Why do we want/need spatial control of signaling?
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Dissecting cellular circuits

Tuesday, May 18, 2010



Dissecting cellular circuits: Perturbation
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Dissecting cellular circuits: Measurement
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Dissecting cellular circuits: Measurement
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Dissecting cellular circuits: Measurement
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Dissecting cellular circuits: Measurement

Would like te generate inputs withr spatial- ana temporal control.
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Want to couple light to signaling, not just fluorescence
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la. Uncaging small molecules with light
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Figure 1. In photolysis of caged compounds, illustrated here by a metaphor and an example,

the absorption of a photon leads to the opening of a 'cage’, which liberates the trapped bioactive species.
In the neurosciences, photolysis is used to rapidly deliver neurotransmitters such as glutamate, shown here being liberated from 4-methoxy-7-nitroindolinyl

(MNI)-glutamate by the absorption of a UV photon. PMID: 16278648

engineering challenge, not reversible, not genetically encoded
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Rapid multipoint control of neuronal signaling
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This system uses TeO(2) acousto-optical deflectors to steer an ultraviolet beam rapidly and can uncage at over 20,000 locations per second. The uncaging beam is projected into the focal
plane of a two-photon microscope, allowing combined patterned uncaging with imaging and electrophysiology.

Nat Methods. 2005 Nov;2(11):837-43.

Rapid neurotransmitter uncaging in spatially defined patterns.
Shoham S, O'Connor DH, Sarkisov DV, Wang SS.
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Current summation

In a pyramidal neuron
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1b. Uncaging proteins with light

UV light
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Without control of the off state, diffusion of the activated
species limits spatial and temporal control
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Caging a phosphoresponsive protein
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Cofilin promotes actin polymerization and defines the direction of cell motility.
Ghosh M, Song X, Mouneimne G, Sidani M, Lawrence DS, Condeelis JS.
Science. 2004 Apr 30;304(5671):743-6.
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How to visualize the spatial/temporal dynamics of uncaging?

mcq-enmeem mNHCOCH3
hv + BIOAGEN
- opNHCOCH, v N0
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. Reversible Iight control via photoisomerization
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Reversible, engineering chaﬂenge, not geneticaﬂy encoded, not cell permeable
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Cell-specific expression of azobenzene-regulated glutamate
receptor can be used to dissect neuronal circuits

Greenlilltimination
(00nm)

sacoff Lab, PMID: 19759620
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Can use light for spatial and temporal control within subset
of cells expressing light-gated protein
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3. Borrowing naturally light responsive signaling molecules
using their normal signaling function (primarily ion fluxes)

L

Zhang, et al: http://www.nature.com/nature/journal/v446/n71 natur 744 html
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Molecular and cellular approaches for diversifying and extending optogenetics.

Gradinaru V, Zhang F, Ramakrishnan C, Mattis J, Prakash R, Diester |, Goshen |, Thompson KR, Deisseroth K.
Cell. 2010 Apr 2;141(1):154-65. Epub 2010 Mar 18.
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Controlling animal behavior with optogenetics
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. Science. 2009 May 22;324(5930):1080-4. Epub 2009 Apr 23.
Phasic firing in dopaminergic neurons is sufficient for behavioral conditioning.

Tsai HC, Zhang F, Adamantidis A, Stuber GD, Bonci A, de Lecea L, Deisseroth K.
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4a. Adapting light-responsive proteins to new functions-- GPCRs
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Deisseroth Lab-- OptoXRs
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Can drive positional learning with these optogenetic tools
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== Day 1: pre-stimulation baseline

== Day 2: optical stimulation 0.5
when exploring right side

== Day 3: post-stimulation test
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4b. Adapting light responsive proteins for allosteric control- LOV

7 Allosteric control of normally
Efetor B non-light responsive protein
+ fully genetically encoded
S *engineering challenge
Ta *light only drives ON state
*can't directly visualize switch
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4c. Light-gated proteln dlmerlzatlon module from plants-- Phy/PIF

Anselm Levskaya

Chris Voigt

Light sensing pigment

PMID: 19749742 \Wendell Lim
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Borrowing a light- regulated proteln mteractlon module from plants

When it senses .
| light, protein phyA
. | changesshape

FHY1, FHL bind
with phy A and help
bring it into nucleus

1 -Once in nucleus, phyA triggers
| plant’s light responses such as
| seed germination, flowering, etc.

Peter Quail Lab, Lagarias, others
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Borrowing a light- regulated proteln mteractlon module from plants

When it senses
| light,protein phyg
.| changesshap

FHY1, FHL bind
with phy A and help
bring it into nucleus

1 -Once in nucleus, phyA triggers
| plant’s light responses such as
| seed germination, flowering, etc.

Peter Quail Lab, Lagarias, others
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Building a light-gated membrane translocation system
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+ Genetically encoded

+ Can drive on and off with light

+ Highly modular, generalizable

- Requires exogenous chromophore
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Light can direct proteins on and off the membrane in secs.

OFF to ON ON to OFF
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The interaction Is robust

Os _ a YFP
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Light gives micron-level control of protein localization

GFP APBpifs

PhyBgyos A~ ImCherry K
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Signaling & Morphology Control
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Can control signaling by controlling localization
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We reasoned that using an analagous approach with light system
would give us greater spatial and temporal control of signaling pathways.
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Can pattern dorsal ruffling by local Rac GEF recruitment
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System is general-- also works for controlling contraction
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Tools for in vivo biochemistry
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Leibler
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SUMMARY

1. chemical/protein uncaging
engineering challenge, not reversible, not genetically encoded

2. azobenzene-- engineering challenge, not genetically encoded but is light reversible,
usually requires agonist or antagonist against signaling molecule of interest

3. Genetically encoded, naturally light responsive proteins
channel/ halorhodopsin --

borrow existing signaling function-- specific currency

aMosnesssssns’ 0 Teeew.

OO OO O X

4. Adapting light responsive proteins to new functions

a. OptoXR-- specific currency m Extracelui

b. LOV proteins (not reversible)-- Bingite o PR gpan
allosteric control, completely genetically encoded, engineering challenge — £B Q

C. plant phytochromes-- reversible, geneticaﬂy encoded (but requires exogenous chromophore).

can drive in both directions with light, modular/general.
. yip—"
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How to deliver the light”?

‘ \ DMDs, galvos




Spatial Light Modulator in back focal plane for holographic control of light
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