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Abstract 

Phospholipase D (PLD) and phosphatidic acid (PA) play a spatio-temporal role in regulating 

diverse cellular activities. Although current methodologies enable optical control of the 

subcellular localization of PLD and by which influence local PLD enzyme activity, the 

overexpression of PLD elevates the basal PLD enzyme activity and further leads to increased 

PA levels in cells. In this study, we employed a split protein reassembly strategy and 

optogenetic techniques to modify superPLD (a PLDPMF variant with a high basal activity). We 

splited this variants into two HKD domains and fused these domains with optogenetic 

elements and by which we achieved light-mediated dimerization of the two HKD proteins and 

then restored the PLD enzymatic activity. 
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Phospholipase D (PLD) and phosphatidic acid (PA) have been shown to play crucial roles in 

diverse cellular physiological and pathological processes (Yao et al., 2020). However, the 

spatiotemporal regulatory mechanisms of both remain largely unknown in cells. To address 

this, there is a critical need for a highly efficient platform capable of activating PLD and 

detecting PA. The enzymatic activity of cellular PLD and the levels of intracellular PA are 

notably low under non-stimulated conditions. PLDs have been demonstrated to be activated 

by indirect agonists, including PMA, EGF, and co-expression with small G proteins ARF1/6, 

RHOA, ARL11/14 (Li et al., 2022). To directly increase the PLD activity in subcellular 

structure, Baskin et al. employed optogenetic techniques to manipulate the subcellular 

localization of bacterial PLDPMF for PA production (Tei and Baskin, 2020). However, 

platforms for directly controlling PLD enzyme activity remains unsolved. Here, we propose a 

method for optogenetic control of PLD enzyme (Opto-PLDe) activity through split protein 

reassembly. 
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To achieve optogenetic control of PLD enzyme activity, we selected PLDα1, a PLD isoform 

with relatively high basal activity, and inserted the light-sensitive element LOV2 near the 

unique lid structure of the substrate pocket of PLDα1 (Li et al., 2020; Yao et al., 2021). We 

hypothesized that light-induced unwinding of LOV2 would alter the conformation of the lid, 

thereby regulating the activity of PLDα1. To our surprise, upon inserting LOV2 at residue 

Thr277 site (Opto-PLD (277)), blue light stimulation abolished the total PLD activity in 

Opto-PLD (277)-overexpressed stable cell lines, despite these cells displaying a modest 

increase in PLD activity in the dark. Given that the C2 domain is required for PLDα1 enzyme 

activity, we subsequently hypothesized that through splitting PLDα1 at the linker between the 

C2 domain and the catalytic domain (PLDCTD), we might be able to control the dimerization 

of C2 and PLDCTD domain based on optogenetic and consequently restoring the enzyme 

activity of the split PLDα1.We utilized the iLID system to fuse corresponding split PLDα1 

fragments, specifically combining Tom20-C2-LOV2 (SsrA) and mCh-SspB-PLDCTD. The 

AlphaFold2 tool was employed to predict the assembled structure and assess the spatial 

accessibility of C2 and PLDCTD for reassembly. Upon co-expression of both constructs in 

HeLa cells, dynamic changes in the localization of PLDCTD to mitochondria were observed 

upon blue light stimulation. Despite the successful dimerization of the C2 and PLDCTD 

domains, enzymatic activity assays indicated no significant increase in total cellular PLD 

activity. This outcome suggests that the split PLDα1 activity was not restored, highlighting a 

functional limitation even with the established interaction between the C2 and PLDCTD 

domains. These findings underscore the intricacies of the regulatory mechanisms governing 

PLDα1 function. Furthermore, we noted the spontaneous dimerization of the two HKD 

domains of human PLD1 when we splited human PLD1 into two parts at Ser 584 residue. 

This finding suggests that human PLD1 may not be a suitable candidate for optogenetic 

modification. 

Very recently, Baskin et al. undertook efforts to optimize PLDPMF activities through directed 

evolution, leveraging their ingenious phosphatidic acid (PA) detection technique (Tei et al., 

2023). They successfully generated a range of PLDPMF variants exhibiting significantly 
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enhanced enzyme activity. Notably, certain variants demonstrated a remarkable 100-fold 

increase in activity, referred to as superPLD. Hence, we selected superPLD as the target for 

our optogenetic modification. To identify potential splitting positions, we employed a flexible, 

long linker to connect two split subunits. We observed that superPLD with insertions of the 

linker at Pro 285 and Ala 290 residues maintained enzyme activity, resulting in the 

accumulation of PA probes (Opto-PASS, an optogenetic modification PA biosensor (Yao et al., 

2023)) on mitochondria. Interestingly, In cells with overexpression of superPLD, we noted a 

significant modification in mitochondrial morphology, characterized by a punctate structure. 

This alteration persisted even in the absence of anchoring superPLD to mitochondria through 

a mitochondrial targeting sequence. In addition, some of these punctate mitochondria also 

co-localized with lysosomes. To exclude the possibility of mitochondrial autophagy in this 

subset, we employed the mitochondrial autophagy probe Mito-Rosella. We observed that the 

fluorescence signal of PHluorin on these punctate mitochondria persisted. Upon addition of 

the mitochondrial autophagy inducer CCCP, the fluorescence signal diminished. This suggests 

that the punctate mitochondria did not fuse with lysosomes, indicating a lack of mitophagy. 

The morphological changes, therefore, are likely attributed to elevated intracellular PA levels 

resulting from the overexpression of superPLD. This further underscores the importance of 

controlling the activity of this highly active PLDPMF variant. 

Subsequently, we splited superPLD at Pro 285 and Ala 290 residues and fused it with 

corresponding optogenetic tools, namely Tom20-HKD1(285)-LOV2(SsrA) and 

mCh-SspB-PLDCTD (referred to as Opto-PLDe(285)), and Tom20-HKD1(290)-LOV2 (SsrA) 

and mCh-SspB-PLDCTD (referred to as Opto-PLDe(290)). Following blue light stimulation, 

we observed an increase in PA levels on mitochondria using the Opto-PASS probe, which 

indicates dimerization of the two HKD domains of superPLD resulted in the restoration of 

enzyme activity. Additionally, we employed a high-resolution PA detection probe developed 

by our team (Yao et al., 2023). Upon exposure to blue light stimulation, this probe forms 

punctate structures and each cluster incorporated multiple copies of the PA-binding motif. 

This design enables the clear observation of subtle changes in PA levels and facilitates 

subsequent tracking. Using this enhanced probe, we observed that Opto-PLDe, upon 
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responding to blue light, displayed numerous points adhering to the surface of mitochondria 

with synchronized movement. This observation suggests the potential activation of 

Opto-PLDe, leading to the generation of PA on the mitochondria surface. 

 

Figure1 Using the split protein reassembly strategy to modify PLD and control its 

activity via light.  A, the conceptual diagram of optogenetic control of PLD enzyme activity. 

B, using PA probe Opto-PASSc to screen the split site of the superPLD by insertion of a linker. 

C, blue light stimulation induced the dimerization of split PLD on mitochondria and restored 
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its activity. D, a high resolution PA probe Opto-PASSs was used to monitor the Opto-PLDe 

activity. 

 

Supplementary Figure 1 Optogenetic modification of Arabidopsis PLDα1. A-C, Insertion 

of LOV2 at Thr 277 residue caused an inhibitory effect of PLDα1 activity by blue light. D, 
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the optogenetic design of split PLDα1 and its fusion with iLID system. E, the predicted 

secondary structure of Opto-PLD by AlphaFold2. F-G, the light-induced dimerization of 

PLDCTD and C2 domain and quantitative analysis of its dynamic. H, biochemical analysis of 

Opto-PLD enzyme activity in response to light stimulation. I, spontaneous dimerization of 

split human PLD1. 

Supplementary Figure 2 overexpression of superPLD altered the mitochondrial 

morphology. A, the mitochondria displayed a punctate structure in superPLD-overexpressed 

cells. B, using Mito-Rosella to assess the mitophagy of the punctate mitochodria. C, 

Opto-PASSc biosensor was used to assess Opto-PLDe activity under light illumination in 

293T cells. 
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