The Exchange Dynamics of Biomolecular Condensates
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Research overview: biophysical modeling of living systems

Condensate physical properties Condensate interacting with environment




Introduction: Biomolecular condensates are highly dynamic
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https://animationlab.utah.edu/phase-separation



Biological motivation: Condensate dynamics is crucial for function
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Theoretical motivation:

Classical theories often assume diffusion-limited processes, which may not be true
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Outline:

* Problem of interest:
The exchange dynamics of biomolecular condensates
e Part I: FRAP experiment (LAF-1 protein condensates)
Theory for exchange dynamics
CG simulations
Conclusion
 Part II: Modified theory for exchange dynamics, a new mode of exchange
FRAP experiment (DNA nanostar condensates)
Conclusion



Guiding question:

e How long does it take for a droplet to refresh its material by exchanging
with the dilute phase?

dilute phase
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droplet



Experimental methods to probe the exchange dynamics

* Fluorescence recovery after photobleaching (FRAP)
Bleach the entire droplet
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bleach materia exchange recovery
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What controls the timescale of recovery?
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Part |. Theory for FRAP exchange (v1)

Time evolution of bleached population:
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A surprising result from a FRAP experiment

FRAP recovery snapshots of a LAF-1 droplet
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Interface resistance? How to approach it?



Theory for whole droplet FRAP recovery (v2)

Time evolution of bleached population:
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Application to FRAP experiment on a LAF-1 droplet

FRAP recovery snapshots
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Physical intuitions on what makes a large interface resistance
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Can “bouncing” at the droplet interface potentially lead to a large
interface resistance?

Dynamics of a single RNA molecule recruited into a droplet of (CAG),
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Sticker-spacer model setup

Interaction potentials:
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Extracting parameters from simulation
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FRAP recovery of A6B6 droplet is limited by interface flux
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Scaling laws for the FRAP recovery time
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What controls the interface resistance?
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Bouncing at the interface can lead to a large interface resistance

Bouncing
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Binding energy dependence of interface resistance
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Sequence dependence of interface resistance
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A quick summary of Part |

* Exchange time
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 “bouncing” at the droplet interface can lead to a large interface
resistance
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Open questions

Simulation vs experiment (LAF-1)

k = 0.2 um/svs 10~* um/s
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Can electrostatic repulsion give rise to a barrier?
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Part II: Motivations for a modified physical picture

e Evidence from simulation * Evidence from experiment:
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A modified physical picture of dynamics in condensates

low mobility
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i high mobility
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A modified continuum model for condensate exchange dynamics

Zhang lab @ JHU

low mobility
(species 1)

I high mobility
—TY (species 2)
~ A
ko—1
. k1—>2
Ross Kliegman
i eq 7
dcy(r, 1) _ v- b, <V61 () — ¢ () VCelq (7”)> + k[c; i) (r,t) — ¢, (1) ey (1, )]
ot | ¢y (1) /]
_ €q T
5026(:, 2 V- |Dy(r) (ch (r,t) — (1, t) Vcezq (7”)) — kle (Mea(r, 1) = ¢ ()er ()]
_ c, (r)/
\ o\ '
Y |

Diffusion Reaction



Dissecting rate-limiting steps in condensate exchange dynamics
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Case 1: Dilute-phase diffusion-limited recovery
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Case 2: Interface flux-limited recovery
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Case 3: Species 1 dense-phase diffusion-limited recovery
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Case 4: Species 2 dense-phase diffusion-limited recovery
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Case 5: Conversion-limited recovery
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Distinct patterns for the FRAP recovery in different limits

Dense phase diffusion limited

t=20 t=0.57 t=r1 t =27 equilibrium

Dilute phase diffusion limited, interface resistance, conversion limited

t=0 t=0.57 t=r t =27 equilibrium



FRAP recovery timescale in the modified theory
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ldentify the rate limiting step in FRAP recovery of nanostar droplet
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ldentify the rate limiting step in FRAP recovery of nanostar droplet
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Summary of Part Il

A modified theory for exchange dynamics
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 Condensate exchange dynamics can be conversion limited

* Discussion about relevance of the conversion limited exchange dynamics
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