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The Holy Grail:

|dentifying Effective and Safe Therapies

* Small molecule drugs

* Main challenge: identification of molecular targets underlying drug
therapeutic effects

* and/or adverse side effects



Global Investigation of Protein-ligand Interactions

Affinity-based target identification techniques

Drug affinity responsive target stability (DARTS)

Limited proteolysis mass spectrometry

Thermal proteome profiling (TPP)t



Global Investigation of Protein-ligand Interactions

» Affinity-based target identification techniques
* Limited by necessity to modify each drug individually (without losing bioactivity)



Global Investigation of Protein-ligand Interactions
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Global Investigation of Protein-ligand Interactions

* Thermal proteome profiling (TPP)



Thermal Proteome Profiling (TPP) - Paper 1
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Thermal Proteome Profiling — Workflow

Extraction: PBS

Reporterion
Digestion: intensities
trypsin Analyzed by used to fit a

Cells cultured Each condition
under -> cells divided
differential into 10

Briefliy heated
to a different _
temperature Labeling: LC-MS/MS melting curve
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Differences Between Cells and Extract

K562 cells (human, suspension, chronic
myeloid leukemia)

Quantitative thermal stability data for 5299

proteins across 10 different temperatures

2 exp setting: heating of intact cells or cell
extracts

* |In both: weak but significant anticorr
of thermal stability with molecular
weight -> smaller proteins tend to be
more stable

|:> 1st description of a melting proteome «meltome»
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Differences Between Cells and Extract

ﬁ soluble fraction relative to 37°C in intact cells at soluble fraction relative to 40°C in cell extract at
: e 1 41° 44° 47° 50° 53° 58° 59° 63° B7°  43° 48" 49° 52° 55° 58° B1° 64° @7°
e 3204 proteins robustly quantified in both :
cells and cell extracts
* Hierarchical cluster analysis of the
temperature-dependent relative protein

concentrations

Observed:
* Group 1) Increased stability at 50°C and
pronounced decrease at 56°C
* Group 2) Increase at 63°C
* Due toinitial solubilization followed
by aggregation at higher temp

|:> GO analysis
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Gene Ontology Analvis in Intact Cells:

soluble fraction relative to
37°Cin intact cellsat
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Melting Point Determination For Each Protein

Passing quality control criteria
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Greater Thermal Stability in Cell Extract
Compared to Intact Cells

Average of 2.7°C higher T_ values in cell
extract compared with intact cells.

Disruption of the cellular context
heterogeneously affects protein stability

Cellular context should have a stabilizing
effect because -> molecular crowding.
But results are contrary.

Prev studies showed: phosphoglycerate
kinase more stable in intact cell.

Hypothesis: Phosphoglycerate kinase
stabilization could also be explained by
binding of endogenous co-substrate ATP
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Greater Thermal Stability in Cell Extract
Compared to Intact Cells

Cellular context should have a stabilizing
effect because -> molecular crowding.
But results are contrary.

Prev studies showed: phosphoglycerate
kinase more stable in intact cell.

Hypothesis: Phosphoglycerate kinase
stabilization could also be explained by
binding of endogenous co-substrate ATP

Then extraction might cause dissociation
and show lower T |
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Or Does Cellular Context F

Thermal Stability? — ATP-Binders

Analysis of T_ values of 440 annotated
ATP binders ->

higher T (increased stability) in intact
cells when compared with all other
proteins

ave an Impact on
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ATP-Binders Are Stabilized in Cell Extract

With the addition of MgATP C
0.3
Analysis of Tm values of 440 annotated . 0.2-
ATP binders -> higher T, in intact cells 2
compared to cell extract 0.1
0.0

K562 cell extract supplemented with
MgATP (2mM) -> only ATP binders show
trend towards higher T _

Another Experiment with DNA — binders
(p53 and cognate DNA) ->

AT
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DNA-Binders Are Stabilized Upon Ligand Binding

When supplemented with MgATP -> only
ATP binders show trend towards higher
T

m

Another Experiment with DNA — binders
(p53 and cognate DNA) -> same results
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Proof of Principle — Kinase Inhibitors

* Test: promiscuous kinase inhibitors with a known spectrum of targets:
and

» K562 cell extract treated with staurosporine or vehicle

* Shallow slope -> less reproducibility

* Because deviations in MS analysis will have bigger effects
onT,

* 92% of detected proteins yielded sufficiently steep slopes

slope (absolute value)

T _difference (°C} n
{vehicle replicate 1 - vehicle replicate 2)



Proof of Principle — Kinase Inhibitors

* Test: promiscuous kinase inhibitors with a known spectrum of targets:

and

» K562 cell extract treated with staurosporine or vehicle

slope (absolute value)
o
[\

2 10 0 10 S

T difference (°C}
{vehicle replicate 1 - vehicle replicate 2}

T, difference {°C)
(staurosporine - vehicle) replicate 2

204

T difference (°C)
{staurosporine - vehicle) replicate 1

Most affected proteins show positive shift
Some: destabilization (protein kinase C family)



slope (absolute value)

Proof of Principle — Kinase Inhibitors

e Test: promiscuous kinase inhibitors with a known spectrum of targets:
and

* K562 cell extract treated with staurosporine or vehicle

e Comparison to previous study using chemoproteomics “kinobeads” profiling
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Proof of Principle — Kinase Inhibitor Promiscuity

* Thermal shifts identified for proteins other than kinases

» coproporphyrinogen- 1l oxidase and ferrochelatase (FECH) (2/8 enzymes in heme biosynthesis pathway)
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Proof of Principle — Kinase Inhibitor Promiscuity

* Thermal shifts identified for proteins other than kinases

» coproporphyrinogen- Il oxidase and ferrochelatase (FECH) (2/8 enzymes in heme biosynthesis pathway)

* Regulatory components of other kinase complexes -> eg protein kinase A (PKA) complex
* Inhibition by staurosporine appeared to stabilize the catalytic subunit but destabilize the regulatory subunit.

Subunit:

cAMP causes
dissociation of reg
from cat subunit

Suggests: Catalytic
subunit released
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Correlation Between Ligand Affinity and

Thermal Shift

Comparing Staurosporine with
divergent promiscuous kinase inhibitor

Identified 13 common targets

For these targets: both compounds showed similar T shifts

-> suggesting that for a given protein, the T _ shift at saturating
ligand concentrations is dependent on the intrinsic affinity of

the ligand.
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Isothermal Dose-Response (ITDR)

* |TDRis generated at a defined temperature, over a range of compound concentrations
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Testing Known Drugs For Affinity to Targets

» Deficiency in FECH and results in high tissue levels of protoporphyrins
* Vemurafenib (melanoma drug) often causes photosensitivity and increased levels of protoporphyrins ->
* Profiling identifies known target BRAF and also FECH

* Alectinib -> anaplastic lymphoma kinase (ALK) inhibitor (non-small lung cancer) -> also causes photosensitivity
* FECH affected most potently by alectinib, then vemurafenib and not by crizotinib
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l[dentifying Induced Tm Shifts in Downstream Proteins

* Hypothesis:

Cell extract -> no downsream effects

can be detected

Intact cells -> active signalling takes

place -> downstream signalling
could be detected
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Drug Concentration Dependance of Effektors

* ITDR profiles at 3 temperatures
* Half maximal reponse of CRKL marker was between 1.5 and 3.2 nM (agrees with known potency for inhibiting cell growth)

, intact cells
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Positives and Drawbacks — TPP

Positive

Identification of off-targets
Identification of direct targets and their effectors
Dose dependency of targets and their effectors

Possible identification of post-translational
modifications, fusion proteins, splice variants
(typically undersamples in MS-based proteomics)

bound ligands, cofactors, metabolites, drugs

Can provide general view of proteomic state or
proteotype

Avoiding the design of affinity-tagged chemical
probes

Hypothesis Free target engagement studies
Within constraints: mechanism of action studies

Drawback

* False negative: Some ligands don’t provide a t
shift, therefore identification of all targets is not
guaranteed (dasatinib —BCR, Savitski et al)

e Thermal profiling will missdproteins owing to
insufficient abundance and/or solubility or the
absence of a significant ligand effect.

* Application not developed in adherent cell systems
yet

* No detection of membrane proteins



Positives and Drawbacks — TPP

Positive Drawback

 |dentification of off-targets * False negative: Some ligands don’t provide a t
L : : shift, therefore identification of all targets is not

* lIdentification of direct targets and their effectors guaranteed (dasatinib —BCR, Savitski et al)

* Dose dependency of targets and their effectors e Thermal profiling will miss proteins owing to

insufficient abundance and/or solubility or the

e Possible identification of post-translational uvNUq .
b absence of a significant ligand effect.

modifications, fusion proteins, splice variants

(typically undersamples in MS-based proteomics)  Application not developed in adherent cell systems
* bound ligands, cofactors, metabolites, drugs yet
 Can provide general view of proteomic state or * No detection of membrane proteins

proteotype

e Avoiding the design of affinity-tagged chemical
probes

* Hypothesis Free target engagement studies
e Within constraints: mechanism of action studies
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Cell surface thermal proteome profiling tracks
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Most Membrane Proteins are Glycosylated

(B)
transmembrane adsorbed transmembrane (A)
glycoprotein glycoprotein proteoglycan carbohydrate layer cytosol nucleus plasma membrane
[ = sugar residue ; e

carbohydrate
layer
lipid
bilayer

CYTOSOL
(Alberts, Mol Biol of the Cell 6t ed, Figure 10-25)



Cell Surface Thermal Protein Profiling (CS-TPP)
Through Enrichment of Glycosylated Proteins
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Cell Surface Thermal Protein Profiling (CS-TPP)
Through Enrichment of Glycosylated Proteins

Enrichment of Trypsinolysis
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CS-TPP Analysis Wor

Identification and quantification

kflow

Normalization

_ Replicate 2 I Replicate 3 I T'=|n|.1IT'e.|| -T':un.'-‘}ITr: P
| Protein 2: TMT #1
a9 = |
in 1: TMT #1 2| 3 g
|PrD|EII'I H ﬁ E E
Protein X: TMT #1 =l e e
v, Jempl  Tomp2 _Tempd Tempd _TempS I
I ] I T /il =
Ew : [ : :_ Treatment r:r;tjm X: combined TMT-quantification Rel fc.to Temp1l :::; Rel fc.to Temp1l
B t h | iy Temperature gradient — Ren 3 11
"
Protein X: TMT #2 1 1 c Z =
o jemp1  Temph  Temp? _Tempd ~Tempd : : g E] - =
L] ! 1 | amd/ehicie - 5 5
- 1 ] ] 1T realment = m o= T 9 ¥ 5 % 2 @l o [=]
f ' : I I § §::::f:: = 2
o ,L ! ' g g &£ B &g £ & F g
Ko, . — - -
( y T Aol KT ATuE ST Trult T ITa= STl AR SN T AT Ty Treatment/Vehicle Treatment/Vehicle
e
Data collation Melting curve reconstruction
| Protein 2 Protein 2
| Protein 1 I Protein 1
o~ Protein X Protein X
2 1.2
= collated pvalue e .0 — Vehicle
o — s . = Treatment
o
=2 0.8
3 e
2 Bos|c
2 WAL Therm.shift
[ - 042
E -— T [T} 3
= . X 02|g
] Distance score — < [
= M pvalue > 0.05 | 00 57 21 45 49 53 57 61 65 89 -
M pvalue < 0.05 Temperature (°C)
| Distance score Abundance change |
collated p value + Thermal shift




v

Data collation

v

Melting curve reconstruction
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CS-TPP Analysis Workflow - How To Read The Graphs

Collated p-value: significance of the
abundance changes

Distance score: significant abundance
changes

Cut-offs: defined by median std dev of
ratios between replicates and by max p-
value of 0.05

2 Boxes: left: significant abundance
changes, right: significant thermal shifts



Cell Surface Protein Enrichment Influence on Melting
Temperature

melting points, T,, : temperatures at which 50% of the respective protein is aggregated

b
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Cell Surface Protein Thermal Stability

e Across 4 suspension cell lines
e With regard to protein properties
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Negative correlation with molecular weight
* Smaller proteins -> more stable
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Less stable Proteins involved in:

* Signalling
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More stable:

* Transporters, solute carriers
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Comparisoon TPP With CS-TPP — Using Oubain

K562 cells treated with 1 uM ouabain (n = 3 independent experiments)
Oubain: Cardiac glycoside
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Main ouabain targets, Na*/K*-ATPase
subunits

In TPP: only alpha subunit identified



Thermal Stability Changes Can Be

Distinguished from Abundance Changes

Relative abundance
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|dentification of Direct and Additional Targets

THP-1 cells treated with 1 uM dasatinib (n = 3 independent experiments)
Dasatinib: ABL inhibitor, drug against chronic myelogenous leukemia (CML)

Melting curves for significantly stabilized dasatinib targets KIT and EPHB3
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Conventional TPP was not able to detect effects on direct targets c-KIT and DDR1



Normalized apparent stability

Isothermal Dasatinib Titration

KIT at 53.9 °C
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Halfbinding concentrations similar as in previous TPP experiments (Savitski et al)




Testing of Multiple Systems

TGF-beta signalling

Copper Transport

Cell surface remodeling upon T-cell receptor stimulation
Identification of chaperone dependencies.
Differentiation of mechanisms for receptor modulation



Internalization of Integrins Upon Target Binding

: Integrin subunit alpha V

Integrins: heterodimeric integral membrane proteins, function in cell surface adhesion and signalling
Drug targets for treatment of multiple diseases, including Crohn’s disease and ulcerative colitis

K562 cells -> presented with an ITGAV-directed monoclonal antibody -> selective internalization of ITGAV

->

ITGAV mAb
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In contrast: subunit f1
was not affected. Its
substantially higher
abundance suggests that
a large proportion of it is
not associated with the
aV subunit

b
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GPCR — Inhibitor Interferes With Endogenous Ligand

Jurkat cells

VLDL: Very low density lipoprotein
CXCL12: chemokine that binds to CXCR4
CXCR4: GPCR

IT1t: Small molecule inhibitor of CXCR4

Specific internalization of the
corresponding cell surface
receptors

But CXCR4 was not affected by
the inhibitors IT1t and WZ811

However, endogenous ligand-
induced internalization of the
target can be blocked in the
presence of the small molecule
inhibitor

20 nM endogenous ligand CXCL12
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Positives and Drawbacks — TPP / CS-TPP

Positive

Identification of off-targets
Dose dependency
Identification of direct targets and their effectors

Possible identification of post-translational
modifications, fusion proteins, splice variants
(typically under sampled in MS-based proteomics)

bound ligands, cofactors, metabolites, drugs

Can provide general view of proteomic state or
proteotype

Avoiding the design of affinity-tagged chemical
probes

Hypothesis Free target engagement studies
Within constraints: mechanism of action studies
Detection of membrane proteins

Drawback
* False negative: Some ligands don’t provide a t

shift, therefore identification of all targets is not
guaranteed (dasatinib —BCR, Savitski et al; IT1t
CXCR4, Kalxdorf et al)

Thermal profiling will missdproteins owing to
insufficient abundance and/or solubility or the
absence of a significant ligand effect.

Application in adherent cell systems not developed
yet



Thanks!



	Thermal Proteome Profiling 
	The Holy Grail: �Identifying Effective and Safe Therapies	
	 Global Investigation of Protein-ligand Interactions
	 Global Investigation of Protein-ligand Interactions
	 Global Investigation of Protein-ligand Interactions
	 Global Investigation of Protein-ligand Interactions
	Thermal Proteome Profiling (TPP) - Paper 1
	Thermal Proteome Profiling – Workflow
	Differences Between Cells and Extract
	Differences Between Cells and Extract
	Gene Ontology Analyis in Intact Cells:
	Melting Point Determination For Each Protein
	Greater Thermal Stability in Cell Extract Compared to Intact Cells
	Greater Thermal Stability in Cell Extract Compared to Intact Cells
	Or Does Cellular Context Have an Impact on Thermal Stability? – ATP-Binders
	ATP-Binders Are Stabilized in Cell Extract 
	DNA-Binders Are Stabilized Upon Ligand Binding 
	Proof of Principle – Kinase Inhibitors
	Proof of Principle – Kinase Inhibitors
	Proof of Principle – Kinase Inhibitors
	Proof of Principle – Kinase Inhibitor Promiscuity
	Proof of Principle – Kinase Inhibitor Promiscuity
	Correlation Between Ligand Affinity and Thermal Shift
	Isothermal Dose-Response (ITDR)
	Testing Known Drugs For Affinity to Targets
	Identifying Induced Tm Shifts in Downstream Proteins
	Drug Concentration Dependance of Effektors
	Positives and Drawbacks – TPP 
	Positives and Drawbacks – TPP 
	Paper 2
	Most Membrane Proteins are Glycosylated
	Cell Surface Thermal Protein Profiling (CS-TPP)�Through Enrichment of Glycosylated Proteins
	Cell Surface Thermal Protein Profiling (CS-TPP)�Through Enrichment of Glycosylated Proteins
	CS-TPP Analysis Workflow
	CS-TPP Analysis Workflow - How To Read The Graphs
	Cell Surface Protein Enrichment Influence on Melting Temperature
	Cell Surface Protein Thermal Stability 
	Comparisoon TPP With CS-TPP – Using Oubain
	Thermal Stability Changes Can Be Distinguished from Abundance Changes
	Identification of Direct and Additional Targets
	Isothermal Dasatinib Titration
	Testing of Multiple Systems
	Internalization of Integrins Upon Target Binding
	GPCR – Inhibitor Interferes With Endogenous Ligand
	Positives and Drawbacks – TPP / CS-TPP
	Foliennummer 47

