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(1) “A genetically encoded fluorescent biosensor
for extracellular L-lactate”

L-Lactate, traditionally considered a metabolic
waste product, is increasingly recognized as an

important intercellular energy currency in mammals.

Investigations of intercellular L-lactate shuttles
would be facilitated by a genetically encoded
fluorescent biosensor that could enable high
resolution spatially and temporally resolved imaging
of the extracellular L-lactate concentration. Despite
remarkable progress in biosensor technology,
including the development of ones for intracellular
L-lactate, no biosensors for extracellular L-lactate
have previously been reported.

In this article we reported the development of the
first genetically encoded fluorescent biosensor for
extracellular L-lactate. This biosensor, designated
eLACCOL.1, is the end-product of extensive
directed evolution and structure-based mutagenesis
followed by optimization of biosensor expression
and localization on the cell surface.

Our results demonstrate that eLACCO1.1
enables cellular resolution imaging of extracellular
L-lactate in cultured mammalian cells and brain
tissue. We anticipate that eLACCOL.1, and its
further improved variants, will be important tools for
investigations of intercellular L-lactate shuttles.
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Fig. 1 A biosensor for extracellular L-lactate.

(a) The directed evolution process that led to eLACCOL.
Additional optimization produced eLACCO1.1. (b)
Fluorescence spectra of eLACCO1 +/- lactate. (c) X-ray
crystal structure of eLACCOL1 (PDB: 7E9Y). (d) A zoom-
in view of the chromophore region, suggesting a critical
role for His195 in the fluorescence response mechanism.
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(2) “Photocleavable proteins that undergo fast
and efficient dissociation”

Photocleavable molecules can enable the light-
dependent modulation of biomolecular activities
with high spatiotemporal precision. We previously
reported a photocleavable protein (PhoClI1) that,
uniquely, is a fully genetically encoded
photocleavable molecule that can be introduced into
cells in the form of its corresponding gene to enable
optogenetic control of biomolecular activities.
However, the first generation PhoCl1 exhibited a
relatively slow rate of dissociation, potentially
limiting its utility.

In this article we reported the X-ray crystal
structures of the PhoCI1 green state, red state, and
cleaved empty barrel. Molecular dynamics (MD)
simulations were performed to provide insight into
the precise dissociation mechanism. Using
structure-guided engineering and directed evolution,
we developed PhoCl2c with higher contrast ratio
and PhoCI2f with faster dissociation. We
characterized the performance of these new variants
as purified proteins and in cultured cells.

Our results demonstrate that PhoCl2 variants
exhibit faster and more efficient dissociation, which
should enable improved optogenetic manipulations
of protein localization and protein—protein
interactions in living cells.
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Fig. 2 PhoClI2, an improved photocleavable protein.

(a) Schematic representation of photocleavage and
dissociation. (b) X-ray crystal structures of the structures
(except the small peptide) represent in (a). (c) Snapshots
from a molecular dynamics simulation of the PhoCI2
dissociation process.
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