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A universal response of plants to environmental stresses is the activation of plasma
membrane (PM) phospholipase C, which hydrolyzes phosphoinositides to produce
soluble inositol phosphate and diacylglycerol (DAG). Because of their conical shape,
DAG amounts have to be tightly regulated or they can destabilize membranes. We pre-
viously showed that upon stress, Synaptotagminl (SYT1) transports DAG from the PM
to the endoplasmic reticulum (ER) at ER-PM Contact Sites (CS). Here, we addressed
the fate of the incoming DAG in the ER. We show that diacylglycerol kinases (DGK(s)
DGKI1 and DGK?2 form a module with SYT1 functionally coupling DAG transport
and phosphorylation at ER-PM CS. Although SYT1 and DGK1/DGK?2 do not show
exclusive ER-PM CS localization, their interaction occurs specifically at ER-PM CS
and the removal of ER-PM CS abolishes the interaction. Lipidomic analysis of a dgk-
1dgk2 double mutant supports that DGK1 and DGK2 phosphorylate DAG at the ER
and transcriptomic and phenotypic analyses indicate that SYT1 and DGK1/DGK2
are functionally related. Taken together, our results highlight a mechanism at ER-PM
CS that coordinates the transfer of DAG from the PM to the ER by SYT1 upon stress
and the concomitant phosphorylation of DAG by DGK1 and DGK?2 at the ER. These
findings underscore the critical role of spatial coordination in lipid metabolism during
stress-induced membrane remodeling.

contact sites | abiotic stress | DAG | Plcycle | signaling

Membrane contact sites (MCS) are specialized nanodomains where the membranes of
two organelles are at very close apposition without fusion (1, 2). This short distance,
usually 10 to 30 nm, is possible due to proteins acting as molecular tethers between the
lipid bilayers (3, 4). MCS are a distinctive feature of all eukaryotic cells and are present
in almost every organelle, enabling a nonvesicular exchange of lipids, small molecules,
and signals and fostering coordinated organelle responses to dynamic environments (5-7).

Most MCS involve contacts of the endoplasmic reticulum (ER) with other organelles,
including the plasma membrane (PM) known as ER-PM contact sites (ER-PM CS)
(8-10). ER-PM CS play a crucial role in interorganelle communication in plants, mam-
mals, and yeasts. They allow nonvesicular lipid transport (11), regulate calcium homeostasis
(12), and contribute to the maintenance of cortical ER morphology (13). Among the
proteins involved in tethering at the ER-PM CS are the synaptotagmins (SYTs), in plants,
and their counterparts Extended synaptotagmins (E-Syts) and tricalbins (Tcbs), in mam-
mals and yeast respectively. The Arabidopsis SYT proteins are characterized by a trans-
membrane (TM) domain at the N terminus that is embedded in the ER membrane, a
SYT-like mitochondrial-lipid binding protein domain (SMP), which harbors lipids in a
hydrophobic cavity and is involved in dimer formation (11, 14-16), and two C2 domains
at the C-terminus that allow tethering with negatively charged phosphatidylinositol phos-
phates (phosphoinositides) at the PM (15, 17-19). It has been reported using both con-
focal microscopy and transmission electron microscopy that SYT1 localizes to the ER and
accumulates in specific ER—PM CS in a characteristic “beads-on-a-string” pattern (13, 19).

Environmental stresses trigger the activation of phospholipase C (PLC), which in turn
hydrolyzes phosphoinositides into soluble inositol phosphates and diacylglycerols (DAG)
at the PM (20, 21). PM-localized diacylglycerol kinases (DGK), such as DGKS5, convert
DAG into phosphatidic acid (PA), which plays essential signaling roles (22, 23). An excessive
accumulation of DAG, due to the conical structure of these molecules, induces negative
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membrane curvatures leading to destabilization or producing mem-
brane fission and fusion events (24). Therefore, PM DAG concen-
tration must be strictly maintained at very low levels (25). Recently,
it has been shown that Arabidopsis SYT1 is involved in the transfer
of DAG produced by PLC from the PM to the ER (15) and accord-
ingly, the lack of SY7'1 leads to reduced membrane stability during
stresses such as salt (19), cold (15), and mechanical damage (18).

The DGK family in Arabidopsis comprises seven genes
(DGKI-DGK?) (26). Except for DGK1 and DGK2, which have
a transmembrane region (TM) that anchors them to the ER (27),
the other proteins lack apparent targeting domains, and therefore,
information about their localization is uncertain. So far, it has
been shown that DGK4 localizes at the ER membrane based on
transient expression in V. benthamiana (28) and DGKS5 localized
at the PM with an essential role in plant immunity (22).

In contrast to plants, human DGKs exhibit a large variety of
domains that regulate their activity and membrane targeting (29,
30). Notably, human type III HsDGKe is the only DGK anchored
to the ER by a TM, as in DGK1 and DGK2 (31). HsDGKe
catalyzes one of the steps of the phosphatidylinositol (PI) cycle,
the major metabolic pathway for the synthesis of PI and its phos-
phorylated forms, the phosphoinositides (32). Therefore, this cycle
is essential to replenish the phosphoinositides used by PLC at the
PM and to sustain repetitive rounds in response to physiological
stimuli. Interestingly, this metabolic cycle is atypical as it occurs
in two different cellular compartments, i.e., the ER and the PM,
implying that some lipids species must be transferred between
these membranes, making ER-PM CS integral participants of this
process (33, 34). However, the potential function of SYT1 as part
of the PI cycle transporting DAG, the identification of additional
components, and how they function at ER-PM CS remains elusive.

The stress-generated DAG at the PM can be either transformed
into PA by DGK playing a signaling role (35, 36) or transported
to the ER by SYT to maintain PM stability (15) and to replenish
the phosphoinositides pool by the PI cycle. Here, we report a
mechanism by which DAG is cleared from the PM through the
coordinated transport of SYT'1, and subsequent phosphorylation
by DGK1, and DGK2 at ER-PM CS. We determined their inter-
acting domains, the molecular outcomes of their respective
mutants, and investigated the physiological implications in
response to cold-acclimated freezing stresses.

Here, we report a spatial coordinated mechanism at ER-PM
CS to clear the PM of the DAG generated by stress-activated PLC
and to replenish the PIP by the PI cycle. This is achieved by the
concerted transport of DAG from the PM to the ER by SYT1,
and its subsequent phosphorylation by ER-anchored DGK1 and
DGK2, generating a PIP pool readily available at ER-PM CS.
This demonstrates that certain proteins can play a role in specific
regions, despite being distributed throughout the entire ER. We
determined their subcellular localizations, their interacting
domains, the molecular outcomes of their respective mutants and
investigated the physiological implications in response to stresses,
such as cold and freezing.

Results

SYT1 Interacts with DGK1 and DGK2. SYT'1 ER-PM tether plays
a role in maintaining diacylglycerol (DAG) homeostasis at the
PM during abiotic stress (15). To get insight into the function of
SYT1, we performed TurbolD proximity labeling proteomics in
Arabidopsis thaliana cell cultures using SYT1 as bait. In addition
to previously described SYT'1 interactors such as the own SYTT,
other SMP containing proteins as SYT4, SYT5, CLBI (37, 38), and
reticulons (39), Diacylglycerol Kinase 1 was also identified (DGK1,
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AT5G07920) (Fig. 1A and SI Appendix, Fig. S1). We investigated
DGKI further, as SYT'1 and DGKs share a function related to DAG
homeostasis and showed that SYT1-RFP coimmunoprecipitates
(Co-IP) in Nicotiana benthamiana when we use DGK1-GFP as
bait (Fig. 1B). Next, we performed a structural and phylogenetic
analysis of the seven DGK proteins encoded in the Arabidopsis
genome (40) (Fig. 1D) and the ten human DGKs. The Arabidopsis
DGK family is divided into three clades. DGKs from clade II and
III (DGK3-DGK?) comprise a catalytic domain with an ATP-
binding site responsible for the phosphorylation of DAG (41), and
an accessory domain whose function remains elusive (S Appendix,
Fig. S2A). The clade I, which includes DGK1 and DGK2, is unique
since, in addition to the catalytic and accessory domains, they
possess a TM and two C1 domains mediating DAG binding (42)
and/or protein—protein interactions (43). DGK1 and DGK2 are
structurally and phylogenetically more related to human HsDGKe
than other plant DGKs sharing TM-Clx2-catalytic-accessory
domains (S/ Appendix, Fig. S2A). Similar to HsDGKe (31), DGK1
and DGK?2 localize at the ER based on their colocalization in V.
benthamiana with the ER marker FaFAHI-RFD a cytochrome
P450 hydroxylase (15) (S Appendix, Fig. S2 E and F). The main
difference between DGK1/DGK2 and HsDGKe is the presence of
an Intrinsic Disordered Region (IDR) in DGK1 and DGK2 that
is absent in HsDGKe (87 Appendix, Fig. S2 B-D). Interestingly,
all human DGKs possess C1 domains reported to bind DAG and
phorbol ester, while DGK1 and DGK2 are the only Arabidopsis
DGKSs carrying these domains (SI Appendix, Fig. S24).
Expression of Arabidopsis DGK genes in vegetative tissues using
RNA sequencing data from eFP SeqBrowser indicated that DGK1,
DGK2, DGK3, DGK5, and DGK7 are ubiquitous, whereas DGK4
and DGKG are mainly expressed in pollen (87 Appendix, Fig. S3
Aand B). Because of the similar expression pattern of DGKI and
DGK?2 and their structural similarities, we investigated whether
SYT1 could also associate with DGK2. As shown in Fig. 1B,
DGK2-GFP also coimmunoprecipitated SYT1-RFP, and further
analysis showed that DGKI1-GFP coimmunoprecipitated
DGK2-REFP (Fig. 1C), supporting that SYT1, DGKI, and DGK2

likely form a complex.

Identification of the Interaction Domains of DGK1, DGK2, and
SYT1. To determine whether SYT1, DGK1, and DGK2 directly
interact in vivo and to identify their interacting domains, we
conducted Forster Resonance Energy Transfer (FRET) analysis
using N. benthamiana (Fig. 1E). Full-length DGK1 (DGK1-GFP),
DGK1 lacking the accessory domain (DGK1AAcc-GFP), DGK1
containing the TM and the C1 domains (DGK1 C1s-GFP) and
SYT1 lacking the C2 domains (SYT1AC2AB-GFP) showed bulk
ER localization. In contrast, SYT'1-GFP showed the typical ER
localization enriched at ER-PM CS (Fig. 1D and SI Appendix,
Fig. S4). As a positive control, we used SYT1-SYT1 interaction,
and as negative control we used SYT6, another SMP containing
ER protein (S] Appendix, Fig. S4) that does not interact with SYT1
(17) (Fig. 1E). For the FRET analysis, we used proteins tagged
at their C termini to the fluorophores GFP and RFP in both
directions. FRET experiments showed interaction of SYT'1 with
SYT1, DGK1, DGK1AAcc, and DGK1 Cls (Fig. 1E). However,
SYT1AC2AB did not interact with DGK1-GFD, supporting that
the C2 domains of SYT interact with the C1 domains of DGKI1.
To confirm that the interaction of SYT1 occurs through their C2
domain, we performed bimolecular fluorescence complementation
(BiFC) assays between SYT1 and SYT1 lacking the C2 domains
with DGK2 (Fig. 1F). While coexpression of SYT'1-cYFP/DGK2-
nYFP reconstituted the YFP signal, coexpression of SYT1AC2AB-
cYFP/DGK2-nYFP did not. As a positive control, we showed

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2421334122#supplementary-materials

Downloaded from https://www.pnas.org by ROTHAMSTED RESEARCH on June 23, 2025 from IP address 149.155.21.153.

Input IP: a-GFP Input IP: a-GFP
SYT1 TurbolD DGKLGFP  +— - + - - DGK1-GFP + - + -
25000 DGK2GFP - + - s e s
GFP
GFP - - -7 + + +
© 20000 SYT1 SYT1-RFP + + + + + + DGK2-RFP (kDa)
8 (kDa) 140
) DGK1 =P [ -—
£ 15000 @ - 140 100
9 - —_— | 100 70
< T - 70 50
£ 10000 g L 50 |o-GFP a-GFP
C
5 DGK1 L w0 ©
5000 L 35 35
-log(p-value) GFP ] —’ ‘
- 25 GFP —>
Lt - -
500 1000 o1 g B e | [ Foo|a-RFP pore—p[ S 2 | [~ f oo I o-RFP
P<0.0001
D E ‘E 30- _P<o0001 p:o,g::’wu I Pwm:»moam
|G sp OA Jee{ @8 = SyT1  Fulllength S 257 P<00001 :
E 2 é i i
O G=_swe SYT1AC2AB  1-2372a £ 207 . Posisz :
a : :
A |
Accessory s DGK1 Full length c 104 v
g (O ) DGK1AAcc  1-501aa z 54 : kf —
[a] H
DGK1Cls 123223 g o 3 \_/
£ 5 U
X
410 - " T
2
““Sﬂ EO Sﬁ 6\05“9(‘1501 xN\"cs 1(,155“ ve\“oa ybl#cc“eﬂ 159"
F DGK2-nYFP DGK2-nYFP ST
SYT1tCrFR SYTL AC2AB-CYFP SYTL ACPAB-CYFP
= . -
Fig. 1. DGK1 and DGK2 interact with SYT1, share a similar structure, and show an ER localization. (A) SYT1 TurbolD identifies DGK1 as one of the main putative

interactors of SYT1, along with SYT5 and CLB1, whose interactions with SYT1 have already been descrlbed (37, 38). The bubble plot shows the enrichment score
and Normalized Spectral Abundance Factor ratio of each protein. —log(P-value) is represented by the circle size. (B) A GFP pull-down assay shows that DGK1 and
DGK2 coimmunoprecipitate SYT1. Proteins were transiently expressed in N. benthamiana, and tissue was harvested 2 d postinfiltration. Proteins tagged with
GFP were IP using GFP Trap beads. Total (Input) and IP proteins were separated by SDS-PAGE. DGK2-GFP and DGK1-GFP were detected with a GFP antibody and
SYT1-RFP was 1 detected using an anti-RFP antibody. Uniform sample loading was verified by Coomassie blue staining (CBB) on the input samples. (C) DGK1
coimmunoprecipitates DGK2. The GFP pull-down assay was performed as in (A) using DGK1-GFP and DGK2-RFP. (D) Schematic representation of SYT1, DGK1,
and their truncated protein versions using in the FRET analysis. DGK1, DGK1AAcc, DGK1 C1s, SYT1, and SYT1AC2AB were tagged with both RFP and GFP at the
C-terminus and all combinations were used in the FRET analysis. (F) FRET assays using the full-length and the truncated versions of SYT1, DGK1, and DGK2 (A).
Protein pairs were coexpressed in N. benthamiana leaves and analyzed at 2 d postinfiltration. The protein pairs shown in the graph are labeled with the first
protein fused to GFP and the second fused to RFP. RFP-tagged proteins were photobleached, and the intensity of the GFP-tagged proteins was quantified. The
percentage increase in GFP intensity was calculated using the following formula: [(IAfter — IBefore)/IAfter] x 100, where IBefore and IAfter represent the means
of the intensity from six measurements taken before and after photobleaching, respectively. The statistical analysis using one-way ANOVA and Tukey multiple
comparisons is shown. (F) BiFC assay was performed in N. benthamiana by coexpressing pairs of proteins. DGK2-nYFP associates with SYT1-cYFP but not with
SYT1AC2AB-cYFP, indicating a possible role of C2 domains in SYT1-DGK2 interaction. However, SYT1-nYFP is capable of associating with SYT1AC2AB-cYFP
through the SMP domain. The scheme indicates that the images were taken at the cortical region of lower epidermis cells 2 d postinfiltration. (Scale bar, 10 pm.)

that the coexpression of SYT1-nYFP and SYT1AC2AB-cYFP
reconstituted YFP fluorescence consistent with their interaction
through the SMP domains (15).

Additional FRET analysis indicated an interaction of DGK2
with the full-length DGKI1 that was reduced with DGK1AAcc
and DGKI1 Cls-GFP (Fig. 1E), supporting that DGK1 and
DGK?2 proteins mainly interact through their accessory domains.
Because all DGKs we have analyzed so far contained an accessory
domain (87 Appendix, Fig. S2A), it is possible that these domains
play a role in their localization by the formation of homo- and/
or heterodimers.

SYT1 and DGKs Interact Specifically at ER-PM CS. The ER can

be divided into the bulk ER and the cortical ER (cER). cER
corresponds to the ER close to the PM and, therefore, has the
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competence to form ER-PM CS. Therefore, proteins anchored
to the ER can display three potential localization patterns: i)
Bulk ER localization, resulting in a reticulated pattern that is
characteristic of DGK1 and DGK2 (87 Appendix, Fig. S5A), ii)
Exclusively ER-PM CS localization, which produces a punctate
pattern such as the artificial ER-PM tether MAPPER (44)
(SI Appendix, Fig. S5B), and iii) An ER localization with ER-PM
CS enrichment, displaying a characteristic “beads and strings”
pattern such as SYT1 (18) (87 Appendix, Fig. S5C). DGK1 and
DGK2 showed a bulk ER localization when they were expressed
individually (SI Appendix, Fig. S4) or coexpressed together
(Fig. 2A4 and SI Appendix, Fig. S6A). However, when coexpressed
with SYT1, DGK2 (Fig. 24 and SI Appendix, Fig. S6B) and
DGK1 (81 Appendix, Fig. S6 E and G) showed an enrichment at
ER-PM CS that did not occur with the ER marker FaFAH-RFP
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Fig. 2. SYT1, DGK1, and DGK2 interact at ER-PM CS. (A) The ER-PM CS/ER ratio for DGK1 was quantified in plants coexpressing DGK2 with DGK1, SYT1, and
MAPPER, and also for ER marker coexpressed with SYT1. ER-PM CS and ER segmentation was performed as described in (B). Error bars indicate SD. Letters indicate
statistically significant differences using one-way ANOVA Tukey multiple comparisons, P <0.05 (n > 20). DGK1 increased at the ER-PM CS when coexpressed with
SYT1, but not when coexpressed with DGK2 or MAPPER. (B) MAPPER, SYT1, DGK2, and RTNLB6 tagged to GFP, and ER Marker-RFP (FaFAH) were infiltrated in
N. benthamiana leaves. Images were taken 2 d post infiltration at the cortical region of lower epidermal cells. Two types of fluorescence patterns were distinguished:
amore punctate pattern corresponding to the ER-PM CS and a more reticular pattern corresponding to the ER. MAPPER is characterized by the punctate pattern,
ER marker, DGK2, and RTNLBG6 by the reticular pattern, and SYT1 exhibits both of them. (C and D) The BiFC assay between SYT1-nYFP and DGK2-cYFP shows a
punctate pattern, while the assay between SYT1-nYFP and RTNLB6-cYFP displays a reticular pattern. To distinguish between both, several images were segmented
using the machine learning tool llastik (45) into: Background, ER-PM CS, ER, and overexposed regions where determining ERPM CS is not possible, and thus
these regions are excluded from the ratio shown in (D). Area of each segmented ROl was measured with FIjI. Error bars indicate SD. Letters indicate statistically
significant differences using one-way ANOVA Tukey multiple comparisons, P < 0.05 (n > 20). (€ and F) SAC1 is a phosphatase that converts PI4P into Pl at the
PM. Since PI4P is crucial for the formation of ER-PM CS, SAC1 activity avoids the ER-PM CS formation. Coexpression of SYT1-nYFP/DGK2-cYFP and SYT1-nYFP/
RTNLB6-cYFP results in BiFC fluorescence when coinfiltrated with an inactive version of SAC1 (SAC1 dead). However, when coexpressed with the active form of
SAC1, SYT1-nYFP/DGK2-cYFP fluorescence disappears, indicating that the interaction of SYT1 and DGK2 depends on ER-PM CS formation.
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when coexpressed with SYT1 (Fig. 24 and ST Appendix, Fig. S6C).
The localization of DGK1, DGK2, and SYT1 occurs in the same
ER-PM CS as shown by the coexpression of SYT'1, DGK1, and
DGK2 (87 Appendix, Fig. S7A). This high colocalization also
occurs when SYT1 and MAPPER are coexpressed (SI Appendix,
Fig. S7B) as previously shown (44). However, the coexpression of
the DGKs with MAPPER did not cause their increase at ER-PM
CS (Fig. 24, SI Appendix, Fig. S6 D, F, and G). Collectively, these
experiments suggest that the enrichment of DGK1 and DGK2 at

https://doi.org/10.1073/pnas.2421334122

ER-PM CS depends on their interaction with SYT1 and is not
caused by a putative increase in the formation of ER-PM CS.
During the previous BiFC experiments, we noticed that the
reconstituted YFP signal highly resembled an ER-PM CS locali-
zation pattern such as MAPPER (Fig. 1F). When we changed tags
and expressed SYT1-nYFP DGK2-cYFD, the BiFC signal also
showed a punctuated pattern typical of ER-PM CS proteins
(Fig. 2C). This is surprising since it differs from SYT1-GFP and
DGK2-GFP localizations (Fig. 2B) and is consistent with an
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interaction of SYT1 and DGK2 specifically at ER-PM CS. This
would indicate that the SYT1 interacting domains with DGKs
(i.e., the C2s) might require their binding to the PM for the
interaction to take place.

If this was the case, the removal of the ER-PM CS should abolish
this interaction. To test this hypothesis, we used a PM-anchored
MAP-mCherry-SAC1 phosphatase, which depletes PI4P from the
PM (46) and was shown to abolish the SYT'1 localization at ER-PM
CS (15). As a control, we showed that the coexpression of
MAP-mCherry-SAC1 changed MAPPER localization from ER-
PM CS to bulk ER (87 Appendix, Fig. S8 A and B), while the coex-
pression of MAPPER with a catalytically inactive MAP-mCherry-
SACldead did not have any effect (87 Appendix, Fig. S8B). When
we coexpressed SYT1-nYFP and DGK2-cYFP together with
MAP-mCherry-SACI, no GFP signal was detected in any of the
cells labeled by mCherry after a thorough analysis (Fig. 2E and
SI Appendix, Fig. S8D), which included more than 30 cells per leaf
expressing MAP-mCherry-SACI, 2 leaves per plant, and in 3 plants
per replicate. The experiment was conducted three independent
times with the same results. However, when we used MAP-mCherry-
SACldead we detected a YFP signal in ER/PM CS in all mCherry
labeled cells (Fig. 2E and SI Appendix, Fig. S8D). To investigate
whether this was specific to DGKs and occurred with other SYT1
interactors, we used the reticulon RTNLBG6, an ER protein previ-
ously shown to interact with SYT1 (39). Like DGK1 and DGK2,
RTNLB6-GFP shows a bulk ER localization (Fig. 2B), however,
the interaction with SYT1 occurs throughout the ER (Fig. 2 Cand
D). When we coexpressed SYT1-nYFP and RTNLBG6-cYFD, the
YEP signal was reconstituted in cells expressing MAP-SAC1-mCherry
and MAP-mCherry-SACldead, indicating that the interaction of
these proteins is not dependent of the formation of ER-PM CS
(Fig. 2F). To demonstrate that a lack of protein expression was not
the cause of the negative interaction, we performed immunoblots
using the same leaves analyzed by confocal microscopy and showed
that all proteins were expressed (S/ Appendix, Fig. S8C). Next, we
performed the BiFC experiment, changing the tags of SYT'1 and
DGK2 with the same results (S7 Appendix, Fig. S8 D and E). Taken
together, these results show that the interaction between SYT1 and
DGKs occurs specifically at ER-PM CS.

DGK1 and DGK2 Phosphorylate DAG at the Endoplasmic
Reticulum. The fact that DGK1 and DGK2 are anchored to the
ER through TM domains, their interaction with SYT1 at ER-PM
CS and the presence of a flexible IDR preceding their catalytic
domains (S7 Appendix, Fig. S2 C and D) raises the question of
whether DGK1 and DGK2 catalyze the phosphorylation of
DAG in cis in the ER membrane or in t7ans at the PM. Since the
phosphorylation of DAG into PA at PM (zrans) or the ER (cis) has
distinct functional consequences, determining its specific location
activity is important.

To address this, loss-of-function T-DNA mutants for DGKI
(dgk1-1, SALK_053412, dgk1) and DGK2 (dgk2-2, SAIL_71_B03,
dgk2) were obtained and we generated by crossing a dgk1dgk2 double
mutant (S/ Appendix, Fig. SOA) (Material and Methods). We per-
formed a lipidomic analysis of harvested leaves of wildtype (WT)
and dgkIdgk2 plants grown in control conditions and after a cold
treatment. Cold stress was chosen because it activates PLC and pro-
duces the accumulation of DAG at the PM (47), promotes the relo-
calization of SYT'1 at the PM (15), and was the stress that caused the
highest accumulation of DGK1 and DGK2 transcripts (SI Appendix,
Fig. S3 Cand D). A two-phase partitioning protocol (15) was used
to isolate membrane fractions enriched in either PM or inner mem-
branes (IM, the remaining membranes after two-phase partitioning
protocol and PM isolation), primarily consisting of the ER.

PNAS 2025 Vol. 122 No.23 2421334122

After verifying the efficiency of the purification method
(SI Appendix, Fig. S10), we used liquid chromatography—tandem
mass spectrometry (LC-MS; High Resolution/Accurate Mass).
Molecular species of DAG, and the abundant phosphatidylcholine
(PC) and phosphatidylethanolamine (PE), as well as other relevant
lipids present in the fractions, were measured (Fig. 34, SI Appendix,
Fig. S11, and Dataset S1). The analysis did not reveal differences
in the composition in the PM or IM of DAG, PE, or PC between
the WT and dgkldgk2 under control conditions (Fig. 34 and
SI Appendix, Fig. S11). In cold-treated plants, no differences in
DAG, PE, or PC were found in the PM (Fig. 34 and SI Appendix,
Fig. S11). However, a relevant increase in DAG levels (1.6-fold
enrichment) (Fig. 34) and a slight increase in PE and PC (1.1 and
1.2-fold, respectively) was obtained in the IM of the dgkldgk2
mutant compared to WT (87 Appendix, Fig. S11). Single lipid
species analysis revealed that most DAG molecular species at the
IM displayed a tendency to accumulate in dgkldgk2 compared to
WT, being DAG34:2 and DAG34:3 the most enriched species
(1.8-fold enrichment) (Fig. 34). Additionally, PC34:3 (1.4-fold)
and PE34:2 and PE34:3 (1.2-fold) species were also enriched in
dgkldgk2 compared to WT (SI Appendix, Fig. S11). As DAG
serves as the substrate for PE and PC biosynthesis at the ER
through the CDP-ethanolamine and CDP-choline, the increased
levels of these two glycerolipids might indirectly result from the
increased abundance of DAG in these plants.

Interestingly, like dgkldgk2, sytlsyt3 double mutant accumu-
lates DAG34:2 and DAG34:3 after cold treatment. This accumu-
lation occurs at the PM, leading to a reduction of the PM integrity
(15). In contrast to syzlsyt3, the PM integrity of dgkldgk? is like
WT seedlings, which is consistent with the accumulation of DAG
at the ER and not at the PM (Fig. 3 B and (). These results
strongly support that DGK1 and DGK2 function in ¢is by phos-
phorylating DAG at the ER and therefore are likely playing a role
in the PI cycle.

Molecular and Genetic Relationships between SYT1 and DGK1
and DGK2. To determine the effect of cold stress at the molecular
level in syz1 and dgk1dgk2 relative to WT, we performed a global
transcriptome analysis of 2-wk-old seedlings of these genotypes
after 24 h at 4 °C. The analysis identified 192 differentially
expressed genes (DEG) between WT and syz/ and 76 DEG
between WT and dgkldgk2 (Fig. 4A), listed in Dataset S2. When
we compared DEG between dgkldgk2 and syrl, we found 24
common genes with a nonrandom overlap (55.2 enrichment
with a P-value of 9.97°). The enrichment was calculated as the
number of overlapping genes divided by the expected number of
overlapping genes drawn from both groups. Most of the common
DEG showed a similar expression trend (S7 Appendix, Fig. S12),
in particular down regulated genes. This overlap of DEG in
dgkldgk2 and syt1 strongly supports that SY7'7 and DGK1/DGK2
are functionally related. Functional enrichment analysis of the
overlapping DEG for dgkldgk2 and syrl (Dataset S3) unveiled
the highest overrepresentation of GO terms related to abiotic
and biotic stress responses (Fig. 4C). This is consistent with the
described role of SY7'I in the resistance to various abiotic (15, 17)
and biotic stress (48—51).

SYT1 plays a role in cold-acclimated freezing tolerance (15).
Cold acclimation is an adaptive response by which certain plants
increase their freezing tolerance after being exposed for some days
to low nonfreezing temperatures (52). Therefore, we aimed to
determine whether DGKI and DGK2 also play a role in
cold-acclimated freezing tolerance. Under standard growth con-
ditions, there were no obvious phenotypic differences in any of
the tissues or developmental stages analyzed between the double
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Fig. 3. dgk1dgk2 plants show higher DAG accumulation at the IM than WT plants after cold stress. (A) Lipid quantification of the molecular species of DAG in PM
and IM using HR/AM. Fractions were isolated from 5-wk-old WT and dgk7dgk2 rosettes grown at control conditions followed by 3 d of cold treatment (4 °C). PM
and IM samples were purified by two-phase partitioning protocol, and lipids were extracted as described in “Material and Methods.” Acyl chains are expressed as
the number of acyl carbons: number of acyl double bonds. Distribution of the identified DAG molecular species in the PM and the IM of WT (black) and dgk7dgk2
(green) is represented. Column bars show the mean values of at least four biological replicates of MS signal % (pos/neg combined). To avoid polarity switching
during a run, each sample replicate was run twice, once each in negative and positive mode. Lipids identified from the two runs were merged into a single,
annotated dataset for that replicate. Error bars indicate the SEM. The Inset graph represents the sum of all molecular species of the specific lipid. The asterisks
indicate statistically significant differences between dgk7dgk2 and WT as determined by a Dunnett's multiple comparisons test: **P < 0.0001; *P < 0.0002. (B and
() Cell viability quantification in 6-d-old Arabidopsis roots in control and after cold treatment. Seedlings were cultivated on a solidified 1/10 MS agar medium under
long-day photoperiods at 23 °C. Then plants were subjected to a 30 min cold treatment (6 °C in prechilled 1/10 strength liquid MS). Cell viability was assessed
using FDA staining, with fluorescence intensity quantified as the percentage of root area exceeding an automatic threshold set by the “Moments” algorithm in
Fiji software. Each point represents a measurement from an individual ROI. Horizontal lines indicate the mean values. The experiment was repeated three times
with consistent results. Letters indicate significant differences as determined by one-way ANOVA and Tukey's multiple comparisons test.
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mutant dgkldgk2, syrl, and the triple mutant dgkldgk2syr]
(Fig. 4D). However, syrl and dgkldgk2 plants show decreased
cold-acclimated freezing tolerance compared to WT plants (Fig. 4
E and F). The triple dgkldgk2syt1 did not show increased sensi-
tivity compared to syz, supporting that they work in a com-
mon pathway.

Discussion

Abiotic stress causes the activation of PLC, leading to the produc-
tion and transient accumulation of DAG in the PM. However, the
stationary amount of DAG at the PM must be maintained at a low
level since these molecules exhibit a conical shape within the mem-
brane due to the small polar head, generating regions of negative
curvature, inefficient packing, and subsequent instability (24). The

https://doi.org/10.1073/pnas.2421334122

DAG at the PM is either converted to the second messenger PA
by PM DGKs with a role in signaling (22) or transported to the
ER by SYT1 and SYT3 ensuring PM integrity (15). In this work,
we show that DGKI1 and DGK2 interact with SYT' specifically
at ER-PM CS and exerts its catalytic activity at the ER. This high-
lights a role of ER-PM CS by allowing the efficient transformation
of SYT1-transported DAG at the ER by DGK1 and DGK2 into
PA to enhance the PI cycle during stress episodes.

Our analysis reveals that the C2 domains of SYT1 interact with
the C1 domains of DGKs. While C1 domains of specific proteins
such as PLC are primarily involved in DAG binding (53), they
also serve as protein-interacting modules. For example, the C1
domains of DGKC binds Racl (54) and B-arrestins (55). Since
DGKI1 and DGK?2 are the only Arabidopsis DGKs containing C1
domains (87 Appendix, Fig. S2A), it is unlikely that any other
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Fig. 4. Global transcriptomic analyses indicate that SYT7 and DGK7/DGK2 regulate similar genes. RNAseq analysis was performed using the aerial parts of a
pool of 2-wk-old plants (approximately 10 plants per biological replicate and at least three replicates per group) grown in soil under control conditions and
subsequently cold-treated (4 °C) during 24 h. (A) Number of DEGs (g-value < 0.05) in dgk7dgk2 and syt1 compared to the WT. Up-regulated genes are represented
in purple and down-regulated in green. (B) Venn diagram of DEGs in dgk7dgk2 and syt1 and their overlap. The percentage of shared genes are calculated relative
to the number of total DEGs in the dgk7dgk2 mutant. The enrichment of the overlap is 55.2 and is calculated as the number of overlapping genes divided by
the expected number of overlapping genes drawn from two independent groups. The expected genes are defined by the following formula: (no. of genes in
dgkldgk2 x no. of genes in syt7)/total genes analyzed in the whole genome. P-value of the enrichment is indicated. (C) Bubble plot of the GO terms from the
24 overlapping genes in panel (B). The fold enrichment of each category is shown on the X axis, while the FDR is represented by a color gradation from purple,
lowest, to yellow, highest. The circle size corresponds to the number of genes involved in each GO term. Most of these GO terms are related abiotic and biotic
stress responses. (D) WT, dgkTdgk2, syt1, and dgk7dgk2syt1 do not exhibit obvious phenotype differences when grown in standard conditions. Images show:
10-d-old seedlings grown on vertical plates; Rosettes of 3 and 5 wk grown in soil; and Internodes of 7-wk-old plants. Scale is indicated in the figure. (E and F)
DGK1DGK2 and SYT1 are implicated in the same pathway related to freezing tolerance. Surviving plants of acclimated WT, dgk7dgk2, syt1, and dgk1dgk2syt1 after
a freezing treatment 6 h at -9 °C and 1 wk of recovery under control conditions. Data represent mean + SD (n > 20 plants per replicate) using one-way ANOVA

and Tukey multiple comparisons.

DGKs will interact with SYT1, however, the finding that DGK1
and DGK2 form heterodimers through their accessory domains
opens the possibility that other kinases could also be part of the
complex. In addition, these findings could have significant impli-
cations for general DGK function since accessory domains are
present in all DGKs, we have analyzed.

The TM domain regulates HsDGKe activity by causing a con-
formational change that brings the active site closer to the mem-
brane (56). Interestingly, the activity of HsDGKe is regulated by
negative membrane curvature and shows low activity in flat mem-
branes (57). Whether DGK1 and DGK2 exhibit similar curvature-
dependent activity has yet to be established, but if this was the
case, a negative membrane curvature caused by the local accumu-
lation of DAG transported by SYT1 at ER-PM CS could regulate
DGK1/DGK2 activity. Interestingly, in tissues with endogenous
expression, HsDGKe localizes at ER-PM CS, such as the subsur-
face cisterns of Purkinje cells in rat brains (32, 58). Therefore, it
is tempting to speculate that, as we have shown in plants, HsDGKe
could form a module with the Extended Synaptotagmins (the
SYT1 homologs) to regulate DAG homeostasis in mammals at
ER-PM CS, having important functional implications beyond plants.

Sustained production of inositol phosphates (InsP) and DAG
during stress responses requires a continuous PI delivery from its
synthesis site in the ER to the PM to maintain PIP levels (59). In
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addition, DAG and PA products generated at the PM must be
recycled back to the ER as part of the PI cycle, which is a sequence
of enzymatic reactions central to many cellular functions, includ-
ing cell growth, stress resistance, cytoskeletal organization, and
vesicular trafficking (5, 60). Since phosphoinositides are produced
in the PM, and PI is synthesized in the ER, lipid transfer events
between the ER and PM must occur, establishing the ER-PM CS
as a fundamental component of this process.

The interaction between SYT1, DGKI, and DGK2, together
with their role in DAG homeostasis, implies an interrelated func-
tion. The outcome of the transcriptomic analysis strongly rein-
forces this interdependency, which is somewhat surprising because
syt1 and dgk1dgk2 mutations cause the accumulation of DAG in
different membranes, i.e., PM vs. ER. Therefore, it is likely that
the outcome is caused by a faulty PI cycle leading to defective
signaling under episodes of continuous stress. This is reinforced
by 1) the Gene Ontology of the overlapping DEGs in these
mutants that revealed their implication in stress responses (Fig. 4C)
and 2) the function of conditions, SY71 and DGKI/DGK2 in
cold-acclimated freezing tolerance, with the genetic analysis indi-
cating that these genes function in the same pathway (Fig. 4D).

Understanding the cellular membrane where DGKs exert their
function is critical for comprehending the DAG pool used by
these enzymes and their role in DAG metabolism. The lipidomic
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analysis of dgkdgk2 indicates a cold-stress accumulation of DAG
at the ER, supporting a cis-function of DGK1 and DGK2 at the
ER, as previously suggested for DGK2 and DGK4 (28). This
supports a dynamic interplay between DGK1, DGK2, and SYTT,
where the stress-generated DAG is transported from the PM to
the ER by SYT'1 at ER-PM CS and later transformed into PA by
action of DGK1 and DGK?2. This interplay is further supported
by the fact that two of the most abundant DAG species (34:2,
34:3) that accumulated at the PM of the syz/syr3 mutant (15) are
also the primary species accumulated in dgkldgk2 ER membranes.
This is further reinforced by the finding that the plant SYT ortholog
E-Sytl accumulates at ER-PM CS following G-protein-coupled
receptor-mediated activation of PLC (11, 61, 62) and the identifi-
cation of HsDGKe at ER-PM CS as the enzyme catalyzing one of
the steps in the PI cycle at ER-PM CS (56). In animals, PI is
transferred to PM by TMEM24, an SMP-containing protein
localized at ER-PM CS (63-65). PI is also transported from the
ER to the PM by Nir2, which is also required to transfer PA from
the PM to the ER (5, 66). In plants, no orthologs of Nir2 or
TMEM24 have been described, and the subcellular localization
of CDP-DAG and PIS involved in PI formation is not fully estab-
lished, although PIS has been observed in the ER (67). Likely, an
unreported ER-PM CS localized protein transfers this PI from
the ER to the PM.

In summary, our work -based on protein—protein interaction
studies, localization characterization by confocal microscopy,
lipidomics, transcriptomics, and phenotypic characterization-
describes the mechanism by which DAG produced by
stress-activated PLC is removed from the PM by the combined
action of SYT'1, DGK1, and DGK2. While our previous study
demonstrated that SYT1 transports DAG from the PM to the
ER to prevent its accumulation and potential damage to the PM
(15), the subsequent fate of DAG within the ER remained
unclear. Here, we uncover that the DAG transferred from the
PM to the ER by SYT1 is used by DGK1 and DGK2 to generate
PA. This process not only facilitates DAG clearance from the
PM, but also enhances the efficiency of the PI cycle, which
depends on both the PM and ER, making the ER-PM CS an
ideal location for these reactions. Of particular interest is the
finding that SYT1, DGKI1, and DGK2 interact specifically at
ER-PM CS, although DGK1 and DGK2 show a bulk ER local-
ization. A possible mechanistic explanation is that the C2s of
SYT1 only interact with DGK1 and DGK2 when contacting
the PM by acquiring a different conformation. This is relevant
because proteins that show a general ER localization could func-
tion specifically at ER-PM CS through interaction with ER-PM
components, as we have shown for SYT'1 and DGKs. Future
challenges will be the identification of additional components
in plants involved in the PI cycle and determining their role at

ER-PM CS.

Materials and Methods

Plant Material. We used A. thaliana (Col-0 ecotype) and N. benthamiana as
experimental materials. Arabidopsis mutant lines used in this study are syt7
(AT2G20990) SAIL_775_A08, previously characterized by Pérez-Sancho et al.
(18); dgk1-1(AT5G07920) SALK_053412, and dgk2-2 (AT5G63770) SAIL_71_
B03, both obtained from The European Arabidopsis Stock Center (NASC: http://
arabidopsis.info/) (S Appendix, Fig. S9A). The presence of the T-DNA insertin each
mutant was confirmed using diagnostic PCR (S/ Appendix, Fig. S9B), employing
allele-specific primers as listed in Dataset S4.This procedure ensured the identi-
fication of homozygous plants carrying the insertion and no DGKT or DGK2 tran-
scripts were detected by RT-PCR (SI Appendix, Fig. S9C). These lines are expected
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to be null mutants because the T-DNAs disrupt the catalytic domains of DGK1 and
DGK2 (S/ Appendix, Fig. S9D). The dgk1dgk2 double mutant was generated by
crossing dgk7-1and dgk2-2. dgk1dgk2 was also crossed with syt7 to generate the
triple mutant dgk 7dgk2syt1. All Arabidopsis lines are summarized in Dataset S5.

Plant Manipulation and Growth Conditions. Arabidopsis seeds were surface
sterilized with chlorine vapors (100 mL bleach + 3 mL 37% HCI) in a sealed
container for4 h, then air-cleared for at least 2 h in a laminar flow cabinet. Seeds
were plated under sterile conditions on 2 Murashige-Skoog medium with 1.5%
(w/v) sucrose and 0.8% (w/v) agar. Plated seeds underwent 3-d vernalization at
4 °Cin darkness, then grew vertically in a chamber (16 h light/8 h dark, 130 =
30 pumol photons m™2 57", 22 = 1 °C). After 7 d in vitro, seedlings were either
collected foranalysis or transferred to soil (organic substrate:vermiculite, 4:1 v/v)
under the same conditions. Plants were watered every 2 d. For seed collection,
plants were dried and stored under low humidity; freshly harvested seeds were
used for phenotypic analysis.

Plasmid Constructs. Genomic DNAand cDNAfrom Arabidopsis Col-0 were used
to amplify target gene promoters and Coding DNA Sequences (CDS) with high-
fidelity DNA polymerase (iProof, BioRad #1725301) and primers (Dataset S4).
Using Multisite Gateway cloning, the DGK1 (2,472 bp) and DGK2 (1,438 bp)
promoter regions were inserted into pDONR R4-L1 via BP reactions (Invitrogen),
forming pENTR R4-promoter-L1 constructs alongside pENTR L4-proCaMV35S-R1
(68)and pENTR L4-UBQ10-R1(69). CDS fragments (DGK1, DGK2, SYT6, RTNLB6)
were cloned into pDONR L1-12, generating pENTR L1-CDS-L2 constructs.
Truncated versions of DGKT (DGK1AAcc, DGK1-TM-C1) and SYT1 (SYT1AC2AB)
were cloned similarly. All constructs were verified by PCR, restriction analysis, and
sequencing. For expression plasmids, pENTR L4-promoter-R1, pENTR L1-CDS-L2,
and pENTR R2-tag STOP codon-L3 (GFP, RFP, or BFP) (68) were combined with
pDestination (pDEST) vectors (pGWBS5, pH7m34GW, pDEST GW-cYFP, pDEST GW-
nYFP)via LR reactions (Invitrogen) (Dataset S6). The resulting constructs included
UBQ10:DGK2-RFP, 355:DGK2-GFP, UBQ10:DGK1-RFP, 355:DGK1-GFP, and vari-
ous truncated and tagged versions of DGK1, SYT1, and RTNLBG, used for transient
expression in N. benthamiana. Previously described constructs (35S:SYT1-GFP,
UBQ10:SYT1-RFP, 35S:GFP, SYT1:MAPPER; 15) were included. Additionally, the
pENTR-FaFAH1T CDS vector (70) was provided by Iraida Amaya and inserted into
pDEST pGWBS5 to create 35S:FaFAH1-GFP. The Pro35::SYT1-TurbolD construct was
generated as described in the "Turbo-ID-Based PL" section.

Turbo-ID-Based PL. For the Turbo-ID SYT1 construct, the ORFs of SYT1
flanked by the C and D Greengate cloning overhangs and Bsal sites were
synthetized by GenScript and cloned into pUC57-Km vector. Upstream of
SYT1 ORF we included the Bsal site plus C Greengate cloning overhangs:
AGAAGTGAAGCTTGGTCTCAGGCTCC. Downstream of SYT1 we included Bsal site
plus D Greengate cloning overhangs: TCAGTGAGACCGAATTCTCGCCCT. For the
synthesis, an internal Bsal site was removed without altering the amino acid
sequence and the stop codon was notincluded to allow the C-terminal tag fusion
of the TurbolD sequence in the expression vector. To obtain the final expression
vector Pro35S::SYT1-TurbolD, we used Golden Gate assembling with the Green
Gate method previously described (71). The TurbolD analysis was performed using
Arabidopsis cell suspension cultures transformed with Pro35::SYT1-TurbolD con-
struct by the Interactomics Facility of the VIB department PLant Systems Biology
as previously described (72), using denaturing extraction buffer [100 mM Tris
(pH 7.5), 2% (w/v) SDS, 8 M urea] and with the additional acid elution step fol-
lowing the trypsin/Lys-C digest.

Arabidopsis eFP Browser Data Analysis. Expression levels of the 7 DGK genes
present in Arabidopsis across various tissues and stages were extracted from the
available RNA-seq data in the eFP-Seq Browser website (https://bar.utoronto.ca/
eFP-Seq_Browser/) (73).

18-d-old wild-type (WT) seedlings, grown under long-day photoperiod, 24 °C,
and 50% humidity conditions, were subjected to various abiotic stresses. The
shoot outcomes of this assay were acquired from the Arabidopsis eFP Browser
(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) (74). Differential expression was
determined by dividing the gene's expression value under a specific abiotic stress
condition by its corresponding control value, yielding the fold change of abiotic
stress compared to the mock condition.
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In Silico Structural Data Analysis. Domain prediction was conducted using the
InterPro tool (https://www.ebi.ac.uk/interpro/) (75). AlphaFold (https://alphafold.
ebi.ac.uk/) (76, 77) was used to predict the tertiary structure of DGK1, DGK2,
and HsDGKe. The IDR domain of DGK1 and DGK2 was predicted using the pro-
gram IUPRED3 (https://iupred3.elte.hu/plot). Prion-like residues of DGK1 and
DGK?2 were obtained using the PLAAC online tool with the defective values, i.e.,
core length of 60 and relative weight of 100. Protein regions were considered
disordered if they had a MobiDB consensus score above 0.15 (15% disordered
residues) and prion-like if they contained a prion-domain (=60 amino acids).

Transient Expression in N. benthamiana. Different constructs were trans-
formed into Agrobacterium tumefaciens (GV3101::pMP90) by electroporation,
including p19 to prevent gene silencing. A. tumefaciens strains were grown over-
nightat 28 °Cin LB medium with rifampicin (50 pg/mL), gentamicin (25 pg/mL),
and the construct-specific antibiotic (spectinomycin 100 pg/mL or kanamycin
50 pg/mL). Cultures were centrifuged (3,000 x g, 15 min, RT), and pellets were
resuspended in agroinfiltration solution (10 mM MES pH 5.6, 10 mM MgCl,,
1 mM acetosyringone), then incubated in the dark for 2 h at room temperature
(RT). For single-gene expression, Agrobacterium suspensions were mixed to reach
0Dy, of 0.70 for the construct and 0.25 for p19; for double infiltrations, 0D,
was 0.40 for constructs and 0.15 for p19. Two leaves from 3-wk-old N. benthami-
ana plants (3rd and 4th from the apex) were infiltrated on the abaxial side using
a needleless T mLsyringe. Plants were maintained under growth conditions for
2 d before confocal microscopy analysis and, if applicable, sample collection.

Confocal Microscopy Images. For confocal imaging, N. benthamiana leaves were
infiltrated as described in “Transient Expression in N. benthamiana”. Leaf disks were
excised from the plants immediately before visualization. GFP, RFP, or YFP fluores-
cence of the lower epidermis was visualized 2 d postinfiltration by confocal micros-
copy. Confocal images were captured using the Zeiss LSM880 confocal microscope.
The GFP and YFP excitations were achieved using the 488 nm argon laser, while
the 561 nm laser was utilized for the RFP excitation. For colocalization, sequential
line scanning mode was used to separate signals. Fluorophores detection involved
a PMT, a GaAsp (used to improve signal recognition), and an additional PMT for
transmitted light. Objectives employed were Plan-Apochromat 40x (water) and
63 (oil) with up to 4 x digital zoom. Cortical plane images are a maximum Z pro-
jection of several planes (900 nm spacing) from the cell surface to the cell interior.
The equatorial images used in the FRET assay correspond to single-plane images.
Microscopy image processing was performed using the program FIJI (78). Root
damage was quantified by assessing the percentage of the root area exhibiting
visible FDAfluorescence above a predefined threshold, as previously described (15).

BiFC Constructs for Expression in N. benthamiana. For BiF C assay, full-length
¢DNA of DGK2 and SYTT were cloned into the pDEST-GW-nYFP and pDEST-GW-
CYFP vectors (79). Each vector contains one-half of YFP fused to the C-terminal of
the target proteins (DGK2-nYFP and SYT1-cYFP). 35S:DGK2-nYFP and 35S:SYT1-
CYFP expression vectors were transformed into Agrobacterium and infiltrated in N.
benthamiana as detailed in the "Transient Expression in N. benthamiana" section.
Subsequently, the interaction between DGK2 and SYT1 was observed detecting,
by confocal microscopy, the fluorescence produced by the binding of nYFP and
CYFP, as described in "Confocal microscopy images." As negative control we used
the full-length 35S:DGK2-nYFP coinfiltrated with 35S:SYT1AC2AB-cYFP, that did
not produce fluorescence. We also check the ability of 35S:SYT1AC2AB-cYFP of
interacting with other proteins by coexpressing with 35S:SYT1-nYFP. Additionally,
we analyzed the fluorescence pattern produced by the association of 355:5YT1-
nYFP with 35S:DGK2-cYFP and with 35S:RTNLB6-CYFP.

FRET Analysis. Three-week-old N. benthamiana leaves transiently coexpressing
N-terminal GFP- and RFP-tagged proteins were used for FRET analyses. Single-
plane confocal images were captured using a Zeiss LSM880 confocal microscope
with a Plan-Apochromat 40x/1.2 NA (water) objective lens. Equatorial sections of
lower epidermal cells with similar colocalized protein intensity were examined.
Three regions of interest (ROI) were measured: ROI 1 was photobleached over
the acceptor fluorophore (RFP) using a 561 nm laser for 100 iterations at 100%
power; ROI 2 was a randomly selected nonphotobleached area; ROI 3 was a
background area with no signal. Six donor fluorophore (GFP) measurements
were taken per ROl before (Pre) and after (Post) photobleaching. FRET efficiency,
calculated as the percentage increase in donor intensity (% AGFP) after acceptor
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removal, followed the formula: % AGFP = 100 x (Post — Pre)/Post (80). ROI
2 and 3 served as technical controls, showing no GFP intensity increase, while
ROI 1 data determined interactions. Over 25 measurements were taken across
different cells, leaves, and plants for each protein pair, with three independent
experiments yielding similar results.

ER-PM CS and ER Segmentation and Quantification. Confocal images of the
cortical plane of transiently coexpressed proteins in N. benthamiana leaves were
segmented in ER and ER-PM CS in a semiautomatic way, using the interactive
machine learning tool ilastik (45). First, the program was trained to distinguish
between ER, ER-PM CS, background and overexposed areas where it is not pos-
sible to distinguish ER-PM CS because is already saturated. For this purpose,
images of SYT1, MAPPER, DGK1, and DGK?2 individually infiltrated were used,
and structures that were humanly defined as ER (lines forming a network) or as
ER-PM CS (dots at the vertices of the ER network) were drawn, distinguishing
from each other. After the training process, ilastik segmented the study images,
and the areas corresponding to ER and ER-PM CS were quantified in FIJI. The
ratio ER-PM CS/ER was calculated for each ROI.

Protein Extraction and Immunoblot Analysis. Arabidopsis or Nicotiana tis-
sue was ground to a fine powder in liquid nitrogen. Proteins were extracted by
incubating 100 mg of sample with Laemmli 2x buffer (125 mM Tris-HCl pH 6.8,
4% SDS, 20% glycerol, 2% B-mercaptoethanol, 0.01% bromophenol blue) at
75 °C for 30 min, then centrifuged (20,000 x g, T min, RT) to collect superna-
tants. Proteins were separated by SDS-PAGE and electrotransferred onto a PVDF
membrane (Immobilon-P, Millipore, 0.45 pm, IPVH00010). The membrane was
blocked with 5% milk in TTBS (2 h, RT), then incubated overnight at 4 °C with TTBS
1% milk and primary antibodies: anti-GFP 1:600 (Santa Cruz, sc-9996), anti-RFP
1:2,000 (ChromoTek, 6g6), anti-HA 1:2,000 (Sigma, H3663), anti-c-MYC 1:1,000
(GeneScript, AO0704), anti-SYT1 1:5,000 (rabbit polyclonal), anti-AHA3 1:10,000
(gift from Ramon Serrano, IBMPC, Valencia, Spain), anti-BIP 1:2,500 (Agrisera,
AS09 481), anti-V-ATPase 1:2,000 (Agrisera, ASO7 213), anti-TOC75-3 1:2,000
(Agrisera, AS08 351). After washing, membranes were incubated (2 h, RT) with HRP-
conjugated secondary antibodies: anti-mouse 1:80,000 (Sigma, A9044) or anti-
rabbit 1:80,000 (Sigma, A0545). Detection was performed using ChemiDoc XRS+
(BioRad) with Clarity Western ECL (BioRad, 170-5060) or SuperSignal West Atto
(Thermo, A38555). Exposure times ranged from a few seconds to 10 min, and only
nonsaturated images were used for quantification in FIJI (78). Afterimmunodetec-
tion, membranes were stained with Coomassie R-250 to confirm uniform loading.

Co-IP Assay. Co-IP experiments followed Amorim-Silva et al. (81) with slight
modifications. N. benthamiana leaves (3-wk-old, transiently transformed) were
ground, and proteins were extracted from 0.5 g of tissue by incubating the pow-
der for 30 min on an end-over-end rocker at 4 °C with 1 mL of nondenaturing
extraction buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 10
mM EDTA, 1 mM Na,MoO,, 1 mM NaF, 10 mM DTT, 0.5 mM PMSF, 1% protease
inhibitor [Sigma, P9599]). Extracts were centrifuged (15,000 x g, 20 min, 4 °C)
and filtered through Poly-Prep chromatography columns (Bio-Rad, 731-1550).
A 100 pl aliquot was saved as input for Western blot, while the remainder was
incubated for 2 h with 30 pL GFP-fused protein agarose beads (Chromotek). To
prevent unspecific binding, Nonidet P-40 concentration was adjusted to 0.2%
during incubation, as recommended by the manufacturer. Beads were washed
four times with detergent-free extraction buffer, resuspended in 75 pl of 2x
Laemmli Buffer, and heated at 75 °Cfor 30 min to dissociate immunocomplexes.
Proteins were analyzed as described in the "Protein Extraction and Immunoblot
Analysis" section, running input and immunoprecipitated (IP) samples in dupli-
cate SDS-PAGE gels for GFP and RFP detection. Co-IP assays were performed
twice with consistent results.

Phylogenetic Analysis. The protein sequences of all human and Arabidopsis
DGKs were obtained from the UniProt database (https://www.uniprot.org/), and
the alignment was done by Clustal W (https://www.ebi.ac.uk/Tools/msa/clustalo/)
and phylogenetic analyses were conducted using the software MEGA X (82). The
evolutionary history was inferred using the Maximum Likelihood method and JTT
matrix-based model. The bootstrap consensus tree inferred from 500 replicates
represents the evolutionary history of the taxa analyzed. Branches corresponding
to partitions reproduced in less than 50% bootstrap replicates are collapsed. The
percentage of replicate trees in which the associated taxa clustered togetherin the

https://doi.org/10.1073/pnas.2421334122 9 of 12


https://www.ebi.ac.uk/interpro/
https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
https://iupred3.elte.hu/plot
https://www.uniprot.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/

Downloaded from https://www.pnas.org by ROTHAMSTED RESEARCH on June 23, 2025 from IP address 149.155.21.153.

10 of 12

bootstrap test (500 replicates) is shown nextto the branches. The initial tree for the
heuristic search was obtained automatically by applying Neighbor-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using a JTT model, then
selecting the topology with superior log likelihood value. This analysis involved 17
amino acid sequences, and there were a total of 344 positions in the final dataset.

RNA Extraction for RT-PCR and RNASequencing (RNAseq). Total RNA was
extracted using the E.Z.N.A Plant RNA kit (BIO-TEK, R6827-01) following the man-
ufacturer's instructions from 50 mg of tissue ground in liquid nitrogen. Genomic
DNA was removed with RNase-free DNase | (Omega BIO-TEK, E1091). RNA purity,
integrity, and concentration were assessed using Nanodrop One and agarose gel
electrophoresis. For RT-PCR, 10-d-old seedlings grown on plates were used. 500 ng
of RNAwas reverse transcribed into cDNA using iScript reverse transcriptase (BioRad,
1708890). The absence of genomic DNA and successful cDNA synthesis were con-
firmed via LOX2 diagnostic PCR, where LOX2 was only amplified in cDNA, not RNA
samples. RT-PCR using specific primers (Dataset S4) confirmed that T-DNAinsertions
in dgk1-7and dgk2-2 mutants disrupted transcription. For RNAseq, aerial parts of
2-wk-old seedlings (10 per biological replicate, three replicates per group) grown in
soil under control conditions were collected after 24 h cold treatment (4 °C).

RNAseq Bioinformatic Analysis. The clustering of the index-coded samples
was performed on a cBot Cluster Generation System using the TruSeq PE Cluster
Kitv3-cBot-HS (lllumina) according to the manufacturer's instructions. After clus-
ter generation, the library preparations were sequenced on an Illumina Novaseq
platform, and 150 bp paired-end reads were generated at the Novogene (UK)
Company Ltd. At last, RNAintegrity was assessed using the RNANano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA). The reads were
quality-filtered and trimmed using Trimmomatic version 0.36 (83) with default
paired-end mode options. The resulting reads were then aligned to the TAIR10
version of the Arabidopsis thaliana genome sequence (https://www.arabidopsis.
org/) using Hisat2 version 2.1.0 (84). These read alignments (in BAM format)
were used for transcript quantification with the cuffdiff program of the Cufflinks
version 2.2.1 package (85). The resulting read alignments were visualized and
clustered using Tablet software (86) and CummeRbund R package version 2.23.0
(87).To determine DEGs, a false discovery rate (FDR) (g-value) cutoff of < 0.05
was set. DEGs were subjected to singular enrichment analysis for the identifica-
tion of overrepresented GO terms using PANTHER (88) with the default options
(Fisher's Exact as the test type and the Bonferroni correction for multiple testing,
P < 0.05). The RNA seq raw data from this manuscript are publicly available in
Gene Expression Omnibus (GEO; https://www.ncbi.nIm.nih.gov/geo/) under the
identifier SUB15096052. The resulting FPKM and DEGs data are in Dataset S2.

PM and IM Isolation. For membrane isolation, WTand dgkTdgk2 Arabidopsis plants
were grown vertically on plates under a short-day photoperiod for 7 d, then trans-
ferred to soil for T wk before switching to a long-day photoperiod for 3 wk. Before
bolting, plants underwent a 3-d cold treatment at 4 °C. Aerial parts were harvested
forPM and IM isolation, following Bernfur et al. (89) with modifications. Five grams
of 5-wk-old leaves were homogenized in 35 mLof buffer [330 mM sucrose, 50 mM
MOPS-KOH pH 7.5, 5 mM EDTA, 5 mM EGTA, 20 mM NaF, 5 mM ascorbate, 5 mM
DTT, 150 pM Protease Inhibitor (Pefabloc, 11429868001), 0.6% (w/v) PVPP], with
DTT and inhibitors added just before use. Steps were performed at 4 °C to prevent
degradation. The homogenate was filtered through 4 layers of nylon mesh (200 um)
and centrifuged at 10,000 g for 15 min to remove debris (broken cell walls, large
membrane fragments), nuclei, chloroplasts (intact or fragmented), mitochondria,
and any unbroken cells or large aggregates (if present). The resulting total fraction
was centrifuged at 100,000 g for 2 h at 4 °C. The supernatant was discarded, and the
microsomal pellet was resuspended in buffer (0.33 M sucrose, 5 mM K-phosphate
pH7.8,0.1 mMEDTA, 1 mM DTT)to 6 g.The two-phase partitioning system had 6.1%
(w/w) DextranT500, 6.1% (w/w) PEG 3350, 330 mM sucrose, 5 mM K-phosphate pH
7.8,3 mMKCl, and water up to 9 g. Two systems had 3 g of the microsomal fraction,
and two had 3 g of buffer. Following Larsson et al. (90), PM and IM phases were
obtained, combined, diluted 3x in buffer, and centrifuged at 100,000 g for 2 h at
4°C.The PM pelletwas resuspended in 100 pL of buffer with 5 mM KCl, and the IM
pelletin T mL. Samples were stored at —80 °C until lipid extraction.

Lipid Extraction and Analysis. Lipids were extracted from 100 plL of PM or IM.
Glassware was used throughout the procedure. The samples and 1 mL of isopro-
panol were incubated at 75 °C for 20 min. Subsequently, 2 mL of chloroform/

https://doi.org/10.1073/pnas.2421334122

methanol (1:1) and 0.7 mL of water were added. After 30 s of vortex, 2 mL of
chloroform/water (1:1) was added. The mixture was centrifuged for 3 min at
500 g, and the lower chloroform phase was gently transferred to a new tube.
A re-extraction of lipids was performed by adding 1 mL of chloroform to the
first tube, repeating the centrifugation, and recovering the lower phase. Both
extractions were combined. The chloroform was evaporated using N, gas while
keeping the sample ina 37 °C block. Once all the solvent was evaporated, the
lipids were resuspended in 200 pl of chloroform and stored at —80 °C for
subsequent analysis.

Analysis of lipids, including neutral (DAGs and TAGs) and polar lipids (PC,
PE, PI, PG, MGDG, and DGDG) were carried out using high-resolution/accurate
mass (HR/AM) lipidomics with a Vanquish-Q Exactive Plus UPLC-MS/MS system
(Thermo Fisher Scientific). Although TAGs were measured and are included in the
Sl Appendix,Table S1,they have been excluded from the percentage calculations
in Fig. 3and Sl Appendix, Fig. S11 to facilitate data analysis. The analytical protocol
is based on the publication by Bird etal.(91) with some modifications. Briefly, 10
uL total lipid extract was injected into the UPLC/MS (Thermo Vanquish system).
Separation occurred on a Thermo Scientific Accucore C18 column (2.1 x 150
mm, 2.6 mm) at 35 oC, with the autosampler tray temperature set at 10 °C and
aflow rate of 400 uL min™".The mobile phase consisted of A: 10 mM ammonium
formate in 50% acetonitrile plus 0.1% formic acid and B: 2 mM ammonium
formate in acetonitrile/propan-2-ol/water 10/88/2 plus 0.02% formic acid. The
elution gradient spanned 28 min, starting at 35% B and reaching 100% at 24 min.

The Thermo Q Exactive HESI Il conditions utilized a sweep plate in the C probe
position. Conditions were adjusted for separate positive and negative runs, with
running samples in a single polarity resulting in more identifications. LC/MS
was performed at 140 K resolution, and HCD MS2 experiments (35 K resolution)
were conducted in positive and negative ion modes. Full scans were conducted
at 140,000 resolution from m/z 150 to 1,200, followed by top 15 MS/MS at
35,000 resolution. The stepped collision energy was set at 25, 30, and 40, with
the replacement of 25 with 30 in negative ion mode.

For positive ion mode, sheath gas was set to 60, Aux gas to 20, sweep gas
to 1,and spray voltage to 3.2 KV with slight adjustments in negative ion mode.
Capillary temperature was maintained at 320 oC, and the aux gas heater was
setto 370 °C. Lipid search 5 by Thermo Fisher Scientific was used for lipid char-
acterization. Potential lipid species were identified separately from positive or
negative ion adducts. The data from each replicate were aligned within a chro-
matographic time window by combining positive and negative ion annotations,
subsequently merged into a single lipid annotation. Identified lipid molecular
species were quantified using polar and neutral lipid standards, 13:0-LPC,
di24:1-PC, di14:0-PE, di18:0-PI, di14:0-PG, di18:0-PS, and di14:0-PA (sup-
plied by Avanti Polar Lipids, USA), 0.857 nmol of tri15:0 TAG and 0.043 nmol
18:0-20:4 DAG (supplied by Nu-Chek-Prep). Full documentation of lipid profiling
data is provided in Dataset S1.

Cold Treatment for Root Cell Viability. Six-day-old seedlings of WT, syt7,
and dgkTdgk2, grown under standard conditions, were subjected to prechilled
liquid 1/10 strength MS medium at 6 °C for 30 min. Following treatment, the
seedlings were stained with a 1/10 MS solution containing 10 pg/mL FDA(Sigma;
FDA stock solution at 5 mg/mLin DMSO) for 5 min. After staining, the seedlings
were washed, and images were captured. Imaging for all roots was completed
within 5 min. The experiment was repeated three times with consistent results.

Freezing Assays. Freezing tolerance assays were conducted on soil-grown plants
in growth chambers at 20 °C under long-day conditions for 2 wk. For cold accli-
mation, the plants were transferred to growth chambers at 4 °C under long-day
photoperiod with a light intensity of 40 umol m™2s™"for 7 d. Freezing treatments
were performed by keeping the plants at4 °Cfor 1h, after which the temperature
was lowered (1 °C/30 min) until a temperature of —10 °C was reached. After
6hat—10°C, the temperature was elevated to 4 °C(1°C/30 min). Subsequently,
the plants were returned to growth chambers at 20 °C under long-day conditions,
and after 1 wk of recovery, survival rates were assessed. Five biological replicates
(>20 plants per replicate) were performed.

Statistic and Graphs. RNAseq overlap enrichment between dgk7dgk2 and syt1
and the associated P-value were calculated using the Web tool http://nemates.
org/MA/progs/representation.stats.html. Enrichment was determined as the num-
ber of overlapping genes divided by the expected number of overlapping genes
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from both groups, with expected genes calculated as (no. of genes in dgk 7dgk2
*no. of genes in syt7)/total genes analyzed in the genome.

Statistical analyses were performed using Prism 8.02 (GraphPad Software,
www.graphpad.com), including unpaired t tests (*P < 0.05) and one-way or
two-way ANOVAfollowed by Tukey's or Dunnett's multiple comparison test (**P <
0.0001; *P < 0.0002). Asterisks in figures indicate statistical differences between
mutants and Col-0 or treatments and mock. Lowercase letters in graphs denote
significant differences. Figure legends define "n" as the number of plants ana-
lyzed phenotypically or the number of ROIs analyzed for FRET quantification or
ER-PM CS/ER ratio. Experiments were repeated at least three times with sim-
ilar results. Graphs were mainly generated in Prism 8.02, and bubble plots in
Prism 9.00.

Accession Numbers. The genes investigated in this research are cataloged pub-
licly in The Arabidopsis Information Resource (https://www.arabidopsis.org/) with
the corresponding accession numbers: DGKT: AT5G07920; DGK2: AT5G63770;
DGK3: AT2G18730; DGK4: AT5G57690; DGK5: AT2G20900; DGK6: ATAG28130;
DGK7: ATAG30340; SYTT: AT2G20990.

Data, Materials, and Software Availability. RNAseq data have been deposited
in NCBI GEO SRA(Sequence Read Archive) (SUB15096052) with open access (92).
The genes investigated in this research are cataloged publicly in The Arabidopsis
Information Resource (https://www.arabidopsis.org/) with the corresponding
accession numbers: DGK7: AT5G07920; DGK2: AT5G63770; DGK3: AT2G18730;
DGK4: AT5G57690; DGK5: AT2G20900; DGK6: ATAG28130; DGK7: ATAG30340;
SYTT: AT2G20990.
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