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Recap of PL proteomic experiment design

TMT label 1 TMT label 3

Target PL enzyme omit enzyme

TMT label 2

Reference PL enzyme

TMT label 4 TMT label 6TMT label 5

Target PL enzyme Target PL enzyme
Omit substrateReference PL enzyme

Mapping an open compartment- the ER membrane

Target construct: TurboID
specifically targeted to the ERM

Reference construct: cytosolic 
TurboID (TurboID-NES)

Examples of “spatial reference” for ratiometric analysis



Recap of PL proteomic experiment design

TMT label 1 TMT label 3

Target PL enzyme omit enzyme

TMT label 2

Reference PL enzyme

TMT label 4 TMT label 6TMT label 5

Target PL enzyme Reference PL enzyme

Examples of “spatial reference” for ratiometric analysis

Mapping an open compartment- the synaptic cleft

Loh et al, Cell 2016

Target construct: HRP specifically targeted to the synaptic cleft

Reference construct: HRP on the entire cell surface

Target PL enzyme
Omit substrate



Recap of PL proteomic experiment design

Examples of “spatial reference” for ratiometric analysis

Mapping a protein complex- the mitochondrial nucleoid

Han et al, Cell Chem Biol 2017

Target construct: APEX2 specifically 
targeted to the nucleoid

Reference construct: APEX2 everywhere in 
the mito matrix

TMT label 1 TMT label 3

Target PL enzyme omit enzyme

TMT label 2

Reference PL enzyme

TMT label 4 TMT label 6TMT label 5

Target PL enzyme Reference PL enzyme Target PL enzyme
Omit substrate



Sample lysis         Streptavidin beads enrichment

Overview of experimental workflow

On-bead trypsin digestion
TMT labeling
LC-MS/MS quantitative proteomics

(usually done by core facilities)

Data analysis!

TMT label 1 TMT label 3

Target PL enzyme omit enzyme

TMT label 2

Reference PL enzyme

TMT label 4 TMT label 6TMT label 5

Target PL enzyme Reference PL enzyme

Our collaborator: Steve Carr’s lab at Broad Institute

Target PL enzyme
Omit substrate



We recommend doing quantitative, ratiometric proteomics for PL

• Biotinylation extent of a protein is governed by many factors in addition to 
proximity to the PL enzyme: size, pH of environment, # of sterically exposed 
Tyr/Lys, accessibility, etc.

• Label-free proteomics only looks at the extent to which proteins are biotinylated 
by a single enzyme source. Does NOT exclusively reflect SPATIAL information. 



We recommend doing quantitative, ratiometric proteomics for PL

• Biotinylation extent of a protein is governed by many factors in addition to 
proximity to the PL enzyme: size, pH of environment, # of sterically exposed 
Tyr/Lys, accessibility, etc.

• Label-free proteomics only looks at the extent to which proteins are biotinylated 
by a single enzyme source. Does NOT exclusively reflect SPATIAL information. 

• Quantitative, ratiometric approach cancels out all the other factors. The 
enrichment ratio reflects ONLY the spatial distance to the PL enzyme.

Typical quantitative proteomics methods: TMT, iTRAQ, SILAC

Target PL enzyme omit enzymeReference PL enzyme



Our collaborator: Steve Carr’s lab at Broad Institute

• Peptide desalt: C18 StageTips

• Isotope labeling: Tandem mass tag (TMT), up 
to 11-plex

• MS: Orbitrap Fusion Lumos from ThermoFisher

• Database searching software: Spectrum Mill 
MS Proteomics Workbench

Some technical setups that we typically use

Bottom-up, quantitative proteomics



Example of unprocessed data obtained from a typical experiment
Various TMT ratios

Uniprot ID Unique peptidesProtein name

Target PL enzyme omit enzymeReference PL enzyme

129N 129C 130C

129N/130C 129N/129C

TMT label



Example of unprocessed data obtained from a typical experiment

Spectrum Mill can export all the different TMT ratio 
combinations in excel format for all detected proteins

Uniprot ID Unique peptidesProtein name
Various TMT ratios

129N/130C 129N/129C



• Analysis depends on the nature of your experimental design and 
what is already known about the target proteome

Two general approaches to data analysis



• Analysis depends on the nature of your experimental design and 
what is already known about the target proteome

• If nothing is known about the target proteome and you don’t know what 
to expect, then employ statistical methods to determine the cutoff

• T-tests
• Multivariate analysis
• Other statistical approaches

Two general approaches to data analysis



• Analysis depends on the nature of your experimental design and 
what is already known about the target proteome

• If nothing is known about the target proteome and you don’t know what 
to expect, then employ statistical methods to determine the cutoff

• T-tests
• Multivariate analysis
• Other statistical approaches

Two general approaches to data analysis

Example: using proximity labeling to profile a previously uncharacterized organelle contact 
site or map the composition of an unknown protein complex



• Analysis depends on the nature of your experimental design and 
what is already known about the target proteome

• If an adequate amount of prior knowledge exists for the target 
proteome, receiver operator characteristic (ROC)-based quantitative 
analysis can produce highly specific proteomes

Two general approaches to data analysis



• Analysis depends on the nature of your experimental design and 
what is already known about the target proteome

• If an adequate amount of prior knowledge exists for the target 
proteome, receiver operator characteristic (ROC)-based quantitative 
analysis can produce highly specific proteomes

• Need to curate a list of true positive and false positive proteins to determine cutoff

Two general approaches to data analysis

Ranked 
enrichment from 
highest to lowest

Cutoff here

TP

FP

Unknown

Protein 1
Protein 2
Protein 3…

…
.
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• Remove proteins with less than 2 unique peptides
• Remove proteins that are not from species being mapped
• Remove common contaminants e.g. human keratin

Preliminary processing of MS data

All these steps can be done by directly filtering the corresponding columns in Excel



MS data quality checks

• Number of proteins detected in experimental samples should be in the 
thousands



• Number of proteins detected in experimental samples should be in the 
thousands

• For TMT-labeling
• >90% peptides should have label incorporated

MS data quality checks



samples

MS data quality checks

• Number of proteins detected in experimental samples should be in the 
thousands

• For TMT-labeling
• >90% peptides should have label incorporated
• TMT intensities should correlate to amount of protein in each 

sample

Unlabeled neg ctrl samples



• Number of proteins detected in experimental samples should be in the 
thousands

• For TMT-labeling
• >90% peptides should have label incorporated
• TMT intensities should correlate to amount of protein in each 

sample
• TMT intensities should correlate across replicates

MS data quality checks

TMT label 1 TMT label 3TMT label 2

TMT label 4 TMT label 6TMT label 5

TM
T 

la
be

l r
at

io
 1

/3

TMT label ratio 4/6

Replicate 1

Replicate 2
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Quantitative analysis with reference lists
• Analyze each individual TMT ratio separately, one replicate at a time.

• For a given ratio, rank the proteome data from highest to lowest. Always 
work with a ranked list!



Quantitative analysis with reference lists

Target PL enzyme omit enzymeReference PL enzyme

• Cutoff is determined by True-Positive (TP) and False-Positive (FP) Lists

• TP list: proteins that should be enriched

Examples:

If mapping the synaptic cleft, TP list should be previously known synaptic cleft proteins.

If mapping the interactome of Lrrtm1, TP list should be known interacting partners of Lrrtm1.

Loh et al, Cell 2016



Quantitative analysis with reference lists

Target PL enzyme omit enzymeReference PL enzyme

Examples:

For synaptic cleft mapping, FP list1 could be mitochondrial matrix proteins+nuclear
proteins+cytosolic proteins.

For mito nucleoid complex mapping, FP list1 could be nuclear proteins+secreted proteins.

• Cutoff is determined by True-Positive (TP) and False-Positive (FP) Lists

• TP list: proteins that should be enriched
• FP list1: proteins that should not be labeled at all by the target enzyme

(in a different compartment separated by membrane)



Quantitative analysis with reference lists

• Cutoff is determined by True-Positive (TP) and False-Positive (FP) Lists

Target PL enzyme omit enzymeReference PL enzyme

• TP list: proteins that should be enriched
• FP list1: proteins that should not be labeled at all by the target enzyme
• FP list2: proteins that should be less enriched by target compared to reference

Examples:

For synaptic cleft mapping, FP list2 could be cell surface proteins that are NOT known to be synaptic.

For mito nucleoid complex mapping, FP list2 could be mito matrix proteins that are NOT known to be 
related to nucleoid.

(in a contiguous space as the target but less enriched)



Quantitative analysis with reference lists
• Proteins at the top/bottom are more likely to be true/false hits

• Cutoff is determined by True-Positive (TP) and False-Positive (FP) Lists

Cutoff here

TP

FP

Unknown

Ranked 

enrichment from 

highest to lowest

Protein 1

Protein 2

Protein 3…
…

.



Resources for making reference lists

• Gene Ontology Resource

http://geneontology.org/

Or cellular compartment



Click on the numbers to see the 
list associated with each term



Download the list as excel



• BioGrid PPI Resource

Resources for making reference lists

https://thebiogrid.org/



Download the list as excel



• Organelle or protein specific databases
e.g. MitoCarta for mitochondrial proteome

• Existing literature search (Google, Pubmed, etc)

Resources for making reference lists

Important:

Both the TP and FP lists should be generated a priori to be unbiased and 
accurate.

The criteria need to be consistent throughout. Never include or reject a 
protein based on the PL proteomic data.



Example of making reference lists

Loh et al, Cell 2016

TP list: 176 known synaptic proteins based on GOCC and 
literature .

FP list1 (intracellular proteins that should be inaccessible to the 
BxxP radical): GOCC terms nucleus, mitochondria, peroxisome, 
lysosome, cytosol, endoplasmic reticulum, and Golgi. From this 
collection, removed proteins with “extracellular” annotation in 
GOCC, proteins present in the TP1 list, and proteins enriched in 
previous synapse studies by Bayés et al., 2012, Biesemann et 
al., 2014, Boyken et al., 2013, and Pirooznia et al., 2012. 

FP list2 (non-synaptic cell surface proteins): GOCC terms: cell 
surface, extracellular space, extracellular region, external side of 
plasma membrane, extracellular matrix, extracellular vesicular, 
integral component of plasma membrane. From this collection, 
removed proteins present in the TP1 or FP1 lists, and proteins 
enriched in previous synapse studies by Bayés et al., 2012, 
Biesemann et al., 2014, Boyken et al., 2013, and Pirooznia et 
al., 2012.
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Calculating TPR and FPR
• Rank the proteome data by enrichment ratio from highest to lowest. Always 

work with a ranked list!
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Calculating TPR and FPR
• Rank the proteome data by enrichment ratio from highest to lowest. Always 

work with a ranked list!

• Annotate the proteomic data using TP, FP lists.

• Calculate TP and FP rate (TPR, FPR) for each ratio from high to low

Equation:

TPR at ratio x= 
!"#"$%&'() # +, -. /0+&)'12 %3+() 4
&+&%$ # +, -. '1 &5) /0+&)+#'! 6%&%

FPR at ratio x= 
!"#"$%&'() # +, 7. /0+&)'12 %3+() 4
&+&%$ # +, 7. '1 &5) /0+&)+#'! 6%&%



• Rank the proteome data by enrichment ratio from highest to lowest. Always 
work with a ranked list!

• Annotate the proteomic data using TP, FP lists.

• Calculate TP and FP rate (TPR, FPR) for each ratio from high to low

TP FP Unknown Equation:

TPR at ratio x= 
!"#"$%&'() # +, -. /0+&)'12 %3+() 4
&+&%$ # +, -. '1 &5) /0+&)+#'! 6%&%

FPR at ratio x= 
!"#"$%&'() # +, 7. /0+&)'12 %3+() 4
&+&%$ # +, 7. '1 &5) /0+&)+#'! 6%&%

TPR FPR

4/8       0/5

7/8       1/5

Calculating TPR and FPR

Ranked 
enrichment from 
highest to lowest

Protein 1
Protein 2
Protein 3…

…
.



TP (yes=1, no=0)
Cumulative # of TP proteins above a ratio



Wikipedia ROC analysis

Maximize the probability of enriching TP while minimizing the probability of including FP

Receiver operator characteristic (ROC) analysis

Plot FPR on X axis and TPR on Y axis at 
every possible cutoff on the graph.

This is the ROC curve for this TMT ratio.



Maximize the probability of enriching TP while minimizing the probability of including FP

Wikipedia ROC analysis

1. Always look for an upper left 
“elbow”, which indicates that the 
experiment performed well. 

Receiver operator characteristic (ROC) analysis



Maximize the probability of enriching TP while minimizing the probability of including FP

1. Always look for an upper left 
“elbow”, which indicates that the 
experiment performed well. 

2. Determining cutoff:
The ratio at which TPR-FPR is 
the greatest.

TPR FPR       TPR-FPR       

TP

FP

Unknown

6/8       0/5             0.75

8/8       1/5             0.8

4/8       0/5             0.5

8/8       2/5             0.6

Receiver operator characteristic (ROC) analysis

Protein 1
Protein 2
Protein 3…

…
.

Ranked 
enrichment from 
highest to lowest



TMT label 1 TMT label 3

IMS-APEX

[omit APEX]

TMT label 2

Reference APEX
biotin-phenol + H2O2

Example: ratiometric tagging for open compartments

TMT ratio 1/3:    Extent of biotinylation by IMS-APEX vs neg ctrl
TMT ratio 1/2:  Ratio of biotinylation by IMS-APEX vs cytosolic APEX

Target APEX
biotin-phenol + H2O2

Cytosolic APEX Neg ctrl

m/z

TM
T 

in
te

ns
ity

a nonspecific 
protein

a cytosolic 
protein

an IMS 
protein



Three lists are needed for ratiometric analysis

1. TP list (e.g. previously known IMS proteins)

2. FP list1 that should not be labeled at all (e.g. nuclear proteins)

3. FP list2 that could be labeled by target enzyme, but should not be 
preferentially enriched by target vs. reference. (e.g. cytosolic proteins)

IMS-APEX Cytosolic APEX Neg ctrl



Step 1: determine target/neg ctrl cutoff

This cutoff gives a list of proteins that are enriched by target PL enzyme 
over nonspecific binders (i.e. proteins that are biotinylated by target).

Protocol: Rank all the data by target vs. Neg ctrl ratio. Use TP and FP list1 
for ROC analysis. Remove the proteins below the cutoff.

IMS-APEX Cytosolic APEX Neg ctrl



Step 1: determine target/neg ctrl cutoff

This cutoff gives a list of proteins that are enriched by target PL enzyme 
over nonspecific binders (i.e. proteins that are biotinylated by target).

Protocol: Rank all the data by target vs. Neg ctrl ratio. Use TP and FP list1 
for ROC analysis. Remove the proteins below the cutoff.

Cutoff at 0.62

(TMT label 1/3)



Step 2: determine target/reference cutoff

This cutoff gives a list of proteins that are PREFERENTIALLY enriched by target 
PL enzyme over reference PL enzyme.

Protocol: Remove proteins after cutoff in step 1. For the remaining data, rank 
the proteins by target vs. reference ratio. Use TP and FP list2 for ROC analysis. 

IMS-APEX Cytosolic APEX Neg ctrl



Step 2: determine target/reference cutoff

This cutoff gives a list of proteins that are PREFERENTIALLY enriched by target 
PL enzyme over reference PL enzyme.

Protocol: Remove proteins after cutoff in step 1. For the remaining data, rank 
the proteins by target vs. reference ratio. Use TP and FP list2 for ROC analysis. 

Cutoff at 0.62

(TMT label 1/2)



Cutoff 1e.g. nuclear proteins, ER lumen proteins, 
etc (separated by a membrane)

Three-state analysis

IMS-APEX Cytosolic 
APEX

Neg 
ctrl

More examples: Hung et al. Mol Cell 2014; Loh et al Cell 2016; Han et al Cell Chem Biol 2017; Hung et al Elife 2017 



Three-state analysis

Cutoff 2

More examples: Hung et al. Mol Cell 2014; Loh et al Cell 2016; Han et al Cell Chem Biol 2017; Hung et al Elife 2017 

e.g. cytosolic proteins 
close to mito

IMS-APEX Cytosolic 
APEX

Neg 
ctrl



Limitations of ratiometric approach
Ratiometric approach (filtering by target vs. reference) may result in 
exclusion of dual-localized proteins, reducing coverage/sensitivity.

IMS-APEX Cytosolic APEX

Example of an IMS protein that is 
filtered out by ratiometric approach

m/z

Such proteins will pass cutoff 1, but not cutoff 2.

TM
T 

in
te

ns
ity

a dual-localized protein
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Determining sensitivity of proteomic datasets 
• The sensitivity of a dataset is defined as the fraction of true positive 

proteins recovered



Determining sensitivity of proteomic datasets 
• The sensitivity of a dataset is defined as the fraction of true positive 

proteins recovered

Sensitivity=# true posi6ve proteins detected
# total true posi6ve proteins



Rhee et al. Science, 2013.

Sensitivity analysis of mito matrix proteome (APEX)

• Compare list of detected proteins to groups of 
well-known mitochondrial matrix proteins



Rhee et al. Science, 2013.

Sensitivity analysis of mito matrix proteome (APEX)

• Compare list of detected proteins to groups of 
well-known mitochondrial matrix proteins



Determining specificity of proteomic datasets 
• The specificity of a dataset is a measure of how well the proteomic hits 

align with target localization/functions

Specificity=# of proteins in the final list with prior annotation# total proteins in the final list



Determining specificity of proteomic datasets 
• The specificity of a dataset is a measure of how well the proteomic hits 

align with target localization/functions

• Based on previous literature
• Based on previous annotations/databases
• Gene ontology analyses
• Clustering analyses

This generally represents a lower bound and the uncharacterized hits are 
potentially new biological discoveries.

Specificity=# of proteins in the final list with prior annotation# total proteins in the final list



Gene ontology analyses 

• Can search single genes or lists of genes simultaneously
• GO terms can be distinguished by biological process, molecular function, or 

cellular component
• GO terms can be sorted by species

www.geneontology.org



Rhee et al. Science, 2013.

Specificity analysis of mito matrix proteome (APEX)

• APEX-generated proteome is highly 
specific for mitochondrial matrix 
proteins



Mitochondrial matrix

Mitochondrial 
outer membrane

Mitochondrial 
intermembrane

space

• 495 proteins
• >95% specificity
• 85% coverage

• 127 proteins
• >94% specificity
• 65% coverage

• 137 proteins
• >84% specificity
• 53% coverage

• 37 proteins
• >81% specificity
• 62% coverage

Rhee et al. Science 2013

Hung et al. 
Molecular Cell
2014

Hung et al. eLife 2017

Han et al. Cell Chemical 
Biology 2017

ER lumen • 338 proteins
• >98% specificity
• 63% coverage

ER membrane
• 634 proteins
• >89% specificity
• 44% coverage
Hung et al. eLife 2017

Mitochondrial 
nucleoid (mtDNA)

APEX organelle proteome sensitivity and specificity



Cytoscape is a useful tool for simple clustering 

www.cytoscape.org

• Tool for data integration, analysis, and visualization
• Markov clustering using protein-protein interaction scores from the STRING 

(search tool for the retrieval of interacting genes/proteins) database



Cho et al. PNAS, 2020.

• Split-TurboID is targeted to the endoplasmic reticulum 
and outer mitochondrial membranes

• Reconstitution occurs specifically at organelle contact 
sites

Clustering proteomic hits reveals different functions



Cho et al. PNAS, 2020.

• Clustering followed 
by GO term analysis 
shows both 
previously known 
and unknown 
functions of ER-mito
contact sites

Clustering proteomic hits reveals different functions



Clustering proteomic hits reveals different functions

• HRP for cell surface labeling of olfactory projection 
neurons in fly brains (performed in both developing 
pupae and adults)

• BxxP is a membrane impermeant substrate for 
proximity labeling

Li*, Han* et al. Cell, 2020.



Clustering proteomic hits reveals different functions

Li*, Han* et al. Cell, 2020.

• TMT-based quantification of 
proteomic hits shows changes in 
projection neuron cell surface 
proteomes in development and 
maturation 
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Validation of proteomic hits

• After specificity analysis, you will get a list of proteomic hits without prior 
annotations.
Novel hits v.s. false positives?



Validation of proteomic hits

• After specificity analysis, you will get a list of proteomic hits without prior 
annotations.
Novel hits v.s. false positives?

• Use orthogonal strategies for validation.
For subcellular proteome mapping:  Imaging, biochemical purification…
For interactome mapping: IP,  proximity ligation assay…



Validation of proteomic hits

• After specificity analysis, you will get a list of proteomic hits without prior 
annotations.
Novel hits v.s. false positives?

• Use orthogonal strategies for validation.
For subcellular proteome mapping:  Imaging, biochemical purification…
For interactome mapping: IP,  proximity ligation assay…

• The selection of hits for validation could be guided by the availability of 
commercial antibodies and transgenes for recombinant expression.



Proteomic analysis of synaptic clefts

Loh et al. Cell 2016

33 proteins with no previous literature 
assigning them to synapses

14 proteins selected for validation



Validation of new synaptic proteins 

Fluorescence imaging

Purification of synaptosomes



Validation of new synaptic proteins 

• 10 hits with positive validation.

• 2 hits were inconclusive.
(non-specific antibody for Notch3 and HRP  tag 
disruption of surface trafficking for Matn2)

• 2 hits with negative results.



Validation of novel proteins at mito-ER contact sites

Fluorescence imaging

Purification of mitochondria-associated 
membranes

Cho et al. PNAS 2020



Functional validation

Li*, Han* et al. Cell, 2020.



Summary: proximity labeling data analysis
• The ratiometric approach can produce highly specific 

proteomes using proper spatial specificity controls
• True positive and negative lists should be generated based 

on prior knowledge of the proteome of interest
• Sensitivity and specificity analyses can inform on the quality 

of the proteome
• Novl proteomic hits can be validated (imaging, western blots, 

functional assays, etc.) for making new biological discoveries.
• Useful PL protocol resources: Hung et al. Nature Protocols 

2016 and Cho et al. Nature Protocols 2020





• Compilation of proteomic 
mapping data of subcellular 
compartments from 
previous Ting lab studies



Supplementary tables in Cho et al. Nature Protocols 2020 contain 
aggregated proteomic data from previous Ting lab studies

Compartments:
• Mito matrix
• Mito IMS
• Mito nucleoid
• ER membrane
• Outer mito

membrane
• ER-mito contacts
• Nucleus
• Synaptic cleft
• Cytosol



Supplementary tables in Cho et al. Nature Protocols 2020 contain 
aggregated proteomic data from previous Ting lab studies

• Corresponding 
ratios (SILAC, 
TMT, etc.) are 
listed for the 
proteins that 
were detected in 
the indicated 
study



Supplementary tables in Cho et al. Nature Protocols 2020 contain 
aggregated proteomic data from previous Ting lab studies

Identifiers 1st compartment
detected 

2nd compartment
detected 

3rd compartment
detected …

• In the 2nd spreadsheet, you can search by protein name and see 
whether we have detected it before, and if so, in which cellular 
compartment; references to the first sheet for specific data



Supplementary tables in Cho et al. Nature Protocols 2020 contain 
aggregated proteomic data from previous Ting lab studies

• In the 2nd spreadsheet, you can search by protein name and see 
whether we have detected it before, and if so, in which cellular 
compartment; references to the first sheet for specific data

Identifiers 1st compartment
detected 

2nd compartment
detected 

3rd compartment
detected …
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