYLQMNSLKPEBTAVHY[MAATILRA. . . . TITSFDEY|V|Y GTQVTV’
DVQLVE|.|SEGGL GSLRLEEAAEGR|T F ST S[2M[G] R APGKEREFVARITWSAGY|TAYSPSVKGRFTI SREKAKYTVYLOMNSLKPE TAVYASRSAGYSSSLTRRED.YA
QVQLVE|.|S[&GG L)Y DSLQLEA FE|GGTF ST YA MG APGKEREFVGGISRSCAT/INYERSVKGRFTI SKPINTKIITVYLQLNS LKPERTAVR{VEAARNN . . . ILPVTTIDKYEY GTQVTV’
DVQLVE|.|S GRSRA DSLRLELAEGGTFS|L YR MG SAPGKEREFVAAVTWSGIGS|TYY TBSVKGRFS I SRPNAKWTVYLOMNS LKPEBTAVMYMAVRTSGFFGS T PVTERA|FD|Y GTQVTV]
SGAAGG LEEGLI gSLRLAAESRTFNSYPM E APCKEREFVAALGWSGCSTDYAMSVKGRFTISREINSKYTVYLEMNS LKPD TGVYALRRRGGVYNTYSGEKDYD EQ
QVQLVE|.|S[§G G Ly GSLRLEIYA AE|GRIT Y ST SR MG FR APGKEREFVAGISRISGCTITYYAWPVKGRFTISRMNAKWTVYLQMNSLKPERTAVH{Y[MAARARGW . TTF PAREI E[Y|D|Y WlelolchdoNaidY
QVQLVE|.|SEGRLE DSLRLEEAAEGR|T F ST S|2 M3 APCGREREFVAAITWTVICNT ILGRSVKGRFTI SRERAKNTVDLOMDNLE PEWTAVF{V[ISARISRGY VLS VLR S VD S|Y|DY W o[k NEaq]
DVQLVE|.|S[8G G L)Y GSLRLEMAAEGR/TI SMARM[S FR APCKEREFVAGISRSAGSAVHANSVKGRFTISRPNTKITLYLOMNS LKAEN TAVH{VIGR VRTSGFFGS I PRTGTAF DY Weolchdelgay
QVQLVE|.|s[8GG L gSLKLTA VIR|T L S|Y Y|H V|G JAPGKEREFVAGIHRSGESTFYABSVKGRFTI SRBNAKWTVHLOQMNSLKPEWTAVE{Y[MAQRVRGFFGPLRSTPSWY|D|Y Weolehdohainy
EQVQLVE.SEGGL GSLRLEEA SPTG...AMAEFR APCKEREFVGCISRSGTDTYY VS VKGRFTIDREINAKIYTVYLOMNSLKPE TAVYAARRS‘..QILFTSRTDYE E
OVQLVE|.|slgcc Ly csLRLEMA 2ElGPTG .|. . AV ADCMEREFVCCTIS|GSETDTYYAWFVKGRLTVDRMN VK TVDLOMNSLKPEWTAV{V[§AARRR . VTLFTSRADYD BGTQVTYV]
DVQLVE|.|cEcCLE gSLRLAA GEIASI IAIG APCKQRESVALITRS .[CMITYCRMSAQERFTISREDAKYTVYLHMDDLVPE TAVEVENAKKVSFG. . . .. .. D.|.|. PGcToVTYV|
OVQLVE|.|s[&cC LY ASMRLELSR AR GT|T F oL Y|H W[V FR AAGREHEFVAGTIRSGCETLSANSVEDRFITSRIDAKNTLYLOMNMLQPEWTATHV[4AA TIHRA . DWYSSAFREYI BcToVTV|
DVQLVE|.|s[gGG L)Y csLrLEMTABGLTISITYN TGl FRAEGKEREFVETT IRNGDT|T Y|y ABS VKGRETI SRNAKIYTVYLOMN S VK P AINAAVE{SGATIVRAG . . AAAEQYN SV T|F RIE IR e
QVQLVE_SEGGL AALRLAA GGTFSFYNMGEFREAPGKEREFVVSISRSGGGTAYA SVKGRFTISR NAK;;TAYLQMNSLKPEETAVYIAAGLR,__DWGREG,_EDH E
OVQLVE|.|s[egGG L)Y GSLRLE2 AEIGRTF ST SAMGRF RMAPGREREFVAAT TWT V|GN|T I|Y GRSMKGRFTI SRR TKITVDLOMDS LKPEWTAVR{V[TARSRGFVLSDLRSVDS|FD BGTQVTYV|
DVQLVE|.|s[Ecc Ly GSLRLEFMTVE|GRT FSNYAMCEFRMAPGKEREFVAGT SWTGCHTLY TS VKGRETI SREINAKFTVYLOMNS LKPERITALF{Y[SAADRAADF . . . FAQRDE|Y|DY Wlgjo[chd"yigay
OVQFVE|.|s[&GG Ty DFLRLEIITABIGD(T F SN YHAIGEF RIPPGREREFVAAT SWTGEGTLY AMSVKGQFTI SRINAKINAMYLOMNRLK PEWTAVR{ VISR AARSVGF TWRS SKSNDYAY Wlelolchdehgay
DVQLVE|.|s[eG G L)Y GSLRLE&2AEGPTG .|. . AMARIFRMAPGKEREF VGG S|GSETD|TYY VRS VKGRFTVDRIN VKR TVYLQMN S LKPEWTAVR{Y[§AARRR . . . ITLFTSRTD[Y|D|F GTQVTV
ERDVOLVE. jGGLIQAEDSLRLMﬁgDTG, . AMARFHEGLGKEREFVGG|ISPSGDN[IY[YABSVKGRFTIDRPINAKNTVSLOMNS LKPERIMGVEY[MEAARRR . . .VTLFTSRTDXEFW R




HIV-1
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Genetic-Proteomic Approach

Tagged Viral Protein
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Protein Complex Mass
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I-Dirt for Specific Interaction

I-DIRT = Isotopic Differentiation of Interactions as Random or Targeted

3XFLAG Tagged HIV-1 WT HIV-1
X3 3
Infection

Light @D~ P Heavy

(13C labeled Lys, Arg)

o, T H o, ' H 1:1 Mix
,C—clz——N\ ,C—f|3—N
HO ¥ HO  cgp, " < lat
?Hz [ 2 Immunoisolation
CH
CH w2
2
C|2H2 T MS
| NH
(I:H2 (13 > NI
NH, H,N  NH 2 2
£ g I
LyS Al’g m/z m/z
(+6 daltons) (+6 daltons) Specific Non-specific



IDIRT and Reverse IDIRT

Env-3xFLAG

Vif-3xFLAG

Specificity, Rerverse
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gp160 IDIRT: Forward-Reverse Ratio Comparison
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Luo, Jacobs, Greco, Cristae, Muesing, Chait, Rout




Protein Exchange
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exchange
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Env Time Course SILAC

Early during infection  Late during infection

- Differentially labeled * *
Infection harvested
at early or late - o
stage of infection Heavy Light
(13C labeled  1:1 Mix
Lys, Arg)

o Distinguish proteins Immunoisolation

that interact with

Env at early or late MS
stage during
Infection

H

X
Intensity

Intensity

|1,
m/z

Early interactor Late interactor

m/z



Protein Interaction Partners by
Complex Chemical Cross-Linking

1 Chemical Cross-Linking

Cross-Linked
Protein Complex

p—

l Enzymatic Digestion

MS
Proteolytic 5 }
Peptides \gﬂ/ ”
| ‘||| |
l |solation 1 ul \
Vs
: l Fragmentation MS/MS
Peptides )
Fragments // —_— ‘
| | 1l

M/Zz



Protein Interaction Sites by
Complex Chemical Cross-Linking

1 Chemical Cross-Linking

Cross-Linked
Protein Complex

p—

l Enzymatic Digestion

(= MS |

Proteolytic N\ —_—
| M | I| |

Peptides \\ﬁk\/ | ‘
1 Isolation o
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Fragmentation MS/MS
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Cr'oss-linking

protein

| *' | 4|
| |A'|l ||I|“ |

n peptides with reactive groups

(n-1)n/2 potential ways to cross-link peptides pairwise
+ many additional uninformative forms



Protein Crosslinking by Formaldehyde

Example Traditional Formaldehyde Cross-linking:

Cells
@ @ Formaldehyde Quenching Cell lysis  Fractionation of material / Analysis

) ) Result
@ +/- Cross-link reversal by heat

Classic Case Studies:
1) Histone Octamer

Nuclel 2) ChIP and related methods
~1% wi/v Fal
20 — 60 min
Example Modified Approach:
Quenching
Cell Grindate Denaturatioon

= Formaldehyde Fractionation Fractionation of material / Analysis
Q%Wg » P P Result

+/- Cross-link reversal by heat

Extensive .a.JntroI ~0.3% w/v Fal
over conditions of 5 — 20 min
XL 1/100 the volume

LaCava



Protein Crosslinking by Formaldehyde

NPC
Others
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BLACK: duplicated experiments, FAIl treated cells (then ground)

RED: triplicate experiments, FAI treated grindate
SCORE: Log lon Current / Log protein abundance



Cross-linking

Mass spectrometers have a limited dynamic range
and it therefore important to limit the number of
possible reactions not to dilute the cross-linked
peptides.

For identification of a cross-linked peptide pair,
both peptides have to be sufficiently long and
required to give informative fragmentation.

High mass accuracy MS/MS is recommended
because the spectrum will be a mixture of
fragment ions from two peptides.

Because the cross-linked peptides are often large,
CAD is not ideal, but instead ETD is
recommended.



Localization of modifications

] ]
] ]
] ]
m‘ ."‘ .“
L4 L4
’. a® ’. a®

1.2
c 11
2
©
= 0.8 Phosphopeptide
S identification
— 0.6 1
@)
2
= 0.4
®)
©
0
S 0.2
o
O G I I I
0 5 10 15 20 25
Number of fragmentions
mprecursor = 2000 Da
Amprecursor = 1 Da

Amfragment =0.5Da
Phosphorylation



Localization of modifications
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Localization of modifications

Peptide with two possible modification sites
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Localization of modifications

Peptide with two possible modification sites
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Localization of modifications
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Localization of modifications

Peptide with two possible modification sites
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Visualization of evidence for localization
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Visualization of evidence for localization
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Visualization of evidence for localization
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Estimation of global false
localization rate using decoy sites

By counting how many times the phosphorylation is localized to
amino acids that can not be phosphorylated we can estimate the
false localization rate as a function of amino acid frequency.
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How much can we trust a
single localization assignment?

If we can generate the distribution of scores for
assignment 1 when 2 is the correct assignment, it is
possible to estimate the probability of obtaining a certain
score by chance for a given peptide sequence and
MS/MS spectrum assignment.
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Is it a mixture or not?

If we can generate the distribution of scores for
assignment 2 when 1 is the correct assignment, it is
possible to estimate the probability of obtaining a certain
score by chance for a given peptide sequence and
MS/MS spectrum assignment.
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Localization of modifications

Peptide with two possible modification sites
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Proteomics Informatics -
Protein characterization: post-translational
modifications and protein-protein
interactions (Week 10)




