Directed Evolution of a Genetically Encoded Contrast Agent for Ultrasound
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Abstract

e Ultrasound is a noninvasive imaging modality with a penetration depth of
several cm and a spatial resolution of tens of pm.

e Recently, the first genetically encoded ultrasound contrast agents—gas
vesicles (GVs)—were developed to link ultrasound to molecular and cellular
function via heterologous expression in both commensal bacteria and
mammalian cells.

e Here, we developed a high-throughput ultrasound-based screen of GVs
expressed in bacterial colonies and used it to screen mutant libraries of
GVs, which allowed us to evolve several GV phenotypes including linear and
nonlinear contrast, collapse pressure, and expression at higher
temperatures.

¢ [his technique will enable directed evolution to play as big a role in the
engineering of acoustic biomolecules as it has in the development of their
fluorescent counterparts.
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(1) Gas vesicles: genetically encoded, gas-filled,
protein nanostructures
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(2) Gas vesicles serve as acoustic contrast agents
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(4) Evolved GVs with enhanced acoustic contrast
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(3) Pipeline for directed evolution of gas vesicles
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Conclusions and Future Directions

Develop a high-throughput screen for acoustic phenotypes of interest

Make and screen variant libraries to identify GV mutants with improved
acoustic phenotypes

d Characterize the expression and morphology of mutant GVs

d Demonstrate in vivo applications of evolved GVs

—igure Captions

Figure 1 - Gas vesicles: genetically encoded, gas-filled, protein nanostructures

Hybrid gene cluster used to express GVs in E. coli

Predicted structure of GvpA, with hydrophobic residues colored red and hydrophilic residues colored white
Roles of GvpA and GvpC structural proteins in GV composition

Structure of a gas vesicle and properties of its shell

Transmission electron micrograph of E. coli expressing GVs

f.  Transmission electron micrograph of GVs purified from E. coli
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Figure 2 - Gas vesicles serve as acoustic contrast agents

a. Five versions of the GV gene cluster that were tested as potential starting points for engineering

b. Ultrasound images of bacterial patches expressing different versions of the GV gene cluster or a control fluorophore
c. Acoustic signal vs. input acoustic pressure for GVs in the three regimes of GV response to ultrasound

d. Pulse sequence for linear ultrasound imaging and linear image of GVs in a phantom surrounded by linear scatterers
e. Pulse sequence for nonlinear imaging and image showing specificity of GV contrast in nonlinear imaging mode

Figure 3 - Pipeline for directed evolution of gas vesicles

a. Workflow for library generation, screening, and characterization of GV mutants

b. Method for cloning of scanning site saturation library using tiled synthetic fragments
c. Diagram of automated ultrasound screening setup

Figure 4 - Evolved GVs with enhanced acoustic contrast
a. Nonlinear ultrasound image of bacterial patches expressing control GV gene clusters (left) or various mutants of GvpA
b. Nonlinear ultrasound image of bacterial patches expressing control GV gene clusters (left) or various mutants of GvpB
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