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TRamWAYy: probabilistic pipelines
approaches to single biomolecule
dynamics

Decision and Bayesian Computation
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3 research axis of the lab

Probing cells with
Random Walks

Deciding in complex
environments

Data visualization and
treatment in Virtual Reality

Al and Physics 2019



High-Density Single-Particle Tracking

Ner cord cells
BLWT-TMD-Dendra2 (red)

33 FPS (1x)

Photoconvertible !
Fluorescent Protein

Evanescent
lllumination

Coverglass
Oil

Oil-lImmersion Objective

To probe cellular
processes
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Biology
« Dynamics dominated by noise
* Heterogeneity in space, time at all scales

« Heterogeneity in state: phosphorilation, methylation
conformation

« Unknown number of interacting partners

 Single molecule experiments are single cell
experiments

Al and Physics 2019



Analysis: probabilistic pipelines

« 3 steps
 Localization
 Tracking
« Estimating

« Cumulative errors

* Probabilistic pipelines
« Exploratory analysis
* Robustness vs optimality

« Computation complexity

Al and Physics 2019



Probabillistic Pipeline: TRamWAy

https://github.com/DecBayComp/TRamW,

Neural Network Variational Autoencoder
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D. P. Kingma et al, arXiv. 2013.

W Ouyang et al, Nat Biotech 2018!1. Mezar Cherktkov et al, PNAS , C. Vestergaard et al (In Preparati



Deconvolving with Neural Nework
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Learning on numerically generated data

Aiming for robustness
» Trained on noise free data
 Increase noise in second training

Reconstitute Gaussians in High dimension
From high dimension Gaussians to Pixels position

0 5 10 15

F12

10

r0g

00

=)

O f—
100
200

300

400

500

600

700

800
0 200 400 600 800

« Efficient in small sliding window
* Needs efficient space sampling
« Trained on full size image (ongoing)
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Shi et al, arXiv:1609.05158v2 201
W Ouyang et al, Nat Biotech 2018
Nehme et al, optica 2018
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Non Tracking: Sum over ghost graphs

Calculating the marginal likelihood with photoswitching

Maximize marginalized likelihood:

SUM OVer nygr ~
probability for nqg

molecules to disappear

L(Gll‘l, l'z) = Z Z p(l'1, Iy, §|noff: 0) p(noff) .

™ Noff S
likelihood ° probability of
matching given n

Map to graph matching problems:

Frame 1 Frame 2
@
o
o &
PY &

Measured positions

Use Belief Propagation to marginalize each graph in O(N?) time
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Non-Tracking: BP on all the Graphs

Approximating the likelihood using Belief Propagation

P.#=0.1 P.#=0.25 P.+=0.33
6 6 6
5 — True 5 — True 5 — True
m— VPA = VPA = V|PA
4 BP 4 - BP 4 BP
Q. = Q5
Q> Q> Q>
2 A 2 - 2 4
0 —rrm L EEEE L 0 T 1 0 —rrmm === =t
0.004 0.04 0.4 0.004 0.04 0.4 0.004 0.04 0.4
4DAtp 4DAtp 4DAtp

Equivalent to sending messages between images

Messages:

Y =—In E pul("'J o

3'#3

7' =—In p-:-(""l'." - g
“Z#' ] Z,: 111 (; put 1 )
(s
j i

Bethe free energy:

}"B — +Z]“(1 +pu(),'a.r‘+hlén)
ij

Parallel implementation
Chertkov et al., PNAS (2010)
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Temporal evolution of diffusive trap
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M. El Beheiry et al, InferenceMAP. Nat. Methods 12, 594, (2015)



The Bayesian Framework

Posterior IE;ke%Ijho(c}d ]E rigr
Bayes’ [P(U|T)]:[ ( IL(Z)J[) (U)

Law _
Evidence

Bayes’ Law [P(U | T)] OC[P(T | U)][P(U)]

For Inference

¥ A
Physical \ 7 7 Physical Beforeha .
Parameters: ‘ \ Model nd » Smoothin
b~ Knowledg J
e

Maximum a posteriori (MAP)

UMAY — arg max P(T | U)P(U)

Posterior

Masson, et al., Biophysical
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Meshes
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* Multiple scales
« Multiple conditions on number of points and neighbors domain
* Multiple time scales
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Heterogenous Langevin Equation

2_?=Dt(?)-f(?)+)LVD (’7)-+J2Dt(7)5(f)

e Likelihood of the model is the local solution of the
Fokker-Planck
oP(r.t|r.ty)

- v. (ft(f)+ NDt(r)jP(r,t\ro’to) +V-[Dt(r)VP(r,t\r0,to)J

ot g (r)

* Prior P<D<f>,v<f>>o<exp(—uff Vo) =y ff Vv (P d'r

* Optimize (A,p) at the full dataset scale

JBM etal. PNAS, 2013. Al and Physics 2019 M. Sarris, JBM et al. Curr. Biol , 201



3 Interpretations

e Statistics

* Low dimensional representation of the dynamics
« Statistics of value encode partial information of the undergoing process
 Statistical test between conditions

* Physics
» Physical meaning of the underlying process
* Physical assumptions in the model
« Generative model: predicting other properties

* Empirical
« Test numerous models
« Sample all parameters and feature to search for information

Al and Physics 2019 14 I



Mapping as a Readout to Biomolecules

Specific
Binding -
Site

CRISPR-Cas9 genome interrogation
Knight, et al., Science, 2015

Molecular Mechanisms of Cell
Remorino, et al., Cell refMatilzty 7

Masson, et al., Biophysical Journal, 2014

Scaffold Proteins

+—

(@)
©, © Membrane ®
Receptors

Receptor-Scaffold Interactions

Floderer et al, Sci. rep . 2018

/‘A

Structural
Proteins

Assembly Budding

Dynamics of Virion Assembly

Al and Physics 2019

15



Virion formation: Gag dynamics

 How are single viral proteins recruited to virus budding
sites once at the cell plasma membrane?

» PALM nanoscopy on Gac . ¢«

» Time evolving dynamics |

» 20 minutes recording

* First use of TramWAYy

Ao

v Cellular Factors 31 V
= Sl in HIV-1 Assembly ./ @
i . \ "]3.\‘
and Budding Budding" oA

Jaisri Lin8appa
Lab, University
of Washington

Al and Physics 2019 16



Gag as the VLP assembles

M. El Beheiry et al, Nat. Methods (2015)



Finding Area of Interest: Bayesian
Evidence

 Original Problem: Ito-Stratonovitch dilemma and Bayesian
Inference
. f(7)

dr = y(?)

+ AVD(F \/21)

« Statistical test : Bayes factor = Ratio of Bayesian
Evidence

 Null Model : randc - 1 k(d)

1
 Active interactions dfo dA [V + 1% (8 — Asp)?
B™ =n —(d)

1
_ dA — Asp)?
Cop = BAL/VV V=YD [Ari—Arf/n

A. Serov et al ArXiv:1903:0304

Al and Physics 2019 18



Finding Areas of interest: Bayesian factor

Detected directional drift: Thresholded Bayes factor:

A. Serov et al (J. Chem. Pl

Al and Physics 2019



Evolving maps as the VLP assembles:
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Modifying Gag
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Conclusion: TRamWAYy

 Probabillistic approach to single molecule biology
 Incorporating all Sources of noises
« Automating biological activity detection
* Probing the underlying physical process
» Supervised/unsupervised analysis of random walks
« Computation adapted to scale

* Releases:

» Stable release accessible : pip install --user tramway

« Documentation : https://tramway.readthedocs.io/en/latest/

. DeveIO}o (no msuranceB)

https /llgit ub com/DecBayComp/TRamWAYy

Non-tracking (MAP): ~Mars-April 2019
Non-Tracking (BP): ~Summer 2019 |
Unsupervised all Random Walk: ~Summer 2019
Unsupervised along time: ~Autumn 2019 < \
Stable Image Deconvolution: ~Winter 2019
Julp—yter notebooks on githiih: ~Summer 2019

=N PSL % R BB XilescFrance /ORPCI:N ) GILEAD
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Decision and Bayesian Computation
Physicists

Software engineers

Ay (S
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Receptor-Scaffold Interactions

Glycine
Receptors
(€%

Gephyrin

* Bottleneck of Neural Information Processing
» Scale ~100nm (lateral) + Perisynaptic (200-300nm)

* Dynamics

Al and Physics 2019



Structures — Dynamics — Functions

Diffusion Map [um?.s™!] Potential Map [kgT]
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Masson, et al., Biophysical Journal, 2014 Al and Physics 2019

M. El Beheiry et al, Nat. Methods (2015)



Structures — Dynamics — Functions
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Generative Model: Simulation in The

 Fokker Planck

Maps
Master Equation

« Masters Equations

dP-- (t) o O —
(.]) — —
#— A WoenRen()- @ WepwRin®) &
(it YIN(,j) (i" )TN, j)
D) ATEG ) (.31 =
Waipd) = =75 exp( 27 (#",3') Do *

« Multi-scale Spa

« Time to wait

e Site to chose, k,

ce Structure

iIog{% I, _[O..l]

da,£ra<8a, 1, =[0.1]
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Few Results

In the synapses
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Non-Tracking: BP on all the Graphs

Approximating the likelihood using Belief Propagation

Likelihood as a factor graph:

L(f|ry,r9) x Z p(s,rq, l‘gl()]

(s, ry,1r200) =

Ci(5:) =46 (Z Sij, 1)
J

H( ls,iH( g, ]1_[])’}J

Corresponding factor graph
for two particles

Equivalent to sending messages between images

Chertkov et al., PNAS (2010)

Messages:

I
Y =—In E Dij e

3'#3

!
h’7' = —1In E p,-:jrh

i’ #i

Parallel implementation

Belief propagation sends
messages between nodes
to update their beliefs.

Iterate until convergence.

Takes 0(N?) operations.

Bethe free energy:

Fhi = +z In (1 +1>u("m'r*”jm)

i,j

B
(zme)

—Zln
3

h*™3
bij€
i
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SPT Microscopy Methods

sptPALM
Stochastic activation (photo-activatible proteins)
Short trajectories

Transfected fluorescent proteins

TIRF

“+. . Microscope objective

A .
Reflected light Incident light

S. Manley, et al. “High-density mapping of single-molecule trajectories
with photoactivated localization microscopy,” Nature Methods 5 (2), 155—
157 (2008)

UPAINT

Stochastic binding (fluorescent ligands)
Long trajectories

Membrane-limited
Nanobody-compatible

B Target protein
* Fluorescent ligand

ﬁ Non fluorescent ligand

Microscope objectlvq
Dimensions and

angles are nof to scale

Off axis excitation beam

G. Giannone, et al. “Dynamic Superresolution Imaging of Endogenous
Proteins on Living Cells at Ultra-High Density,” Biophysical Journal 99,
1303-1310 (2010).
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Multi-Plane Microscopy
3D High-Density Single-Particle Tracking

Perspectives

- o oo
e
5 g
el

20 nim beads in nucleoplasm of U20S Cell

Localisation Density

T Multifocus microscopy achieves a
l workable balance for 3D parameter
Probing Depth mapping

Bassam Hajj
Institut Curie
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InferenceMAP

Tailored for Big Data Nuclear Protein Diffusion

Transmembrane Protein Diffusion
in Neurons

Calculation Flexibility

J. Liu, Janelia Research Campus

P Knight et al, Science 350, 6262 p823 (2015)

Membrane Protein
Interaction Energy

P. Dionne, Ecole Normale Supérieure

Rac; dynamics

0.35

0.3
'_'9.5 Boos -
£ Nu
=5 - {02 ¢
s : InferenceMAP
;% - 10.15 E
T g Pl %
i 0.05
o B M. E| Beheiry et al, InferenceMAP. Nat. Methods 12, 594, (2015)
Position-[p m] - Energy of Virion
; ; . Formation M. El Beheiry, Institut
A. Remorino, Insitut Curie Adaptive Multi-Scale A

Membrane Confinement Zones Meshing 80K

User-Friendly Interface

BN Physics 2019

S. Tiirkcan, Ecole Polytechnique C. Floderer, CNRS CPBS



INSERM workshop 250

Intracellular dynamics of molecules:
analysis and models

=

|

Phase 1 : workshop June 24-26, 2019 — Bordeaux

Phase Il : practical July 1-4, 2019 — Lyon

Information and Registration: ateliers@inserm.fr
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