
Several studies in the past decade 
highlighted the value of biosensors as 
research tools and revealed new insights 
into the dynamics of small GTPases in 
living cells.

The small GTPases RAC1, RHOA and 
CDC42, which regulate the cytoskeletal 
dynamics that drive cell motility, only 
interact with effectors in their active, 
GTP-bound form. In 2000, Kraynov et al. 
developed a method to quantify the 
spatiotemporal dynamics of RAC1 
activity in live cells. A fragment of the 
RAC1 effector protein p21-activated 
kinase 1 (PAK1) was labelled with 
Alexa-546 to create a biosensor. In 

cells expressing this biosensor and 
green fluorescent protein (GFP)-tagged 
RAC1, the Alexa and GFP fluorophores 
undergo fluorescence resonance 
energy transfer (FRET) to emit a unique 
fluorescence signal when PAK1 binds 
RAC1–GTP. This technique revealed 
precise spatial control of RAC1 
activation at the leading edge  
of motile cells.

In 2009, the Hahn group developed 
the means to go beyond the 
visualization of RAC1 activation by 
controlling local, acute RAC1 activation 
in live cells. Wu et al. described a 
genetically encoded photoactivatable 
RAC1 (PA-RAC1), consisting of the 
photoactivatable LOV domain from 
Avena sativa phototropin fused to 
constitutively active RAC1. In this 
construct, a helix linking LOV to 
RAC1, which blocks RAC1 binding to 
effectors in the dark, is unwound by 
light; this activates RAC1 to generate 
cell protrusions and ruffles. Importantly, 
this construct was also used by Yoo et al. 
and Wang et al. in 2010 to manipulate 
cell motility in live Danio rerio and 
Drosophila melanogaster, respectively.

Also in 2009, Machacek et al. used 
an improved version of the RAC1 
biosensor, together with biosensors 
for RHOA and CDC42, to assess 
the dynamics of, and relationship 
between, small GTPases during cell 
protrusion. RAC1, RHOA and CDC42 
biosensor activity was measured 
separately at the leading edge of a 
cell. Computational multiplexing (a 
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mathematical method that correlates 
multiple time-dependent variables 
obtained during time-lapse imaging) 
revealed that RHOA is active at the 
leading edge synchronously with 
protrusion, and RAC1 and CDC42 are 
activated 40 seconds later, 2 μm behind 
the leading edge. The visualization 
of RHOA and CDC42 biosensors 
simultaneously, using four-channel 
imaging, also showed that CDC42 is 
activated after RHOA. Thus, coupling 
biosensors with image analysis tools 
further enhances their potential.

Together, these studies allowed 
the activity of small GTPases to be 
visualized and controlled at the leading 
edge of live cells. They also paved the 
way for the development of other 
biosensors, such as the one recently 
used by Grashoff et al. to measure the 
mechanical force across proteins.
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The RAC1 biosensor in a motile fibroblast.  
RAC1 activity is elevated in protrusions at the 
leading edge (red and yellow). Image courtesy  
of K. M. Hahn, University of North Carolina,  
Chapel Hill, North Carolina, USA.

The work 
of Klaus 
Hahn has 
transformed 
biosensors 
into major 
cell biological 
tools that have 
revealed new 
and important 
insights.
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