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Genetically encoded biosensors for cellular metabolism

('School of Science, The University of Tokyo, *PRESTO, Japan Science and Technology
Agency) OYusuke Nasu,"? Yuki Kamijo,' Robert E. Campbell’

Fluorescent proteins (FPs) have been proven to be versatile scaffolds for development of
biosensors". Specifically, GCaMP, a calcium ion (Ca*>") biosensor, has been widely employed
to monitor neural activities in live model animals. In addition to GCaMP, various FP-based
biosensors for non-Ca”" target have been developed. However, few sensors have sensitivity as
high as GCaMP, hampering their wide application in vivo.

Herein, we present that directed protein evolution and extensive biosensor expression
optimization can enable the engineering of FP-based biosensors for a versatile metabolite L-
lactate with high sensitivity, specificity, and spatiotemporal resolution in living cultured cells
and in vivo. L-Lactate, traditionally considered a metabolic waste product, is increasingly
recognized as an important intra- and intercellular energy fuel and signaling molecule. This
study provides a powerful new optical toolbox, LACCO series, for investigating the emerging
roles of extracellular and intracellular L-lactate in live model animals® .

Keywords : L-Lactate, Fluorescent protein, Genetically encoded biosensor

WK NI, B TR RN, A o — D EGE LTES HN
SENTWD YV BRI T hA A (Ca2Y) ¥ —THD GCaMP I, A 7-F
TIVENW) (invivo) OMRRIEENZ E=4% —F 572 DIZIAEH STV 5. GCaMP LA
AT Bk A IRIER DS A A =B STV DD, GCaMP 1% & @V % Ff
O —ITIFEAERL, NS ALY —D in vivo TOJREZFIZES Tl
Mo Tz, & Z TARMFIE TIL, directed evolution 21X U &5 % X7 B T 2FEIC K
0, B, ERFRME, B X W in vivo TOERFZERSREEZ AT DI A A AW
—ORFEENE Le, ZVE TREFEIED &5 2 b CE IR, Miaisto=
FNFX = TBIOR T Fn1 & UGEFER SITW5. RiF5RIE, A7
JVENIC BT DN DI DO B - IR E 2 AT 5O D Y — L
(LACCO >V —RX) #igft3 2 2.

1) Nasu, Y., Shen, Y., Kramer, L. & Campbell, R. E. “Structure- and mechanism-guided design of
single fluorescent protein-based biosensors.” Nat. Chem. Biol. 17, 509-518 (2021).

2) Nasu Y., et al. “A genetically encoded fluorescent biosensor for extracellular L-lactate”, Nature
Communications, 12, 7058 (2021).

3) Le and Hario et al. “High performance genetically-encoded green fluorescent biosensors for
intracellular L-lactate” bioRxiv 2022.10.19.512892 (2022).

4) NasuY,,etal. “A red fluorescent genetically encoded biosensor for extracellular L-lactate”, bioRxiv
2022.08.30.505811 (2022).

5) Nasu Y., et al. “Lactate biosensors for spectrally and spatially multiplexed fluorescence imaging”
Nature Communications, 14, 6598 (2023).
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Thioester-Based Coupled Fluorogenic Assays in Microdevice for the Detection of Single-
Molecule Enzyme Activities of Esterases with Specified Substrate Recognition (Graduate
School of Pharmaceutical Sciences, The University of Tokyo, *Graduate School of Medicine,

The University of Tokyo) Tatsuya Ukegawa,! OToru Komatsu,! Mayano Minoda,' Yasuteru
Urano'*

Single-molecule enzyme activity assay is a platform that enables the analysis of enzyme
activities at single proteoform level. The limitation of the targetable enzymes is the major
drawback of the assay, but the general assay platform is reported to study single-molecule
enzyme activities of esterases based on the coupled assay using thioesters as substrate
analogues. The coupled assay is realized by developing highly water-soluble thiol-reacting
probes based on phosphonate-substituted boron dipyrromethene (BODIPY). The system
enables the detection of cholinesterase activities in blood samples at single-molecule level.
Keywords : Chemical Biology, Enzymes, Liquid Biopsy, Single-molecule Analysis
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1) S. Sakamoto et al., Sci. Adv. 2020, 6, eaay0888, 2) T. Ukegawa et al., Adv. Sci. 2023, in press (DOI:
10.1002/advs.202306559)
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Construction of DNA-based artificial compartments for enzyme
cascade reactions

(\nstitute of Advanced Energy, Kyoto University, *Graduate School of Energy Science,
Kyoto University) OPeng Lin,' Hui Yang,? Shiwei Zhang,' Eiji Nakata,' Takashi Morii'
Keywords: DNA Scaffold; Artificial Compartments; Enzyme Cascade Reactions; Substrate
Channeling; Competitive Enzyme

In cells, enzymes are spatially organized to perform specific sequential reactions
within the compartments such as membrane-bound or membraneless organelles.' Artificial
compartments have been constructed using liposomes, proteins, or polymers, but the
applications of these carriers face the challenges of low enzyme loading yields and the
difficulty in controlling the location and number of enzymes. With the advantages of precise
addressability, DNA scaffolds provide the ideal platforms for enzyme assembly.? In this
study, a series of DNA hexagonal prisms with different dimensions were prepared to
construct the artificial compartments for enzyme reactions.

A series of scaffold systems were developed for the cascade reactions of xylose
reductase (XR) and xylitol dehydrogenase (XDH) from the D-xylose metabolic pathway.
The DNA scaffolds of 3D hexagonal prism (HP), medium HP (MHP), and shallow HP
(SHP) were prepared by the DNA origami method.> XR and XDH were specifically located
to the scaffold in the open state by the modular adaptor method,* followed by the closing
process of the scaffold induced by the closing keys (short DNAs).> XR and XDH were
encapsulated in the closed states of HP, MHP, and SHP with an estimated interenzyme
distance of ~18 nm, ~10 nm, and ~4 nm, respectively. Alditol oxidase (AldO) was used as a
competing enzyme for XDH to evaluate the free diffusion of intermediates (Flgure 1).
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AldO ;%,?-g, H;0,
HI;/'X‘RV XDH ‘;\Al;iP/)'{R XDH ©:
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cavesemer " ¥ Smgste  (ZF-SNAP fused XR)
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Figure 1. Cascade enzyme reactions of XR and XDH on the DNA scaffolds.

1) R. Wang, X. Liu, B. Lv, W. Sun, C. Li, ACS Synth. Biol. 2023, 12, 1378. 2) F. Hong, F. Zhang, Y.
Liu, H. Yan, Chem. Rev. 2017, 117, 12584. 3) P. W. K. Rothemund, Nature 2006, 440, 297. 4) E.
Nakata, H. Dinh, T. A. Ngo, M. Saimura, T. Morii, Chem. Commun. 2015, 51, 1016. 5) P. Lin, H.
Dinh, Y. Morita, E. Nakata, T. Morii, Adv. Funct. Mater. 2023, 33, 2215023.
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