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Abstract
ACYL CARRIER PROTEIN4 (ACP4) is the most abundant ACP isoform in Arabidopsis (Arabidopsis thaliana) leaves and acts as a 
scaffold for de novo fatty acid biosynthesis and as a substrate for acyl-ACP-utilizing enzymes. Recently, ACP4 was found to interact 
with a protein-designated plastid RHOMBOID LIKE10 (RBL10) that affects chloroplast monogalactosyldiacylglycerol (MGDG) bio
synthesis, but the cellular function of this interaction remains to be explored. Here, we generated and characterized acp4 rbl10 
double mutants to explore whether ACP4 and RBL10 directly interact in influencing chloroplast lipid metabolism. Alterations 
in the content and molecular species of chloroplast lipids such as MGDG and phosphatidylglycerol were observed in the acp4 
and rbl10 mutants, which are likely associated with the changes in the size and profiles of diacylglycerol (DAG), phosphatidic 
acid (PA), and acyl-ACP precursor pools. ACP4 contributed to the size and profile of the acyl-ACP pool and interacted with 
acyl-ACP-utilizing enzymes, as expected for its role in fatty acid biosynthesis and chloroplast lipid assembly. RBL10 appeared to 
be involved in the conversion of PA to DAG precursors for MGDG biosynthesis as evidenced by the increased 34:x PA and decreased 
34:x DAG in the rbl10 mutant and the slow turnover of radiolabeled PA in isolated chloroplasts fed with [14C] acetate. Interestingly, 
the impaired PA turnover in rbl10 was partially reversed in the acp4 rbl10 double mutant. Collectively, this study shows that ACP4 
and RBL10 affect chloroplast lipid biosynthesis by modulating substrate precursor pools and appear to act independently.
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Introduction
Glycerolipids make up the bulk of the lipids of chloroplast 
membranes, providing essential structural support for the 
photosynthetic machinery (Botella et al. 2017; Lavell and 
Benning 2019; Garab et al. 2022). The major glycerolipids in 
chloroplast membranes include galactolipids, i.e. mono- 
and digalactosyldiacylglycerol (MGDG and DGDG, which to
gether account for >80% of the total lipids), sulfolipids, i.e. 

sulfoquinovosyldiacylglycerol (SQDG), and phospholipids, 
i.e. phosphatidylglycerol (PG) and phosphatidylcholine 
(PC), the latter of which is primarily found in the outer enve
lope membrane. In Arabidopsis (Arabidopsis thaliana), fatty 
acids are predominately synthesized de novo in the chloro
plasts and are either directly incorporated into glycerolipids 
in the chloroplasts (the chloroplast pathway) or exported to 
the endoplasmic reticulum (ER) for assembly (the ER path
way) (Chapman and Ohlrogge 2012). Both the chloroplast 

https://doi.org/10.1093/plphys/kiad483 PLANT PHYSIOLOGY 2023: 193: 2661–2676

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/193/4/2661/7259021 by D

onald D
anforth Plant Science C

enter user on 09 January 2024

https://orcid.org/0000-0001-7587-2194
https://orcid.org/0000-0003-1582-0733
https://orcid.org/0000-0001-5340-7945
https://orcid.org/0000-0001-9835-6205
https://orcid.org/0009-0008-2802-9290
https://orcid.org/0000-0001-8599-8946
https://orcid.org/0000-0001-8585-3667
mailto:benning@msu.edu
https://academic.oup.com/plphys/pages/General-Instructions
mailto:benning@msu.edu


and ER pathways for glycerolipid assembly start with sequen
tial acylation of the sn-1 and 2 positions of glycerol-3- 
phosphate to yield phosphatidic acid (PA) with the catalysis 
of glycerol-3-phosphate acyltransferases (GPATs) and lyso
phosphatidic acid acyltransferases (LPATs) using acyl-acyl 
carrier protein (acyl-ACP) and acyl-CoA in the chloroplast 
and ER/cytosol, respectively (Frentzen et al. 1983). Because 
of the difference in the substrate specificity of LPATs in the 
respective compartments, glycerolipids from the chloroplast 
and ER pathways have predominantly C16 or C18 acyl moi
eties at the sn-2 position, respectively (Heinz and Roughan 
1983). Chloroplast lipids, particularly MGDG, DGDG, 
SQDG, and PG, are synthesized predominantly within chlor
oplasts from PA or PA-derived diacylglycerol (DAG) either 
from the chloroplast pathway or the ER pathway 
(Ohlrogge and Browse 1995; Allen et al. 2015). In the latter 
case, a fraction of the ER assembled glycerolipids is reim
ported back to chloroplasts for this purpose (Li et al. 2016; 
Lavell and Benning 2019; Xu et al. 2020). Therefore, the con
tributions of the 2 pathways to chloroplast lipid biosynthesis 
can be estimated based on C16 versus C18 ratios of acyl 
chains. For example, Arabidopsis uses both the chloroplast 
and ER lipid precursors for MGDG biosynthesis and thus 
has a specific C16:3/C18:3 ratio of acyl chains in MGDG 
(Browse et al. 1986).

Acyl carrier proteins (ACPs) are small acidic proteins that 
act as a carrier of fatty acids for their synthesis up to 18 car
bons in length (Alberts et al. 1964; Rock and Cronan 1979). 
The formed acyl-ACPs serve as substrates for chloroplast en
zymes involved in lipid assembly (e.g. GPAT and LPAT), 
modification (e.g. desaturases), and export (e.g. thioes
terases) (Ohlrogge et al. 1979). Arabidopsis has 5 ACP iso
forms (ACP1 to 5) in the plastid, and their genes show 
different expression patterns (Huang et al. 2017). ACP1 
and ACP5 are predominately expressed in seed and root tis
sues, respectively, while ACP2 and ACP3 are expressed con
stitutively (Branen et al. 2001; Huang et al. 2017). ACP4 is 
the most abundant ACP isoform in leaves and appears to 
have a major role in chloroplast lipid biosynthesis (Branen 
et al. 2003). Indeed, the acp4 mutant has lower C16:3 fatty 
acid content in MGDG (Lavell et al. 2021), but how ACP4 
specifically affects chloroplast lipid biosynthesis remains 
to be explored. Recently, ACP4 was found to form a large 
protein complex by directly interacting with a putative 
Arabidopsis plastid rhomboid protease, RHOMBOID 
LIKE10 (RBL10) (Lavell et al. 2021). RBL10 has previously 
been found to affect the availability of chloroplast PA pre
cursors for MGDG biosynthesis, and the disruption of 
RBL10 leads to a greatly decreased C16:3/C18:3 ratio in 
MGDG (Lavell et al. 2019), which is similar to but more pro
nounced than what was observed for the acp4 mutant. 
Here, we generated and characterized acp4 rbl10 double 
mutants as a means of exploring the roles of ACP4 and its 
interaction with RBL10 in chloroplast lipid biosynthesis. 
Our results show that ACP4 and RBL10 act in independent 
pathways and modulate chloroplast MGDG and PG 

biosynthesis possibly by affecting the availability and acyl 
profiles of the lipid precursors.

Results
The acp4 rbl10 mutants are pale green and have 
altered leaf lipid composition
Previously, we discovered that RBL10 interacts with lipid pro
teins such as ACP4 and affects chloroplast lipid biosynthesis 
(Lavell et al. 2021). To explore the role of this interaction, we 
crossed the homozygous acp4 (alleles acp4-1 and acp4-2) 
and rbl10 mutant lines to generate double homozygous 
acp4 rbl10 mutants. The resulting double homozygous 
acp4 rbl10 mutants looked similar to acp4 mutants (both 
alleles), which were smaller and had a pale green appearance 
compared with the wild-type (Col-0) and rbl10 lines (Fig. 1A). 
We subsequently focused on the acp4-1 allele. Chlorophyll 
analysis confirmed that the acp4-1 and acp4-1 rbl10 mutants 
had a >2-fold decrease in total chlorophyll content based on 
fresh weight, but the ratio of chlorophyll a over b remained 
the same compared to Col-0 and rbl10 lines (Fig. 1, B and C). 
This suggested that the chlorophyll-containing photosyn
thetic complexes, including the light harvesting complexes 
and reaction center complexes (photosystems), were af
fected at a similar level, decreasing proportionally, in the 
acp4-1 and acp4-1 rbl10 mutants.

The reduction in chlorophyll was associated with the re
duced amount of photosynthetic membrane lipids, which 
decreased by ∼30% on the basis of fresh weight in acp4 
and acp4 rbl10 mutants (Fig. 1D). However, the acp4-1 and 
acp4-1 rbl10 mutants had increased total lipid level relative 
to Col-0 and rbl10, when normalized to the chlorophyll con
tent and relative lipid class ratios changed in the acp4, rbl10, 
and acp4 rbl10 mutants (Fig. 1, E and F). The acp4 and acp4 
rbl10 mutants showed increased ratios of lipids found in the 
ER (PC, phosphatidylethanolamine, and phosphatidylinosi
tol) over chloroplast lipids (MGDG, DGDG, PG, and SQDG) 
compared to Col-0 and rbl10 lines (Fig. 1G). The rbl10 and 
acp4 rbl10 mutants had decreased ratios of MGDG over 
PG relative to Col-0 and acp4 lines (Fig. 1H).

ACP4 and RBL10 affect molecular profiles of MGDG 
and DGDG
Fatty acyl composition analysis of individual lipid classes 
indicated that acp4 and rbl10 affected the acyl composition 
of different lipid classes, especially the major chloroplast 
lipids MGDG, DGDG, PG, and SQDG (Figs. 2 and 3; 
Supplemental Figs. S1 and S2). Consistent with previous ob
servations (Lavell et al. 2021), both the rbl10 and acp4 mu
tants had reduced amounts of C16:3 and increased 
amounts of C18:3 in MGDG, but the changes in the acp4 mu
tants were less obvious (Supplemental Fig. S2). The MGDG 
acyl composition of the acp4 rbl10 mutants was identical 
to that of the rbl10 mutant, where the ratios of C18:3 over 
C16:3 fatty acids and total C18 over C16 fatty acids were 5- 
to 7-fold higher than those of Col-0 (Fig. 2, A and B). The 
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molecular species of MGDG were further explored by lipido
mic analysis (Fig. 2C). Together with the fatty acyl compos
ition analysis (Supplemental Fig. S2), the results showed 
that Arabidopsis leaf MGDG is mainly composed of (in order 
of decreasing concentration) 36:6 (18:3/18:3), 34:6 (18:3/ 
16:3), 34:5 (18:2/16:3), 36:5 (18:3/18:2), 34:3 (18:3/16:0), and 

36:4 (18:3/18:1 or 18:2/18:2). As for the MGDG species in 
the mutants, the rbl10 mutant contained more 18:3/18:3 
(36:6), 18:3/18:2 (36:5), and 18:3/18:1 (or 18:2/18:2, 36:4) 
along with less 18:2/16:3 (34:5) and 18:3/16:3 (34:6) than 
Col-0, whereas the acp4-1 mutant had similar levels of 
18:3/18:3 (36:6) but reduced levels of 18:3/18:2 (36:5), 18:3/ 

Figure 1. The acp4 and rbl10 mutants have reduced total lipid content and altered ratio of lipid classes. A) Appearance of the acp4-1, rbl10, and 
acp4-1 rbl10 mutants. B) Chlorophyll content. Only one allele (acp4-1) was included here and for the chlorophyll-based calculations as the second 
allele did not differ substantially in appearance and chlorophyll content. C) Ratio of chlorophyll a over b. D) Total lipid content per fresh weight. E) 
Lipid class ratio. F) Normalized lipid content based on chlorophyll content. G) Ratio of the ER over chloroplast assembled lipids. H) Ratio of MGDG 
over PG. Data represent the mean ± SD, n = 6 of independent lines. Asterisks indicate significant differences in the lipid content of mutant lines 
versus the wild-type Col-0 control lines (t-test, P < 0.05).
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16:3 (34:6), and 18:2/16:3 (34:5) relative to Col-0. Apparently, 
the disruption of RBL10 affected C16:3 incorporation into 
MGDG as indicated by the reduced C16:3-containing 
MGDG, which was compensated by corresponding increases 
in C18:3-containing MGDG. In contrast, the disruption 
of ACP4 decreased chloroplast fatty acid biosynthesis and 
more strongly affected C16:3 incorporation than C18:3, 
which led to decreases in most MGDG species, especially 
C16:3-containing MGDG. One exception was 18:3/18:3 
(36:6), which remained at the same level in the acp4-1 mu
tant as Col-0. Interestingly, although the MGDG fatty acid 
profile of the acp4-1 rbl10 mutant was near-identical to 

that of the rbl10 mutant (Supplemental Fig. S2), MGDG spe
cies of the double mutant were more like those of the acp4-1 
mutant but with slightly lower 18:3/16:3 (34:6) and higher 
18:3/18:3 (36:6). This suggested that although disruption of 
ACP4 impaired C16:3 and to a lesser extent C18:3 biosyn
thesis; further disruption of RBL10 still led to the shift from 
18:3/16:3 (34:6) to 18:3/18:3 (36:6) MGDG, indicating a redir
ection of lipid precursors derived from the chloroplast path
way to the ER pathway for MGDG biosynthesis.

Evidence for the shift from the chloroplast pathway to the ER 
pathway extended beyond MGDG to DGDG biosynthesis in 
the rbl10 mutants (Fig. 2D; Supplemental Fig. S2). In 

Figure 2. The acp4 and rbl10 mutants show altered acyl composition of MGDG and DGDG in leaves. A) Ratio of total C18 to C16 fatty acids in 
MGDG. B) Ratio of C18:3 to C16:3 fatty acids in MGDG. C) Molecular species and content of MGDG. D) Molecular species and content of 
DGDG. Data represent the mean ± SD, n = 6 of independent lines for A) and B), n = 3 of independent lines for C) and D). Asterisks indicate signifi
cant differences in the lipid content of mutant lines versus the wild-type Col-0 control lines (t-test, P < 0.05).

2664 | PLANT PHYSIOLOGY 2023: 193; 2661–2676                                                                                                               Xu et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/193/4/2661/7259021 by D

onald D
anforth Plant Science C

enter user on 09 January 2024

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad483#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad483#supplementary-data


Arabidopsis leaves, DGDG is mainly synthesized using MGDG 
derived from the ER pathway and is predominantly composed 
of 36:6 (18:3/18:3) and to a lesser extent of 34:6 (18:3/16:3), 34:5 
(18:2/16:3 or 18:3/16:2), 36:5 (18:3/18:2), 34:4 (18:2/16:2 or 18:1/ 
16:3), and 34:3 (18:3/16:0). Similar to MGDG, disruption of 
ACP4 showed no change in the level of 18:3/18:3 DGDG but 
led to a reduction in all the other DGDG species. Thus, ACP4 
may not have a substantial role in the ER pathway for DGDG 
biosynthesis but likely affects the synthesis of C16 fatty acids 
and fatty acid desaturation more generally. Disruption of 
RBL10 led to increased 18:3/18:3 DGDG at the expense of 
18:3/16:3 DGDG, while DGDG species in the acp4-1 rbl10 

double mutant were similar to those in the acp4-1 mutant 
but with increased 18:3/18:3. These results suggested a shift 
from the chloroplast pathway to the ER pathway for DGDG 
biosynthesis in both of the rbl10 mutants.

ACP4 and RBL10 affect the acyl composition of PG 
and SQDG
MGDG, PG, and SQDG are the major chloroplast lipids synthe
sized primarily using the chloroplast pathway. Since the chloro
plast pathway for galactolipid biosynthesis was affected in the 
acp4 and rbl10 mutants, we inspected the acyl composition 
and molecular species of PG and SQDG. The acyl composition 

Figure 3. The acp4 and rbl10 mutants show altered acyl composition of PG and SQDG in leaves. A) Ratio of C16:1t to C16:0 fatty acids in PG. B) Ratio 
of total C18 to C16 fatty acids in PG. C) Molecular species and content of PG. D) Molecular species and content of SQDG. Data represent the mean  
± SD, n = 6 of independent lines for A) and B), n = 3 of independent lines for C) and D). Asterisks indicate significant differences in the lipid content 
of mutant lines versus the wild-type Col-0 control lines (t-test, P < 0.05).
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of PG from the acp4 and acp4 rbl10 mutants had significant de
creases in C16 groups (especially C16:0) relative to that in non- 
acp4 lines (Supplemental Fig. S2). The PG acyl composition of 
the acp4 rbl10 mutant was more similar to that of the acp4 mu
tant than the rbl10 mutant, and both the acp4 and acp4 rbl10 
mutants had increased ratios of C16:1t over C16:0 acyl groups 
and total C18 over C16 acyl groups (Fig. 3, A and B). In terms 
of the molecular species, most PG was present in the form of 
34:4 (18:3/16:1t), followed by 34:3 (18:2/16:1t or 18:3/16:0), 34:2 
(18:1/16:1t or 18:2/16:0), and 34:1 (18:0/16:1t or 18:1/16:0), and 
a small amount of 32:0 (16:0/16:0) and 32:1 (16:0/16:1t) 
(Fig. 3C). Although MGDG species from the chloroplast pathway 
were largely reduced in the rbl10 mutant, which could affect PG 
biosynthesis, there were no obvious differences in PG species be
tween Col-0 and rbl10 plants (Fig. 3C). ACP4 impacted PG bio
synthesis more dramatically; there were reduced PG molecular 
species in the acp4-1 mutant, especially 32:0 (16:0/16:0), which 
dropped by ∼90% compared to levels in Col-0, supporting a 
more specific role for ACP4 in C16:0 biosynthesis. Interestingly, 
the reduction in 34:4 (18:3/16:1t), 34:3 (18:2/16:1t or 18:3/16:0), 
and 34:2 (18:1/16:1t or 18:2/16:0) PG in the acp4-1 mutant was 
partially restored in the acp4-1 rbl10 double mutant, probably 
due to the redirection of the chloroplast C16 acyl groups toward 
MGDG and the compensation of C18 fatty acids from the ER as a 
result of blocking RBL10.

Unlike the large changes observed for the MGDG and PG 
profiles of the acp4 and rbl10 mutants, the effects of acp4 and 
rbl10 mutations on SQDG biosynthesis were less pronounced 
in terms of the net content. Col-0 mainly contained (in order 
of decreasing concentration) 34:3 (18:3/16:0), 36:6 (18:3/ 
18:3), 34:1 (18:1/16:0), 36:5 (18:3/18:2), and 36:4 (18:3/18:1 
or 18:2/18:2) SQDG (Fig. 3D; Supplemental Fig. S2). 
Disruption of RBL10 had no obvious effect on SQDG, except 
possibly a small increase in 34:1 with corresponding de
creases in 34:3, 36:3, and 36:6. ACP4 more strongly impacted 
SQDG; disruption of ACP4 resulted in substantial reductions 
in 34:3, 36:4, 36:5, 36:6, and other trace SQDG fractions. 
Further disruption of RBL10 in acp4-1 showed no obvious 
changes in the SQDG profile, supporting that RBL10 might 
have a limited role in SQDG biosynthesis.

ACP4 and RBL10 affect the profiles of DAG and PA 
pools
In chloroplasts, the majority of MGDG (70%), PG (85%), and 
SQDG (63%) are synthesized using PA or PA-derived DAG 
from the chloroplast pathway (Browse et al. 1986). PA pro
duced from the catalytic actions of the plastid GPAT 
(ATS1) and LPAT (ATS2) can be converted to CDP-DAG, 
which is the precursor for PG biosynthesis. PA can also be de
phosphorylated to yield DAG, which can be further con
verted to MGDG or SQDG. Since PA and the derived DAG 
are the direct precursors to MGDG, PG, and SQDG, we ana
lyzed their content and molecular species in the leaves and 
isolated chloroplasts from different Arabidopsis lines 
(Fig. 4). In leaves, PA and DAG were present at very low levels 

consisting of 34:x (1 to 4) and 36:x (1 to 6), and 34:x (0 to 6) 
and 36:x (0 to 6), respectively (Fig. 4, A and B). Interestingly, 
34:x (18:x/16:x) PAs, such as 34:2, 34:3, and 34:4, were in
creased in the rbl10 mutant relative to in Col-0, acp4-1, 
and acp4-1 rbl10 plants (Fig. 4A). This suggested that 
RBL10 may restrict the turnover of 34:x PA derived from 
the chloroplast pathway, but that the levels return to Col-0 
levels when the production of PA is restricted by further re
moving ACP4. ER-derived 36:x (18:x/18:x) PA was markedly 
increased in 36:4, 36:5, and 36:6 in the acp4-1 and acp4-1 
rbl10 mutants and more modestly affected in the rbl10 mu
tant (Fig. 4A), indicating a possible compensation of the ER 
pathway for chloroplast lipid biosynthesis in these mutants. 
In terms of total leaf DAG, no obvious difference was found 
in the rbl10 mutant relative to in Col-0, whereas the acp4-1 
and acp4-1 rbl10 mutants showed slight decreases in 34:3, 
36:5, and 36:6 (Fig. 4B). The decreases in 36:5 and 36:6 DAG 
likely compensated for the increases in 36:5 and 36:6 PA, pos
sibly caused by the rebalancing of flux between the chloro
plast and ER pathways and the rapid turnover of the 
resulting DAG for chloroplast lipid biosynthesis.

Considering leaves contain mixed sources of PA and DAG 
from different organelles such as chloroplasts and the ER, intact 
chloroplasts were isolated and used for the analysis of the 
chloroplast PA and DAG pools. Unfortunately, PA was not de
tected in our preparation likely due to its low content and rapid 
turnover, which may have reflected the activation of PA meta
bolic enzymes during chloroplast processing. However, DAG 
could be inspected from isolated chloroplasts and was charac
terized. The levels of 34:4 (18:3/16:1, 18:2/16:2, 18:1/16:3), 34:5 
(18:3/16:2, 18:2/16:3), and 34:6 (18:3/16:3) DAG decreased in 
the rbl10 and acp4-1 rbl10 mutants though not in the acp4-1 
mutant when compared to Col-0 (Fig. 4C). The changes in 
chloroplast-specific DAG were consistent with the observed de
creases in 34:6 (18:3/16:3) MGDG in the rbl10 and acp4-1 rbl10 
mutants. The decreases in 34:x DAG were complemented by the 
increases in 34:x PA in the rbl10 mutant, indicating that turnover 
of 34:x PA to DAG was blocked by RBL10 disruption. In the 
acp4-1 rbl10 double mutant, 34:x DAG decreased without con
comitant changes in 34:x PA, possibly due to smaller 34:x PA 
pools in the chloroplasts as a result of ACP4 loss affecting plastid 
C16 fatty acid biosynthesis. It should be noted that unlike the 
leaf DAG pools, chloroplast-specific DAG pools showed no ob
vious change in 36:5 and 36:6 DAG in the acp4-1 mutants rela
tive to in Col-0, suggesting that observed drops in leaf 36:5 and 
36:6 DAG were probably from the ER sources.

Overexpression of ACP4 fails to restore the leaf lipid 
phenotype of rbl10
Considering disruption of RBL10 and ACP4 has a similar appar
ent impact on chloroplast lipid composition, we tested 
whether overexpression of ACP4 could compensate for the li
pid phenotype of rbl10. The ACP4 CDS was expressed under 
the control of the Cauliflower mosaic virus 35S promoter in 
both Col-0 and rbl10 mutant backgrounds, and leaf samples 
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from the obtained T2 transgenic lines were used for lipid char
acterization. Overexpression of ACP4 in the rbl10 mutant 
background failed to restore the leaf lipid phenotype of 
rbl10, leading to no obvious change in the fatty acid compos
ition of total lipids and MGDG (Supplemental Fig. S3). 
Overexpression of ACP4 in the Col-0 background, on the 
other hand, led to slight decreases in C16:3 along with in
creases in C18:3 in MGDG (Supplemental Fig. S3), which is 
similar to a prior report on overexpression of ACP1 in 
Arabidopsis leaves (Branen et al. 2001). Notably, slight de
creases in C16:0 along with increases in C18:3 in PG were ob
served in ACP4 overexpressing Col-0 and rbl10 lines.

ACP4 affects acyl-ACP profiles and physically 
interacts with acyl-ACP utilizing enzymes
To further explore the role of ACP4 in plastid lipid biosyn
thesis, we characterized the acyl-ACP profiles from leaves 
of Col-0 and the mutants. In Col-0 Arabidopsis leaves, a large 
portion of ACP is present in the free (apo) form, i.e. not 
bound to an acyl group, or in the form of acetyl-ACP (C2), 
while saturated acyl chains ranging from C4, C6 to C18, 
and C18:1 can be detected under the conditions tested 
(Fig. 5A). The rbl10 mutant showed similar content and 
acyl composition of acyl-ACP to Col-0, whereas the acp4-1 
and acp4-1 rbl10 mutants had significant decreases in all 

Figure 4. Molecular species of PA and DAG in acp4 and rbl10 mutants. A) Molecular species and content of PA in leaves. B) Molecular species and 
content of DAG in leaves. C) Molecular species and relative content of DAG in isolated chloroplasts. Data represent the mean ± SD, n = 3. Asterisks 
indicate significant differences in the lipid content of mutant lines versus the wild-type Col-0 control lines (t-test, P < 0.05).
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detected acyl-ACP species, leading to a 90% reduction of the 
total acyl-ACP content relative to Col-0 (Fig. 5, A and B). 
Apparently, as the major ACP isoform in Arabidopsis leaves, 
ACP4 greatly affects the size of the ACP-pools and probably 
their acyl composition. Therefore, its absence may be limiting 
and altering acyl lipid biosynthesis in the mutants.

To explore the mechanism by which ACP4 affects PA bio
synthesis, we tested the direct interaction of ACP with 
acyl-ACP utilizing enzymes using a membrane yeast 2-hybrid 
assay. Indeed, ACP1 and ACP4 were able to interact with 
stearoyl-ACP desaturase (SAD, Fig. 5C), which converts 
C16:0/C18:0-ACP to C16:1/C18:1-ACP. ACP1 and ACP4 
were also found to directly interact with LPAT when LPAT 
and ACP were used as a bait and a prey, respectively 
(Fig. 5D). The structural models of the interaction between 
ACP1 or 4 and SAD or LPAT were predicted using 
AlphaFold2 (Bryant et al. 2022), and the predictions indi
cated that helix 2 of ACP1 and 4 might be involved in their 
interaction with SAD and LPAT with different confidence le
vels (Fig. 5E; Supplemental Fig. S4). This is consistent with 
previous docking and prediction results on the interaction 
between ACP and fatty acid thioesterase (Blatti et al. 
2012). Moreover, we also identified the interaction of LPAT 
with itself and GPAT (Fig. 5D). GPAT catalyzes the formation 
of lysophosphatidic acid from glycerol-3-phosphate and 
acyl-ACP, and lysophosphatidic acid is the substrate for 
LPAT to further produce PA using C16-ACP as the acyl do
nor. The identified possible interactions among GPAT, 
LPAT, and ACP suggested that these lipid enzymes/proteins 
might form interactomes or metabolomes for local lipid 
channeling.

Defects in PA conversion of rbl10 chloroplasts are 
compensated by additional inactivation of ACP4
Since the most affected lipids MGDG and PG are mainly 
synthesized from the chloroplast pathway, intact chloro
plasts were isolated from Col-0, acp4-1, rbl10, and acp4-1 
rbl10 seedlings and fed acetate [14C] to probe the carbon 
flux changes into MGDG and PG. As shown in Fig. 6, the radi
olabel was detected in PA, MGDG, PG, and PC across all the 
assessed chloroplasts, but their relative ratios and changes 
with time were different. In Col-0 chloroplasts, both PA 
and MGDG were similarly radiolabeled within 4 min (40 to 
50 of total radiolabel %). Subsequently, the radiolabel quickly 
shifted from PA to MGDG, with MGDG accumulating over 
60% of the radiolabel by 25 min, while PA, PG, and PC each 
accumulated ∼10% (Fig. 6A). In contrast, rbl10 chloroplasts 
accumulated 2-fold more radiolabel in PA than MGDG by 
4 min, and the shift of radiolabel from PA to MGDG occurred 
more slowly, with relative label reaching ∼40%, 20%, 20%, 
and 10% in MGDG, PA, PG, and PC, respectively by 25 min 
(Fig. 6B). Similar to Col-0, acp4-1 chloroplasts accumulated 
radiolabel mainly (>70%) in PA and MGDG at the initial 
stage, which rapidly shifted from PA to MGDG and was pre
sent >60%, <10%, <20%, and <10% in MGDG, PA, PG, and 

PC at the later stage (Fig. 6C). Although radiolabel accumu
lated more in PA than MGDG in acp4-1 rbl10 chloroplasts at 
the initial stage, conversion of PA to PG and MGDG was 
more rapid and complete than for rbl10 chloroplasts at the 
later stages, where acp4-1 rbl10 chloroplasts showed ∼60%, 
25%, 5%, and 10% in MGDG, PG, PA, and PC, respectively, 
by 25 min (Fig. 6D). Only rbl10 chloroplasts accumulated a 
large amount of radiolabel in PA with the ratio of radiolabel 
in PA over MGDG >2-fold higher than that in other chloro
plasts (Fig. 6E). The rbl10 and acp4-1 rbl10 chloroplasts accu
mulated more radiolabel in PG (20% to 30%) than Col-0 and 
acp4-1 chloroplasts; the ratio of radiolabel in MGDG over PG 
was 2-fold lower in rbl10 and acp4-1 rbl10 chloroplasts than 
in Col-0 and acp4-1 chloroplasts (Fig. 6F). These results to
gether suggested that the impairment of the conversion of 
PA to MGDG in rbl10 chloroplasts was partially compensated 
for by further disruption of ACP4.

Discussion
In Arabidopsis, chloroplasts are not only the major site of 
de novo fatty acid biosynthesis, but also a major site, in par
ticular the envelope membranes, where these fatty acids are 
incorporated into PA precursors for the biosynthesis of 
photosynthetic membrane lipids, including MGDG, PG, 
and SQDG (Li et al. 2016; Lavell and Benning 2019; Xu 
et al. 2020). The chloroplast-derived PA is formed by the se
quential acylation of glycerol-3-phosphate using acyl-ACPs as 
acyl donors and is characterized by having a C16 acyl group 
at the sn-2 position due to the unique substrate specificity of 
chloroplast LPAT (Mongrand et al. 1998; Allen 2016). 
Previously, the Arabidopsis rbl10 mutant was found to 
have a substantial decrease in C16:3 acyl groups in MGDG, 
which is likely caused by an impairment in transporting PA 
through the inner envelope membrane or converting it 
into DAG for MGDG biosynthesis. Recently, we determined 
that RBL10 directly interacts with lipid metabolism proteins 
including ACP4 and, hence, forms a protein interactome in 
chloroplasts, which contributes to chloroplast MGDG bio
synthesis. To explore how RBL10 and ACP4 affect chloroplast 
lipid biosynthesis, we generated acp4 rbl10 double mutants 
and ACP4 overexpression lines and characterized their 
phenotypes.

ACP4 and RBL10 act independently, altering 
photosynthetic membrane characteristics and 
limiting chloroplast lipid biosynthesis
The acp4 rbl10 double mutant has similar appearance to the 
acp4 mutant, but the lipid phenotype of the acp4 and rbl10 
mutants is in general an additive in the double mutant (Figs. 
1 to 3), which implies that the 2 loci act independently. The 
double mutant plants were visually similar to the acp4 mu
tants, being pale green with reduced chlorophyll content 
(Fig. 1). These pale green plants (acp4 and acp4 rbl10 mu
tants) also had reduced total lipid content and reduced 
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ratios of chloroplast over ER lipids, but the normalized ratio 
of lipid over chlorophyll content was slightly higher than that 
of Col-0 and the rbl10 mutant (Fig. 1). This may suggest that 
the pale green plants contain fewer chloroplast membranes 
and much less chlorophyll. The pale green leaf phenotype 
of the acp4 and acp4 rbl10 mutants resembled several lipid 
mutants deficient in PG biosynthesis, such as pgp1, ATS2 
RNAi downregulation in ats1-1, and cds4 cds5 double mu
tants (Xu et al. 2002, 2006; Haselier et al. 2010). Indeed, the 
acp4 and acp4 rbl10 mutants had altered fatty acid 

composition and lipid class ratios, with PG and MGDG being 
predominantly affected.

The acp4 and rbl10 mutants had an increased ratio of total 
C18 over C16 acyl groups in total lipids, MGDG, and PG com
pared to Col-0 (Figs. 2 and 3; Supplemental Fig. S1). In terms 
of MGDG biosynthesis, it appears that disruption of RBL10 led 
to an increased reimport of lipids from the ER pathway to the 
chloroplasts, regardless of whether C16 fatty acid biosynthesis 
is compromised due to the disruption of ACP4 or not. As for 
PG, the acp4 mutant showed a reduction in 34:x PG, which 

Figure 5. ACP profile in leaves and the possible interactions of ACP with enzymes using acyl-ACPs as substrates. A) Acyl-ACP profiles in Arabidopsis 
leaves. B) Total acyl-ACP content in Arabidopsis leaves. C) Interaction of SAD with ACP showing by yeast 2-hybrid assay. D) Interaction of LPAT with 
ACP, GPAT, and LPAT showing by yeast 2-hybrid assay. An Arabidopsis K+ channel protein (KAT1) was used as a negative control prey. E) Predicted 
interaction surfaces of ACP1/ACP4 with SAD and LPAT using AlphaFold2. Protein–protein interaction structures between ACP1 and SAD, ACP1 
and LPAT, ACP4 and SAD, and ACP4 and LPAT were predicted using AlphaFold2. The structure was superimposed by aligning ACP1 with ACP4. 
Residues involved in the interactions are shown in stick representation. Data represent the mean ± SD, n = 4 to 8. Asterisks indicate significant dif
ferences in the acyl-ACP content of mutant lines versus the wild-type Col-0 control lines (t-test, P < 0.05). SC-WL, synthetic drop-out agar plates 
lacking Trp and Leu; SD-WLAH + X-Gal, synthetic drop-out agar plates lacking Trp, Leu, Ade, and His and containing X-Gal.
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was partially compensated for by further disrupting RBL10, 
probably due to redirection of the plastid C16 fatty acids 
from MGDG in the rbl10 mutant. In addition to MGDG and 
PG, ACP4 and RBL10 affected other chloroplast lipids, such as 
DGDG and SQDG. Similar to MGDG, DGDG profiles showed 
a shift from the chloroplast pathway to the ER pathway in the 
rbl10 and acp4 mutants, which is likely a direct result of the pro
file changes in MGDG, the precursor for DGDG biosynthesis 
(Fig. 2D; Supplemental Fig. S2). Negligible changes in SQDG pro
files were found in the rbl10 mutants, likely suggesting a limited 
impact of RBL10 on SQDG biosynthesis (Fig. 3D; Supplemental 
Fig. S2). This might be related to the distinct sites of MGDG and 
SQDG synthesis in the chloroplasts, where SQDG is synthesized 
on the inside of the inner envelope membrane, while the MGDG 

synthase is active on the outside leaflet of the inner envelope 
membrane, despite the fact that both MGDG and SQDG are 
mainly synthesized using DAG derived from the chloroplast 
pathway. The profiles of different phospholipids were also af
fected to different extents in the rbl10 and acp4 mutants 
(Supplemental Fig. S5). More profoundly, shifting from 34:x 
PC to 36:x PC was observed in the acp4-1 and acp4-1 rbl10 mu
tants, supporting a more specific role of ACP4 in C16 fatty acid 
biosynthesis.

ACP4 affects PA and DAG lipid precursor pools by 
modulating the chloroplast acyl-ACP pool
ACP4 is the major fatty acid carrier in leaf chloroplasts, which 
provides acyl substrates for chloroplast lipid biosynthesis. 

Figure 6. Labeling of isolated intact chloroplasts from the acp4 and acp4 rbl10 mutants with acetate [14C]. Labeling time course with isolated chlor
oplasts of wild-type Col-0 A), rbl10 B), acp4-1 C), and acp4-1 rbl10 D). E) Ratio of radiolabel in PA to MGDG. F) Ratio of radiolabel in MGDG to PG. 
Data represent the mean ± SD, n = 3. Error bars are only visible if they exceed the diameter of the symbols. Asterisks indicate significant differences 
between mutant lines and the wild-type Col-0 control lines (t-test, P < 0.05).
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Disruption of ACP4 strongly affected the size, acyl compos
ition, and ACP profile of acyl-ACP pools (Fig. 5), which sub
sequently is expected to influence the biosynthesis of lipid 
precursors (e.g. PA and DAG) for MGDG and PG biosynthesis 
(Fig. 4). The acp4 and acp4 rbl10 mutants had reduced fatty 
acid content (Fig. 1) and reduced acyl-ACP pool size (Fig. 5B). 
Moreover, disruption of ACP4 largely altered the apparent 
acyl composition of the acyl-ACP pool such that quantifiable 
levels of acyl-ACPs could not be obtained for acyl chains 
longer than C10 in the acp4-1 and acp4-1 rbl10 mutants un
der our conditions (Fig. 5A). The decrease in acyl-ACPs might 
indicate that ACP4 plays a larger role as a substrate for the 
fatty acid synthesis cycle than ACP2-3 and that the latter 
could be preferred by β-ketoacyl-ACP synthase (KAS) II. 
Malonyl transacylase establishes the ACP used for each 
round of fatty acid synthase (FAS) and therefore likely does 
not discriminate between ACP isoforms to accommodate 
the different KAS enzymes (Guerra et al. 1986). Whether 
KAS enzymes are more specific for ACP isoforms, similar to 
their preferences for acyl chains, is unknown. The lack of 
available ACP4 would contribute to the overall reduction 
in total lipids (Fig. 1) and reduced acyl-ACP levels (Fig. 5), 
with ACP2 to 3 used more substantially in aspects of FAS 
and resulting in depletion of measurable acyl-ACP chains.

Further, when ACP4 was overexpressed in the absence of 
RBL10 (Supplemental Fig. S3), there was little effect as the 
ACP4 is incapable of addressing the blocked synthesis of 
MGDG by the plastid pathway. When ACP4 was overex
pressed alone, MGDG contained more modestly increased 
amounts of C18:3 and decreased levels of C16:3 fatty acids. 
This is consistent with the importance of ACP4 in the pro
duction of fatty acids through the fatty acid biosynthetic cy
cle for both the ER and chloroplast pathways; however, the 
relative drop in C16:3 was not expected and may indicate 
that competition for acyl chains connected to ACP4 still fa
vors thioesterase or desaturase over acyltransferase activity 
in the chloroplast. Considering the altered acyl group profile 
of MGDG and PG in the acp4 mutant and ACP4 overexpres
sion lines, i.e. slightly increased C18:3 in MGDG and PG 
(Supplemental Figs. S2 and S3), it is possible that both devia
tions from wild-type pool sizes, low and high, facilitate their 
subsequent elongation and desaturation, leading to more 
acyl-ACP substrates going to completion.

The contribution of ACP4 to the acyl-ACP pool likely af
fects the content and acyl composition of chloroplast PA 
and DAG lipid precursors for MGDG and PG biosynthesis. 
Previously, the activities of the ER-located DAG acyltrans
ferases have been found to be modulated by acyl-CoA con
centrations (Xu et al. 2017). Therefore, it is possible that 
the acyl-ACP concentration and composition may affect 
the activity of acyl-ACP dependent enzymes, such as GPAT 
and LPAT, and thus chloroplast PA biosynthesis. ACP4 seems 
to affect the content of C16 fatty acids in MGDG and PG 
(Figs. 2 and 3), which are mainly present at the sn-2 position 
of these lipids by the catalytic action of the C16-selective 
LPAT. Disruption of ACP4 led to an increase in the ratio of 

total C18 over C16 fatty acids in PA (Fig. 4A), which may 
be favored for further conversion to MGDG and PG. 
Furthermore, alterations in the ACP isoform concentration 
caused by the disruption of ACP4 may also affect lipid precur
sor availability for chloroplast lipid biosynthesis since the ac
tivities of enzymes in the MGDG and PG pathways may 
possibly be modulated by ACP isoform concentrations con
sidering the direct interaction of ACP with acyl-ACP utilizing 
enzymes (Fig. 5).

ACP4 may be part of a metabolon that modulates 
chloroplast lipid assembly
Since overexpression of ACP4 and the seed-specific ACP1 in 
Arabidopsis leaf tissues resulted in reduced C16:3 content 
and increased C18:3 content (Supplemental Fig. S3) (Branen 
et al. 2001), it is possible that the abundance of ACP (apo 
and acyl-ACP forms) regulates chloroplast LPAT activity and 
thus modulates chloroplast PA biosynthesis. Acyl-ACP4 may 
be a more highly favored substrate for chloroplast LPAT and 
more strongly contribute to chloroplast PA biosynthesis. ACP 
was largely present in the apo form (Fig. 5A), which may regu
late the chloroplast pathway for lipid biosynthesis through in
teractions with downstream enzymes such as LPAT (Fig. 5, C 
and D), e.g. acting as a competing substrate for acyl-ACPs or 
by directly modulating enzyme activities. Moreover, together 
with our previous findings that ACP4 interacts with RBL10 pos
sibly to facilitate its association with the membrane and avail
ability to LPAT (Lavell et al. 2021), protein–protein interactions 
of acyl-ACP4 with LPAT and other enzymes and interactions 
between LPAT and GPAT may have an important role in chan
neling substrates for chloroplast lipid biosynthesis (Löhden and 
Frentzen 1988). Structural studies of the Escherichia coli type II 
FAS complex have shown that physical interactions between 
acyl-ACP and the FAS component enzymes are important for 
recognition of substrate chain lengths (Bartholow et al. 2021; 
Sztain et al. 2021). Furthermore, the physical interaction be
tween acyl-ACP and thioesterases in microalgae has also been 
demonstrated to be crucial for thioesterase substrate prefer
ence (Blatti et al. 2012). Increasing evidence supports the pres
ence of lipid biosynthetic interactomes and their importance in 
modulating lipid metabolism, though further research is 
needed to elucidate the nature and mechanisms of this nonca
talytic regulation of lipid metabolism (Xu et al. 2019; Busta et al. 
2022; Xu et al. 2023).

Chloroplast MGDG, PG, and SQDG are predominantly 
synthesized using PA or PA-derived DAG from the chloro
plast pathway, but whether they share the same or different 
PA or PA-derived DAG pools is not clear. The lipid character
ization of rbl10 and acp4 mutant lines supports the idea that 
PG, MGDG, and SQDG biosynthesis may use separate chloro
plast PA/DAG precursor pools. Disruption of RBL10 led to big 
changes in molecular species of MGDG likely as a result of al
tered PA and DAG pools. But, the increases in 34:x PA and 
decreases in 34:x DAG in the rbl10 mutant led to no large 
changes in PG and SQDG, suggesting that different PA and 
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DAG pools might be present for PG and SQDG biosynthesis. 
ACP4 affects the biosynthesis of fatty acids and their assem
bly into chloroplast PA and the subsequent PA-derived DAG, 
and thus its disruption is related to MGDG, PG, and SQDG. 
Further disruption of RBL10 partially compensates the reduc
tion of 34:x PG in the acp4 mutant but led to no obvious 
change in SQDG, probably indicating that the PA used for 
PG biosynthesis might be different from the PA that gives 
rise to the DAG precursor for SQDG biosynthesis. Indeed, 
the Arabidopsis ats1 mutant deficient in GPAT had abolished 
chloroplast MGDG biosynthesis, but PG biosynthesis only 
suffered a slight reduction (10% to 25%) (Xu et al. 2006), sup
porting the possibility of separate substrate pools for MGDG 
and PG biosynthesis. In addition, the presence of different 
DAG pools in the ER for glycerol lipid biosynthesis has 
been shown (Regmi et al. 2020).

RBL10 affects the turnover of PA, which can be 
partially compensated by removing ACP4
RBL10 affects the biosynthesis of MGDG derived from the 
chloroplast pathway, but the direct biochemical activity of 
RBL10, either proteolytic or otherwise, remains elusive. It is like
ly that RBL10 is involved in the turnover of 34:x PA derived from 
the plastid pathway to 34:x DAG and the subsequent MGDG. 
This is supported by the lipidomic data showing that the 
rbl10 mutants contain higher 34:x PA and lower 34:x DAG rela
tive to Col-0 (Fig. 4A) and the overaccumulation of radioactiv
ity in PA observed in the [14C] acetate feeding assays using 
isolated rbl10 chloroplasts (Fig. 6). Interestingly, the defect in 
PA turnover in the rbl10 mutant was partially compensated 
for in the acp4-1 rbl10 double mutant (Figs. 4 and 6), which 
might be related to the altered PA pools, e.g. increases in 36:x 
PA, when ACP4 is disrupted (Fig. 4A). One possibility is that dis
ruption of ACP4 influences the biosynthesis of chloroplast lipid 
precursors (e.g. PA) for MGDG and PG biosynthesis by affecting 
acyl-ACP pools. PA is an allosteric activator of MONOGALA 
CTOSYLDIACYLGLYCEROL SYNTHASE 1 (MGD1), which cat
alyzes the formation of MGDG, and the acyl composition of PA 
has different efficiency in activating MGD1, whereby 16:0/ 
16:0-PA is less effective to activate MGD1 than other PA species 
such as 16:0/18:1-PA (Dubots et al. 2010; Rocha et al. 2013). The 
alterations in chloroplast PA pool size and acyl composition in 
the acp4-1 and acp4-1 rbl10 mutants (Fig. 4A), therefore, may 
lead to differential activation of enzymes in MGDG and PG bio
synthetic pathways, resulting in a rapid turnover of PA (Figs. 4
and 6). In addition, since MGD1 can also be activated by PG 
(Dubots et al. 2010), it is possible that the changes in PG acyl 
composition in the acp4 and acp4 rbl10 mutants (Fig. 3) may 
affect the activation of MGD1.

Therefore, we hypothesize that ACP4 and RBL10 modulate 
plastid MGDG and PG biosynthesis by changing acyl-ACP 
and PA pools (Fig. 7). In the wild-type Col-0 Arabidopsis, the 
presence of ACP4 and RBL10 and the interactions of ACP4, 
GPAT, LPAT, and RBL10 may facilitate the formation of 
C16:0-PA precursors and chloroplast MGDG and PG 

biosynthesis. When RBL10 is absent, C16:0-PA conversion to 
MGDG seems to be affected by the deficiency in the turnover 
of C16:0-PA or the deficiency in flipping PA to the other side of 
the inner envelope membrane or other mechanisms (Lavell 
et al. 2021). When ACP4 is absent, the size, acyl composition, 
and ACP isoform profile of acyl-ACP pools are altered (Fig. 5), 
affecting the content and acyl composition of PA precursors 
(Fig. 4A). When both RBL10 and ACP4 are absent, the altera
tions in PA pool size and acyl composition may lead to im
proved turnover efficiency of PA to MGDG and PG.

Conclusion
Our characterization of acp4 and rbl10 single and double mu
tants showed that ACP4 and RBL10 operate in separate path
ways to modulate chloroplast MGDG and PG biosynthesis. 
Loss of ACP4 impacts the size, acyl composition, and ACP iso
form profile of the acyl-ACP pool and thus influences the 
chloroplast PA pools for MGDG and PG biosynthesis. RBL10 ap
pears to affect the conversion of chloroplast PA to DAG and 
then MGDG, but the defects in PA turnover in the rbl10 mu
tant can be partially reversed by inactivating ACP4, which likely 
results from altered PA pool content and acyl composition. 
Taken together, these observations paint a more complex pic
ture of chloroplast lipid biosynthesis with potential regulatory 
points at multiple levels affecting the size, composition, and lo
cation of lipid precursor pools, which likely involves a direct 
protein–protein interaction network.

Materials and methods
Plant materials and growing conditions
The Arabidopsis (A. thaliana) T-DNA lines rbl10, acp4-1, and 
acp4-2 were obtained from the Arabidopsis Biological 
Resource Center with the accession numbers of SALK_036100, 
SALK_099519C, and SAIL_104_H07 (Alonso et al. 2003), re
spectively. The double homozygous acp4-1 rbl10 and acp4-2 
rbl10 plants were obtained by crossing homozygous single mu
tants. All lines were genotyped for homozygosity. Arabidopsis 
seeds were grown on MS agar-solidified medium (at 22 °C) or dir
ectly in soil (at 22/18 °C, day/night) under 100 to 120 μmol m−2 

s−1 of light in a 16 h light/8 h dark cycle.

Construct preparation and plant transformation
The coding sequence of AtACP4 was amplified from 
Arabidopsis cDNA and inserted down-stream of the consti
tutive CaMV 35S promoter into the pEARLEYGATE101 vec
tor. The binary vector was introduced into Agrobacterium 
tumefaciens strain GV3101, which was then used to trans
form Arabidopsis Col-0 and the rbl10 homozygous mutant 
lines using the floral dip method (Zhang et al. 2006).

Chlorophyll quantification
Chlorophyll was extracted from leaf samples using 80% (v/v) 
acetone, and the chlorophyll content was calculated from 
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the absorbances at 646 and 663 nm according to Porra et al. 
(1989).

Intact chloroplast isolation
Intact chloroplasts were isolated from 2- to 3-wk-old 
Arabidopsis seedlings grown on MS agar-solidified medium 
as previously described (Inoue et al. 2011; Lavell et al. 
2019). In brief, plant tissues were homogenized in a buffer 
(pH 7.5) containing 330 mM sorbitol, 50 mM HEPES, 1 mM 

MgCl2,1 mM MnCl2, 2 mM EDTA, 0.1% (w/v) BSA, and 
100 mM ascorbic acid and filtered through double layers of 
miracloth. Total chloroplasts were pelleted at 1,000 × g 
from the homogenate and were loaded on a Percoll step gra
dient (40% and 85%, v/v). Intact chloroplasts were collected 
at the 40%/85% Percoll interface after centrifugation at 
2,000 × g for 15 min without braking and were washed twice 
in the above-noted buffer containing no BSA and ascorbic 
acid.

Leaf lipid analysis using gas chromatography
For lipid class analysis, total lipids were extracted from 5- to 
6-wk-old Arabidopsis rosette leaves using methanol/chloro
form/formic acid (20:10:1, v/v/v) as previously described 

(Wang and Benning 2011). The extracted lipids were sepa
rated on a TLC plate (0.25 mm Silica 60 gel, Supelco) treated 
with (NH4)2SO4 using acetone/toluene/water (91:30:7, v/v/v) 
as running solvent. Lipids were visualized with brief iodine va
por staining, and the lipid silica spots were scraped from the 
plate and transmethylated for gas chromatography-flame 
Ionization detection analysis (Wang and Benning 2011). 
Fatty acid composition is shown as a mole percentage of to
tal fatty methyl esters, and the ratio of individual lipid classes 
is presented as a relative mole ratio.

Lipidomic analysis of leaf and isolated intact 
chloroplast samples
Leaf lipid extraction was performed using a method previous
ly described (Shiva et al. 2018) with slight modifications. 
Briefly, 80 to 100 mg of fresh leaf tissues from 5- to 6-wk-old 
Arabidopsis plants were collected in isopropanol containing 
0.01% (w/v) BHT and Ultimate SPLASH ONE mixture (Avanti 
polar lipids, Birmingham, AL, USA) as internal standards and 
maintained at 75 °C for 20 min. Lipids were extracted using 
2.4 mL of 55:41.5:3.5 (v/v/v) chloroform:methanol:water mix
ture over a 24 h period, centrifuged at the max speed for 
5 min. The supernatant was transferred to a fresh tube, dried 

A

B

C

D

Figure 7. Proposed role of ACP4 and RBL10 in affecting PG and MGDG biosynthesis. In the wild-type Col-0 Arabidopsis A), the interaction of ACP4 
with RBL10, GPAT, and LPAT may form local interactomes to facilitate the formation of C16:0-PA precursors for MGDG and PG biosynthesis. In the 
rbl10 mutant B), C16:0-PA conversion to MGDG is affected, leading to slow turnover of C16:0-PA and reduced production of C16-MGDG, while PG 
biosynthesis is not largely affected. In the acp4 mutant C), the absence of ACP4 leads to changes in the size, acyl composition, and ACP isoform 
profile of acyl-ACP pools, and as a result, the size and acyl composition of PA pools. This, in turn, affects the acyl flux to MGDG and PG biosynthesis 
(indicated by a different arrow color). In the acp4 rbl10 double mutant D), the slow turnover of PA observed in rbl10 is partially restored probably 
because alterations in PA pool size and acyl composition by ACP4 knockout improve turnover efficiency of PA to MGDG and PG. Observed physical 
interactions by the membrane yeast 2-hybrid assay are indicated by dashed lines. ST, stroma; IS intermembrane space.

ACP4 and RBL10 affect chloroplast lipid synthesis                                                    PLANT PHYSIOLOGY 2023: 193; 2661–2676 | 2673

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/193/4/2661/7259021 by D

onald D
anforth Plant Science C

enter user on 09 January 2024



under N2, and resuspended in 200 μL of 2:2:1 (v/v/v) aceto
nitrile:isopropanol:chloroform prior to liquid chromatog
raphy tandem MS (LC-MS/MS) based lipidomic analyses. 
Intact chloroplasts were also extracted for lipids using the 
same method with ∼300 to 400 μg of chlorophyll equivalents 
containing 17:0/17:0 PA and C15:0 free fatty acid as internal 
standards.

Lipidomics analysis was performed using an Eksigent 
Ekspert microLC 200-chromatography system and a CTC 
analytics Leap HTS PAL liquid handler hooked to a benchtop 
Q-Exactive Orbitrap MS. Separation was achieved using a 
custom-made C8 column (100 × 0.5 × 1.7 µm) from 
Higgins Analytical Inc. (Mountain View, CA, USA) with the 
mobile phases: 1% 1 M ammonium acetate, 0.1% acetic acid 
in ddH2O (solvent A) and 1% 1 M ammonium acetate, 0.1% 
acetic acid in 7:3 (v/v) acetonitrile:isopropanol (solvent B), 
and a flow rate of 40 µL/min. The following gradient modi
fied from Hummel et al. (2011) to adapt to micro flow was 
used: 0 to 1 min at 55% B, 3 min at 75% B, 8 min at 89% B, 
10 min at 99% B, 11 min at 99% B, and 12 min at 55% B fol
lowed by equilibration up to 18 min.

Data were acquired for mass ranges of 100 to 1200 m/z by 
full MS at 70,000 resolution in both positive and negative ion
ization modes. The automatic gain control (AGC) and max
imum injection time (IT) were 5 × 105 and 100 ms, 
respectively. The heated electrospray ionization source was 
operated with sheath gas, 15 arbitrary units; auxiliary gas, 5 
arbitrary units; capillary temperature, 250 °C; auxiliary gas 
heater temperature, 50 °C; and S-lens RF level, 50. The spray 
voltage was 4.2 and 3.9 kV in positive and negative modes, 
respectively. One sample in each group was also used for 
the top 12 data-dependent acquisition experiment in both 
ionization modes to generate MS/MS datasets for compound 
identification. These experiments involved a full MS scan at 
70,000 resolution, AGC target 5 × 105, maximum IT 100 ms 
and MS/MS scans at 17,500 resolution, AGC target 5 × 104, 
maximum IT 50, 2.0 m/z isolation window, stepped collision 
energy of 15, 25, and 35 eV, intensity threshold 1 × 104 and 
15 s dynamic exclusion. The identity of lipid species was con
firmed using MS/MS and retention time. Data integration 
was performed within the quant browser software available 
with Thermo Xcalibur. Accurate quantification of lipid mo
lecular species was performed using an isotope dilution 
method with class-specific deuterated internal standards 
from Ultimate SPLASH ONE. MGDG, DGDG, SQDG, and 
PA species, for which deuterated internal standards were 
not available, were quantified using external standard curves 
generated upon injection of serial dilutions with commercial
ly available standards. Relative peak areas were used for iso
lated chloroplasts instead of accurate quantities, where 
extraction losses could not be calculated for individual lipid 
molecular species.

Acyl-ACP profile analysis
Acyl-ACPs were measured by following the method described 
by Nam et al. (2020). Briefly, fresh leaf tissues were harvested 

from 5- to 6-wk-old Arabidopsis plants and quickly frozen. 
Frozen tissues were ground to a fine powder using liquid nitro
gen and a mortar and pestle and weighed into individual tubes, 
taking care throughout the weighing process to avoid thawing. 
The tissue was homogenized in a solution of 5% (w/v) trichloro
acetic acid (TCA). Precipitated proteins were pelleted by centri
fugation, washed with 1% (w/v) TCA, and resuspended in MOPS 
buffer (50 mM, pH 7.6). Proteins were precipitated again by add
ing TCA to a concentration of 10% (w/v), followed by centrifuga
tion and washing of the pellet with 1% (w/v) TCA. Precipitated 
proteins were then resuspended in 50 µL of MOPS buffer and di
gested with Endoproteinase AspN (Cat# P3303, MilliporeSigma, 
Waltham, MA, USA). Digestions were quenched with the add
ition of 50 µL methanol, centrifuged at 15,000 × g, and 
acyl-ACPs in the supernatant analyzed using an Ultimate 3000 li
quid chromatography system connected to a TSQ Altis mass 
spectrometer from Thermo Scientific (MilliporeSigma, 
Waltham, MA, USA) (see parameters in Supplemental Method 
S1) or AB Sciex QTRAP 6500 (Framingham, MA, USA) with set
tings, production of acyl-ACP standards, and more extensive 
protocol details as described in Jenkins et al. (2021).

Acetate [14C] feeding assay
Acetate [14C] feeding assays were performed using intact 
chloroplasts with 0.6 mM UDP-galactose and 10 μCi/mL of 
[1,2-14C]-acetic acid (58 mCi/mmol, American Radiolabeled 
Chemical, Inc.) under a table-top LED light (100 µmol m−2 

s−1). Aliquots of chloroplasts were collected at different 
time points, and lipids were extracted for TLC separation 
as described above. Lipids were scraped from TLC plates, 
and radioactivity was quantified using a scintillation counter 
(MicroBeta Trilux, Perkin-Elmer, MA, USA).

Membrane yeast 2-hybrid assay
The membrane yeast 2-hybrid assay was performed as described 
previously (Obrdlik et al. 2004; Lavell et al. 2021). In brief, cDNAs 
(without the predicted transit peptide sequences) encoding 
AtACP1 (accession number: AT3G05020), AtACP4 (accession 
number: AT4G25050), AtGPAT (accession number: AT1G3 
2200), AtLPAT (accession number: AT4G30580), and AtSAD (ac
cession number: AT2G43710) were amplified, sequenced, and 
cloned in vivo into the pNXgate33-3HA prey vector in the yeast 
strain THY.AP5 (MATα URA3 leu2 trp1 his3 loxP::ade2) or the 
pMetYCgate bait vector in the yeast strain THY.AP4 (MATa 
ura3 leu2 lexA::lacZ::trp1 lexA::HIS3 lexA::ADE2). Yeast transform
ation was performed using the lithium acetate method (Gietz 
and Schiestl 2007). The THY.AP4 (Cub) and THY.AP5 (Nub) trans
formed cells were mixed to mate, which were then selected for 
diploids by plating on synthetic complete (SC) medium lacking 
tryptophan and leucine (SC-WL). Diploid cells were assayed for 
interaction by replica-plating on SC medium lacking tryptophan, 
leucine, adenine, and histidine and containing 80 mg/L 
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) and 
150 mM methionine (SC-WLAH + X-Gal). K+ TRANSPORTER 
OF ARABIDOPSIS (KAT1), a K+ channel protein, was used as a 
negative control prey.
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