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ABSTRACT

DNA is organized into chromatin-like structures that support the maintenance and regulation of
genomes. A unique and poorly understood form of DNA organization exists in chloroplasts,
which are organelles of endosymbiotic origin responsible for photosynthesis. Chloroplast
genomes, together with associated proteins, form membrane-less structures known as nucleoids.
The internal arrangement of the nucleoid, molecular mechanisms of DNA organization, and
connections between nucleoid structure and gene expression remain mostly unknown. We show
that Arabidopsis thaliana chloroplast nucleoids have a unique sequence-specific organization
driven by DNA binding to the thylakoid membranes. DNA associated with the membranes has
high protein occupancy, has reduced DNA accessibility, and is highly transcribed. In contrast,
genes with low levels of transcription are further away from the membranes, have lower protein
occupancy, and have higher DNA accessibility. Membrane association of active genes relies on
the pattern of transcription and proper chloroplast development. We propose a speculative model
that transcription organizes the chloroplast nucleoid into a transcriptionally active membrane-

associated core and a less active periphery.

SIGNIFICANCE STATEMENT

Long and complex molecules of DNA are precisely organized within cells to support genome
maintenance and gene expression. In addition to prokaryotic cells and eukaryotic nuclei, this
principle also applies to organelles of endosymbiotic origin, which originated from bacterial
ancestors and retain their own genomes. One type of endosymbiotic organelle is the chloroplast,
which is present in plant and algal cells and is responsible for photosynthesis. We show that
chloroplast DNA is organized by binding to membranes present inside the organelle. We propose
that transcription, the initial step in the process of gene expression, plays an important role in
organizing the chloroplast nucleoid into a transcriptionally active membrane-associated core and

a less active periphery.

INTRODUCTION
Organization of DNA with proteins and RNA is essential for genome maintenance and
regulation. In the eukaryotic nucleus, chromatin is a complex multilevel structure, which

supports many aspects of genome function. However, canonical eukaryotic chromatin is not the



only form of DNA packaging. Alternative modes of DNA organization are present in
mammalian sperm cells !, dinoflagellates 2, archaea *, bacteria #, and viruses °. Structural
arrangements of DNA in those tissues or organisms rely on distinct protein machineries and
provide unique functional impacts.

Mitochondria and plastids originate from bacterial ancestors and contain their own DNA.
This DNA is packaged into chromatin-like structures known as nucleoids. Organellar genomes
have special properties that have developed over more than a billion years of co-evolution with
the eukaryotic cell host. The DNA organization mechanisms of mitochondria and plastids are
clearly distinct from what is known in either eukaryotic nuclei or bacteria, making organellar
nucleoids an especially unique case of DNA packaging . In line with this, nucleoid-associated
proteins (NAPs) in the chloroplasts of land plants are atypical. NAPs are thought to help
organize DNA and support transcription &, However, chloroplasts of land plants do not contain
typical bacterial NAPs like HU or IHF. Also, chloroplast NAPs have little in common with
nuclear chromatin proteins, and their biochemical functions remain mostly unknown °. This
indicates that mechanisms of DNA packaging in plastid nucleoids are likely distinct from their
bacterial or nuclear counterparts.

The mechanisms of plastid DNA packaging, the internal structure of nucleoids, and their
functional impacts remain poorly understood 6. In most land plants mature chloroplast nucleoids

are localized in the stroma, near thylakoid membranes '%!!

. Electron microscopy studies found
that the chloroplast nucleoids have a dense and protein-rich central body, which is resistant to
high salt treatment and contains 30 to 50% of organellar DNA. The remaining DNA may be

12-14 The in vivo relevance of the

observed as protruding fibrils with weaker protein binding
central body remains unclear due to the limitations of sample fixation for electron microscopy
and insufficient resolution of light microscopy. The function of the central body is also unclear

IL15 while others

with some evidence favoring this structure as the site of active transcription
suggest that it may be associated with lower levels of transcription '°.

An important property of both bacterial and nuclear DNA organization is the presence of
sequence-specific structural features. This means that individual loci have unique patterns of
protein binding, DNA accessibility, and subcellular or subnuclear localization to support the
unique properties of each locus. In contrast, it is unknown if the chloroplast nucleoid includes a

widespread presence of sequence-specific structural features. Some evidence supports the



possibility of the entire genome adopting uniform structural properties 7, while other studies
suggest some level of sequence-specificity !31°. It remains unknown if chloroplast nucleoids
have a sequence-specific pattern of protein binding, DNA accessibility or suborganellar
localization. Therefore, it is difficult to predict if transcription, replication, and other processes
involving DNA are supported by or control the arrangement of the chloroplast nucleoid.

To determine if the chloroplast nucleoid has a sequence-specific pattern of structural
features, we adopted a broad range of genome-wide approaches. We found that the overall
protein occupancy on DNA is dominated by transcriptional machinery and has an impact on
restricting the accessibility of DNA. The chloroplast genome has a highly complex and
sequence-specific pattern of association with plastid membranes. Membrane association is
correlated with plastid encoded RNA polymerase (PEP) binding. Moreover, disruption of PEP
transcription and/or chloroplast biogenesis leads to alterations of DNA membrane association,
which indicates that transcription and chloroplast biogenesis are required for bringing certain

genes to the membranes.

RESULTS

Protein binding to chloroplast DNA is dominated by PEP transcriptional machinery

To test if the chloroplast nucleoid has a sequence-specific pattern of protein occupancy on DNA,
we performed an In vivo Protein Occupancy Display (IPOD) assay 2%2!. This method relies on
formaldehyde crosslinking, purification of protein-DNA complexes by phenol extraction, and
high throughput sequencing. Stringency of crosslinking has been previously optimized 2. IPOD
performed with purified Arabidopsis chloroplasts revealed a highly complex pattern of protein
occupancy on DNA (Fig. 1A), which is consistent with prior low-resolution findings '"!°. Its
most obvious property is strong enrichment on highly transcribed genes, which is reminiscent of
the previously reported pattern of Plastid Encoded RNA Polymerase (PEP) binding to DNA 22
(Fig. 1B). This result is also consistent with the known strong representation of RNA polymerase
occupancy in bacterial IPOD occupancy traces 2!. Within individual genes, protein occupancy is
often enriched on class I promoter regions, which are preferentially bound by PEP 22 (Fig. 1C)
but not on class III promoters and class II promoters, which are not bound by PEP (Fig. S1A).
Consistently, the [IPOD signal and PEP binding to DNA are highly and significantly correlated



on both annotated genes (Fig. 1D) and throughout the entire genome (Fig. S1B). As much as
85% of IPOD variance may be explained by PEP binding (Fig. 1D). This suggests that protein
binding to chloroplast DNA is dominated by PEP and potentially other proteins that bind in
concert with PEP.

To further test the contribution of PEP to the overall protein occupancy on DNA, we
performed IPOD in the ptac3 mutant. pTAC3, also known as PAP1, is an accessory subunit of
PEP and the ptac3 mutant is expected to lose the majority of PEP transcription 2. The IPOD
signal was reduced almost to the background level in the ptac3 mutant (Fig. SICD). This
reduction was clear at sequences with the strongest levels of PEP binding 22, including tRNA and
rRNA genes (Fig. S1ICD). These results further support the predominant contribution of PEP to
the overall protein occupancy on DNA.

The presence of a few genomic regions that do not fully follow this relationship between
IPOD and PEP binding may be explained by the presence of other nucleoid-associated proteins
with weaker or transient binding #2426, Additionally, more proteins may bind DNA without
sequence-specificity, as non sequence-specific interactions may be undetectable by IPOD.
Together, these results indicate that there is a complex and sequence-specific pattern of protein
binding to DNA in chloroplast nucleoids and that this binding is dominated by PEP

transcriptional machinery.

PEP-occupied genes have reduced DNA accessibility
To test if protein occupancy is negatively correlated with DNA accessibility, we adapted the
Assay for Transposase-Accessible Chromatin (ATAC-seq), which is a method used to study
nuclear genomes and relies on fragmentation of the genome by engineered Tn5 transposomes 2’.
In this method, accessible DNA serves as a good substrate for transposon integration, but strong
protein binding prevents transposon insertion. We optimized ATAC-seq to study plastid
nucleoids and refer to this approach as ptATAC-seq. In our modified protocol, purified
chloroplasts are crosslinked with formaldehyde as described previously 22, lysed with a
hypotonic buffer, incubated with Tn5 transposomes, and assayed by high throughput sequencing.
Purified (naked) DNA that has not been crosslinked is used as a control.

ptATAC-seq on wild type Arabidopsis chloroplasts revealed a relatively complex pattern

of Tn5 insertions into the plastid genome (Fig 2A). Observed effects were low and variation



within the eleven biological replicates of this experiment was high (Fig. S2A), which explains
why only subsets of the genome had significant enrichments or depletions of Tn5 integration
(Fig. 2A). It also indicates that differences in DNA protection detected by Tn5 throughout the
chloroplast genome are likely much smaller than in the nuclear genome. To test if low levels of
Tn5 integration correspond to high PEP binding and overall protein occupancy, we split genomic
bins into groups with significant enrichment of Tn5 integration (accessible), significant depletion
of Tn5 integration (protected) or no significant change (undetermined) (Fig. 2B). Genomic bins
marked as accessible had low levels of PEP binding detected by RpoB ptChIP-seq, while bins
marked as protected had high levels of PEP binding (Fig. 2C). This indicates that high levels of
PEP binding are associated with depletion in Tn5 integration. This may be interpreted as
evidence of at least partial DNA protection by PEP and associated proteins, leading to reduced

DNA accessibility.

Chloroplast nucleoid is organized by association with the membranes

An important property of chloroplast nucleoids is their association with the thylakoid membranes
10.I1 DNA interactions with the membranes may involve a subset of genes in a sequence-specific
pattern. This has been suggested by studies in spinach 328, Interestingly, other studies suggest
that DNA association with the membranes may have limited or no sequence specificity 7. To
distinguish between these alternative scenarios, we developed an assay to study sequence-
specific DNA-membrane associations on the genome-wide scale (Fig. 3A). The Soluble-
Insoluble Nucleoid Fractionation Assay (SOLINA) is based on a well-established approach to
separate thylakoid membranes and stroma by centrifugation of lysed chloroplasts 2°-34. In the
SOLINA assay, purified Arabidopsis chloroplasts are crosslinked with formaldehyde and lysed
using a hypotonic buffer, then DNA is fragmented by partial digestion with Micrococcal
nuclease (MNase). Subsequently, the sample is fractionated by centrifugation. The insoluble
fraction (pellet) is expected to contain the membranes together with crosslinked DNA. The
soluble fraction (supernatant) is expected to contain stroma and DNA fragments, that were not
crosslinked to the membranes. DNA is then purified, sonicated to reduce fragment lengths (Fig.
S3A), and assayed by high throughput sequencing. The ratio of pellet to supernatant signals is

interpreted as enrichment of a particular sequence in the membranes (Fig. 3A).



To test the specificity of the SOLINA assay, we performed western blots with antibodies
against membrane- and stroma-localized proteins. RbcL, the stroma-localized large subunit of
Rubisco, was detectable only in the soluble fraction (Fig. 3B). In contrast, LHCBI, the
membrane-localized subunit of the light-harvesting complex 11, was detectable only in the
insoluble fraction (Fig. 3B). This is consistent with previous observations ** and confirms that
our approach separates membrane and stromal fractions. To further confirm the specificity of
SOLINA, we used the results of a prior study, which identified the region around 16S and 23S
rRNA genes as membrane-bound 28. The outcome of SOLINA-seq was highly consistent with
this observation (Fig. 3C), which further supports the specificity of our assay. While we cannot
entirely exclude the possibility that properties other than membrane binding may affect DNA
fractionation, we interpret the enrichment in insoluble fraction as evidence of membrane
association.

Chloroplast DNA showed a complex sequence-specific pattern of membrane association
in SOLINA (Fig. 3C). In addition to rRNA genes in the inverted repeats (IR), several other
genomic regions in both the large single copy (LSC) and small single copy (SSC) were
preferentially associated with the membranes (Fig. 3C). This indicates that preferential
membrane association involves a subset of genes in a sequence-specific pattern. This suggests

that the chloroplast nucleoid is organized by anchoring DNA to the membranes.

Membrane association is correlated with PEP transcription
Preferential membrane association of rRNA genes and other genomic regions that contain highly
transcribed genes (Fig. 3C) suggests that membrane association may be correlated with
transcription. To test this hypothesis on the genome-wide scale, we compared membrane
association determined by SOLINA with PEP binding to DNA determined by ptChIP-seq.
Membrane association and PEP binding were strongly and significantly correlated on annotated
genes (Fig. 4A) and throughout the entire plastid genome (Fig. S4A). Consistently, the strongest
membrane association was observed on rRNA and tRNA genes (Fig. 4A) and was enriched on
class I gene promoters (Fig. S4B), where PEP binding is also enriched 2.

To further validate the observed correlation between PEP binding and membrane
association, we asked if the correlation persists in plants grown under different physiological

conditions. Prolonged dark treatment is expected to result in a substantial change in the pattern of



chloroplast gene expression 3. RpoB ptChIP-seq confirmed that 24-hour dark treatment leads to
a genome-wide change in the pattern of PEP binding to DNA (Fig. 4B, Fig. S4C). Similarly, the
pattern of DNA membrane association detected by SOLINA was also changed upon 24-hour
dark treatment (Fig. 4C). Interestingly, the change in PEP binding to DNA was significantly
correlated with the change in membrane association (Fig. 4D, Fig. S4D). This further confirms
that membrane association is correlated with PEP binding to DNA.

Together, these results suggest that PEP-transcribed regions of the chloroplast genome
are preferentially associated with the membranes. In contrast, non-transcribed sequences are not
efficiently crosslinked to the membranes due to physical distance and/or lack of crosslinkable

protein-DNA interactions.

Disruption of chloroplast development may reduce the overall level of PEP transcription
The observed correlation between PEP binding to DNA and membrane association does not
imply causality. To test if disruption of chloroplast development has an impact on the pattern of
transcription, we used two mutants, which disrupt chloroplast biogenesis. Magnesium
protoporphyrin IX methyltransferase (CHLM) is required for chlorophyll biosynthesis and the
chlm mutants have disrupted thylakoid formation and yellow phenotypes *>3¢ (Fig. S5A). Similar
phenotypes are observed in the chl27 (chi27-t) mutant (Fig. SSA), which knocks down a subunit
of the magnesium protoporphyrin IX monomethyl ester cyclase, another enzyme involved in
chlorophyll biosynthesis 7.

To test the impact of chloroplast development on the pattern of transcription, we
performed RpoB ptChIP-seq in ch/m and chl27 mutants. The ch/m mutant showed no detectable
impact on the pattern of PEP binding to DNA (Fig. 5B, Fig. S5B). This suggests that disruptions
of chloroplast development caused by CHLM deficiency are not sufficient to change the pattern
of transcription. Interestingly, the ch/27 mutant showed a moderate but significant reduction in
the levels of PEP binding to DNA (Fig. 5A). This reduction was observed throughout all PEP-
transcribed genes and was highly uniform (Fig. 5C) in contrast to strong locus-specific effects
observed in the sig2 mutant 2 (Fig. 5D, Fig. S5B). This indicates that CHL27 deficiency leads to
the overall reduction of PEP transcriptional activity with no detectable locus-specific effects.
Consistently, the accumulation of PEP subunits RpoB and RpoC1 was not reduced in chlm and

chi27 (Fig. SE).



These results indicate that disruption of chloroplast development caused by attenuated
chlorophyll biosynthesis may have an indirect impact on the overall PEP activity, but have

minimal influence on the sequence-specific pattern of PEP binding.

PEP transcription impacts DNA membrane association

The indirect impact of chloroplast biogenesis on the overall level of PEP binding does not
eliminate the possibility that the pattern of transcription may affect DNA membrane association.
To test this hypothesis, we used mutants defective in sigma factors SIG2 and SIG6, which are

known to directly recruit PEP to specific genes 344

and affect genome-wide patterns of PEP
binding to DNA 22, SOLINA performed with sig2 and sig6 mutants revealed broad disruptions of
DNA membrane association (Fig. 6A, Fig. S6AB). Comparison of SOLINA to previously
published RpoB ptChIP-seq in sig2 2* demonstrated a significant correlation between changes in
PEP binding to DNA and changes in DNA association with the membranes (Fig. 6B). An even
stronger correlation was observed in sig6 (Fig. 6C), which has a more pronounced impact on
PEP binding to DNA than sig2 ?2. This indicates that reduction of PEP binding to specific genes
in sigma factor mutants leads to a reduction in membrane association at those genes.

To test if sig2 and sig6 may affect membrane binding indirectly by disrupting the
thylakoid membranes, we assayed the accumulation of plastid membrane lipids
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG). While the level
of DGDG was unchanged, MGDG content was decreased to ~60 % in these mutants (Fig. S6C),
consistent with previous studies showing decreases of internal membrane structures in plastids of
sig2 and sig6, in comparison with the wild type ***°, Furthermore, the decreases of chlorophyll
accumulation in sig2 and sig6 mutants were similar to that in ch/m and chl/27 mutants (Fig S6D).
These results demonstrate that the thylakoid formation was partially impaired in sig2 and sig6
mutants and suggest that sig2 and sig6 mutants may impact DNA membrane association by a
combination of direct and indirect mechanisms, which is consistent with the proposed presence
of both direct and indirect impacts of sig2 and sig6 on chloroplast transcription 22,

Together, these results indicate that transcription affects DNA membrane association
directly by affecting DNA binding of individual genes and/or indirectly by affecting the

thylakoid formation probably due to the loss of photosynthetic proteins in the membranes.



Disruption of chloroplast development impacts DNA membrane association

The proposed presence of indirect effects of sig2 and sig6 on DNA membrane association
predicts that ch/m and chi27 mutants should also disrupt DNA membrane association. To test
this prediction, we performed SOLINA in ch/m and chl27. Both mutants significantly affected
DNA membrane association (Fig. 7A-C). Moreover, in chl27, reductions of the SOLINA signal
were correlated with the reductions of PEP binding (Fig. 7D). These results indicate that
chloroplast development has an impact on DNA membrane association.

Chloroplast development and thylakoid membrane formation may be the sole mechanism
affecting DNA membrane association. Alternatively, both thylakoid formation and PEP
transcription may contribute to DNA membrane binding. To distinguish between these
possibilities, we directly compared SOLINA results from the chlm mutant, which partially
disrupts chloroplast development and thylakoid formation 3-¢ but has no impact on PEP binding
to DNA (Fig. 5B) with results from ch/27, which partially disrupts chloroplast development and
thylakoid formation 37 but also has an impact on the overall PEP binding to DNA (Fig. 5C).
chl27 had a substantially greater impact on membrane association than ch/m, especially on rRNA
and tRNA genes (Fig. 7E, Fig. S7A). Although differences between those mutants should be
interpreted carefully, our results indicate that not only thylakoid membrane integrity but also

PEP transcription contributes to associating actively transcribed genes with the membranes.

DISCUSSION

We propose a model of chloroplast nucleoid organization where DNA is organized in a
sequence-specific manner and the main determinants of this specificity include the level of
transcription and thylakoid membrane formation. In this model, highly transcribed genes like
psbA, rbcL, many tRNA genes, and ribosomal RNA genes are preferentially attached to the
thylakoid membranes. Membrane-associated DNA has high levels of overall protein occupancy,
which is dominated by PEP and related proteins. Other proteins may also bind to membrane-
associated DNA, but this binding is either less prominent, weaker, less sequence-specific, or less
susceptible to formaldehyde crosslinking. High protein binding instigates a certain level of DNA
protection, likely caused by the widespread presence of PEP and proteins, which bind in concert
with PEP. Recruitment of active genes to the membranes requires both PEP transcription and the

presence of intact thylakoid membranes.

10



Regions of the genome with low levels of transcription are depleted in binding to the
membranes. This may be caused by their presence in the stroma or by less efficient
formaldehyde crosslinking to membrane proteins. DNA with low levels of transcription has low
protein occupancy and no detectable DNA protection, which may be caused by an overall low
amount or low sequence-specificity of protein binding or limited formaldehyde crosslinking of
bound proteins. It should be noted that we have no reasons to expect that peripheral location of
DNA is incompatible with PEP transcription. It remains possible that DNA molecules or regions
without strong membrane binding may still serve as templates for PEP.

Highly transcribed and membrane-associated DNA in our model likely corresponds to the
biochemically detected Transcriptionally Active Chromosome and the central body observed
using EM 15 Untranscribed and unprotected DNA that is not associated with the membranes is
consistent with the DNA fibrils observed in EM !5 1t should, however, be noted that there may
be only limited equivalency of structures detected using different approaches.

Our model is based on the interpretation that the insoluble chloroplast fraction corresponds to
the membranes and membrane-bound factors. This interpretation has strong support in the

literature 2934

, protein composition of soluble and insoluble fractions, and consistency of
SOLINA results with published data. It remains possible that properties other than direct binding
to the membranes may drive certain molecules to the pellet during chloroplast fractionation,
which is a potential limitation of our interpretation.

Membrane association of active genes relies on both the pattern of PEP transcription and
chloroplast development, including the presence of proper thylakoid membranes. These two
processes are very difficult to tease apart because PEP transcription is required for chloroplast

development (as observed in sig2 and sig6 mutants) 340

and chloroplast development may
impact transcription (as observed in the ch/27 mutant and some thylakoid lipid-deficient mutants
4142) Tt remains possible that chloroplast development and establishment of proper thylakoid
membranes may be the sole determinant of DNA-membrane association and the impact of PEP
transcription may be mostly indirect. However, we find this scenario unlikely. Instead, our
results indicate that both PEP transcription and chloroplast development contribute to
establishing the sequence-specific pattern of DNA-membrane association. This is supported by

coordinated changes in PEP binding and DNA membrane association in darkness when the

chloroplast ultrastructure does not largely change. It is also supported by the observation that

11



chl27, which impacts both chloroplast development and PEP transcription, has a greater impact
on DNA membrane association than ch/m, which impacts chloroplast development but not PEP
transcription. The influence of other processes like NEP transcription, replication, or DNA repair
on membrane binding remains unknown. It is also unknown how the presence of multiple copies
of the genome in each chloroplast ** contributes to the chloroplast genome organization.

The impact of membrane binding on transcription, gene regulation and proper plastid
function remains unknown. Large differences of PEP-DNA binding and SOLINA enrichment
between the light phase and dark phase indicate that the pattern of membrane binding is
dynamically rearranged when the levels of transcription change in response to changing
environmental conditions. While our experiments using sigma factor mutants place transcription
upstream of membrane binding, a reciprocal relationship is possible. Membrane association may
have an impact on establishing the proper pattern of gene expression, chloroplast biogenesis and
response to the environment.

Mechanisms that recruit transcribed DNA to the membranes remain unknown. One
possibility is association of PEP with the membranes *3, although core and peripheral subunits of
PEP are soluble ** and such association would likely have to be indirect. Additionally, certain
nucleoid-associated proteins like MFP1, PEND, TCP34 and pTAC16 are expected to directly
bind to the membranes *>~48, If they also preferentially bind to transcribed DNA, they could
contribute to DNA recruitment to the membranes. Another explanation is possible for genes
encoding membrane proteins, including subunits of photosynthetic complexes. Ribosomes
translating such proteins have been shown to attach to the thylakoid membranes **. Assuming at
least some co-transcriptional translation, DNA could be tethered to the membranes by coupled
transcription-translation-membrane insertion, also known as transertion *°°, In this scenario,
membrane binding could facilitate efficient gene expression. One additional speculative
explanation of membrane binding of active genes is formation of membrane surface
biomolecular condensates including PEP °!, which could provide a local environment supporting
transcription. Resolving the mechanism of membrane recruitment remains an important goal for

future studies.

EXPERIMENTAL PROCEDURES
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Plant materials and growth conditions

We used Arabidopsis thaliana wild-type Columbia-0 (Col-0) ecotype plants for all the
experiments in this work, and we included the following genotypes: ptac3 (SALK _110045) 23,
sig2-2 (SALK _045706) 32, sig6-1 (SAIL_893 C09) °, chim (SALK _110265) 3> and chl27-t
(SALK _009052) 7. Seeds were stratified in darkness at 4°C for 48 hours and grown on soil at
22°C under white LED light (100 umol m?s!) in 16h/8h day/night cycle for 14 days, or grown
on 0.5X MS plates (0.215% MS salts, 0.05% MES-KOH, 1% sucrose, pH 5.7, 0.65% agar) for 4
days at 22°C under constant white LED light (50 pmol m~s™!). For experiments requiring
extended dark treatment, 14 days-old plants were exposed to 24-hour darkness treatment.
Subsequent chloroplast isolation and cross-linking were performed avoiding light exposition.

Control samples were collected after 3 hours of light exposition.

Chloroplast enrichment and crosslinking

Chloroplasts from 14-day-old seedlings were enriched and crosslinked following the protocol
adapted by 22 based on the original protocol from >3. Chloroplasts were quantified by the amount
of chlorophyll 3* and the amount of chloroplasts corresponding to 100 pg chlorophyll was used,
unless indicated otherwise. In experiments using seedlings, 50 4 days-old seedlings were
crosslinked in a solution of 4 % formaldehyde with vacuum treatment for 10 minutes followed
by ice incubation for 4 hours. Formaldehyde was quenched by adding glycine to reach a
concentration of 600 mM and vacuum treated for 5 minutes, solution of formaldehyde and
glycine was discarded. Cross-linked seedlings were homogenized in the Chloroplast enrichment
buffer (0.33 M sorbitol, 30 mM HEPES-KOH [pH 7.5], 0.001% B-mercaptoethanol) using a
microtube pestle, and filtered through 2 layers of miracloth by centrifuging for 5 minutes at 1500
g. The pellet composed of an enriched chloroplast fraction was resuspended in the appropriate

buffer for downstream experiments.

Chloroplast IPOD

Protein occupancy in the chloroplast nucleoid was assayed by adapting the previously described
IPOD technique 2°2!, Crosslinked enriched chloroplasts were solubilized in 1X MNase reaction
buffer (50 mM Tris-HCI pH 8.0, 5 mM CaCly)] supplemented with 100 ug of RNase A and

incubated for 20 minutes on ice; MNase was added to obtain fragments ranging from 100 to 200
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bp and the sample was incubated for 10 minutes at 30 “C. MNase reaction was stopped by adding
EDTA to a final concentration of 100 mM and a fraction was used as the input control. The
stopped reaction was combined with 1 volume of 100 mM Tris base and 1 pl of 10 % BSA. One
volume of 25:24:1 phenol:chloroform:isoamyl alcohol was added to the sample, vortexed for 10
seconds, incubated for 10 minutes at room temperature, mixed again, and centrifuged at 21,130 g
for 2 minutes at room temperature. The aqueous and organic phases were taken out and
discarded by carefully bringing the interphase protein disk against the tube wall. The disk was
resuspended by the addition of 1 volume TE buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0)
and 1 volume Tris base, and extracted using 1 volume of 24:1 chloroform:isoamyl alcohol,
mixed and centrifuged as before. The disk was resuspended in 1 volume of TE buffer and further
isolated with 1 volume 24:1 chloroform:isoamyl as described. The final protein disk was
solubilized in ChIP elution buffer (100 mM Tris-HCI pH 8.0, 10 mM EDTA, 1 % SDS) and

subjected to reverse cross-linking and DNA isolation as reported by 22,

ptChIP-seq

ptChIP-seq experiments to detect RpoB binding to DNA were performed as described previosuly
22

ptATAC-seq

DNA accessibility in the chloroplast nucleoid was assessed with Tn5 transposition by adapting a
previously described nuclear ATAC-seq protocol 2’. Crosslinked enriched chloroplasts from 14-
day old plants corresponding to 1 pg chlorophyll were resuspended in 1X Tn5 reaction buffer
(Illumina) and assayed according to the manufacturer's instructions, except using 0.1 amount of
Tn5 to avoid overtagmentation. For naked DNA controls, 50 ng of DNA purified from non-
crosslinked chloroplast was used side by side with chloroplast samples. The tagmented DNA was
purified using the MinElute PCR purification kit following the manufacturer's instructions. High

throughput sequencing libraries were generated as reported 7.
SOLINA

Membrane and stromal-enriched DNA regions were identified by the Soluble-Insoluble Nucleoid

Fractionation Assay (SOLINA). Crosslinked enriched chloroplasts were resuspended in 1X

14



MNase reaction buffer (50 mM Tris-HCI pH 8.0, 5 mM CaCl») and incubated on ice for 20
minutes to burst chloroplasts. The ice incubation step was skipped for SOLINA involving ch/27
and chlm mutants. MNase was added at a range of concentrations to obtain fragment lengths
between 100 and 300 bp in the soluble fraction and incubated at 30°C for 10 minutes. MNase
reaction was stopped by adding EDTA and EGTA at a final concentration of 10 mM each, and
the sample was centrifuged at 21,130 g for 10 minutes at 4°C. The soluble fraction was
transferred to a new tube, and the pellet was resuspended in 1 volume of ChIP elution buffer.
SDS was added to the soluble fraction to reach a final concentration of 1%. Reverse crosslinking
and DNA isolation for both fractions was performed as described 2>, Purified DNA was
sonicated as described ? to obtain similar length distributions between pellet and supernatant

fractions.

Immunoblot analysis

Proteins from SOLINA assays were extracted by resuspending samples in protein extraction
buffer (20 mM Tris-HCI (pH 6.8), 3% B-mercaptoethanol, 2.5% SDS, 10% sucrose) and
incubated for 1.5 h at room temperature. 20 pg of proteins from the pellet fraction and its
equivalent volume of the supernatant fraction were separated by SDS-PAGE. To detect RbcL,
polyclonal anti-RbcL antibody (PhytoAB catalog number PHY0096A) and anti-rabbit IgG
antibody conjugated with horseradish peroxidase (Thermo catalog number PI314) were used as
the primary and secondary antibodies, respectively. For LHCB1 detection, we used the
polyclonal anti-LHCBI antibody from Agrisera (catalog number ASO1 004) and the same
secondary antibody; both detections were made at the same time by splitting the membranes in
half considering the apparent protein molecular weights. Protein bands were visualized using
chemiluminescence reagents (ECL Prime Western Blotting Detection Reagent, Amersham) and
an ImageQuant LAS 4000 imager or blue films (Kodak).

To detect RpoB, RpoC1, and Actin in Col-0 wild type, chl27, and chlm mutants, total
proteins were extracted by 2x SDS loading buffer (125 mM Tris-HCI, pH 6.8, 2% SDS, 0.05%
Bromophenol blue, 20% glycerol, 200 mM B-Mercaptoethanol). Anti-RpoB antibody (PhytoAB
catalog number PHY 1239), anti-RpoC1 antibody (PhytoAB catalog number PHY 0381A), anti-
Actin antibody (Agrisera catalog number AS13 2640), and anti-rabbit IgG antibody conjugated

with horseradish peroxidase (Thermo catalog number PI314) were used. Protein bands were
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visualized using chemiluminescence reagents (ECL Prime Western Blotting Detection Reagent,

Amersham) and an ImageQuant LAS 4000 imager or blue films (Kodak).

Chlorophyll level determination
Chlorophylls were extracted by immersing seedlings in 80% acetone at 4°C in darkness for 2 or 3
days. To determine chlorophyll concentration, the absorbance at 663.5 and 646.5 nm was

measured with a UVmini 1240 spectrophotometer (Shimazu) as reported °.

Lipid analysis

Total lipids extracted from seedlings were separated by thin-layer chromatography with
developing solvent of acetone:toluene:water (136:46:12) as reported >’. MGDG, DGDG, and
other membrane lipids visualized with 0.01% primuline in 80% acetone were isolated and methyl
esterified by incubating with 1 M HCI in methanol at 85 °C for 1.5 h. Fatty acid methyl esters
were quantified by CG-17A gas chromatography (Shimazu) with pentadecanoic acid methyl

ester as an internal standard.

Data analysis

For chloroplast IPOD, ptChIP-seq, ptATAC-seq, and SOLINA, we performed mapping to the
chloroplast reference genome as described previously ?2. Briefly, obtained raw sequencing reads
were trimmed using trim_galore v.0.6.7

(https://www bioinformatics.babraham.ac.uk/projects/trim_galore/) with cutadapt v.3.5 °8 and

mapped to the TAIR10 Arabidopsis plastid genome (www.arabidopsis.org) using Bowtie2
v.2.4.4 ¥ Read counts on defined genomic regions (annotated genes or bins) were determined
using samtools v.1.13 * and bedtools v.2.30.0 ®!'. For ptATAC-seq Tn5 insertions were counted
in 250 bins spanning the entire chloroplast genome. Protection was calculated as ratio of the
number of insertions in the crosslinked nucleoid sample to the number of insertions in the
uncrosslinked naked DNA control. Significance of differences between chloroplast nucleoid and
naked DNA control in 11 biological replicates of each was established using the negative
binomial model implemented in the NBPseq package 2. For IPOD, data was calculated as ratio
of reads-per million (RPM)-normalized read counts of IPOD to input samples. In case of ptChIP-
seq data, ChIP signal was calculated as ratio of RPM-normalized ChIP to input. ChIP enrichment
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was calculated by dividing ChIP signal of each gene or bin by the median ChIP signal of genes
within the 7poB operon %2, In SOLINA, signal is calculated by dividing RPM-normalized read

counts in the pellet fraction by supernatant fraction.
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ACKNOWLEDGEMENTS

This work was supported by a grant from the National Science Foundation (MCB 1934703) to
A.T.W and partially by UNAM-PAPIIT grant IA203424 to V.M.P. S.F. was supported by grants
from the Japanese Society for the Promotion of Science (19J01779, 20K15819). We thank Lydia
Freddolino for critical reading of the manuscript. We also thank Kosei Noto and Yushi Kurotaki

for assisting with lipid analysis.

FIGURE LEGENDS

Figure 1. Protein binding to chloroplast DNA is dominated by PEP transcriptional machinery.

A. Genome-wide pattern of protein occupancy on DNA detected by IPOD. Signal from
IPOD in Col-0 wild-type 14 days old plants was calculated in 50-bp genomic bins and
plotted throughout the entire plastid genome. Genome annotation including genomic
regions, positions of annotated genes 2, and names of selected individual genes is
provided on top of the plot. Average enrichment from four independent biological
replicates is shown. The light blue ribbon indicates standard deviation.

B. Previously published genome-wide pattern of PEP binding to DNA 22, Signal enrichment
from ptChIP-seq using aRpoB antibody in 14 days old Col-0 wild-type plants was
calculated in 50-bp genomic bins and plotted throughout the entire plastid genome.
Average enrichment and standard deviation from three independent biological replicates

are shown.
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C. Preferential protein occupancy on PEP gene promoters. [IPOD and RpoB ptChIP-seq
signal 2 from 14 days old Col-0 wild-type was calculated in 10-bp genomic bins and
plotted at psbA, psbE, psbB and rbcL loci. Average signal from four (IPOD) or three
(ptChIP-seq) independent biological replicates are shown. Ribbons indicate standard
deviations. Gray vertical lines indicate positions of the annotated promoters. Genome
annotation is shown on top.

D. Protein occupancy and PEP binding are significantly correlated. IPOD signal and RpoB
ptChIP-seq signal 22 were compared on annotated genes. Data points are color-coded by
function and show averages from three (ptChIP-seq) or four (IPOD) biological replicates.
Error bars indicate standard deviations. The blue line represents the linear regression

model.

Figure 2. PEP-occupied genes have reduced DNA accessibility.

A. Genome-wide pattern of DNA accessibility detected by ptATAC-seq. Signal from
ptATAC-seq in 14 days old Col-0 wild-type plants was calculated and plotted in 250 bins
covering the entire plastid genome. Y axis represents ratio of insertions in crosslinked
nucleoid to insertions in purified (naked) DNA. Genome annotation including genomic
regions, positions of annotated genes %2, and names of selected individual genes is
provided on top of the plot. Average signal from eleven independent biological replicates
is shown. Red shading indicates significant accessibility and blue shading indicates
significant protection identified using a negative binomial model FDR < 0.05. Individual
biological replicates are shown in Fig. S2A.

B. Identification of genomic bins with significant accessibility or protection. Negative
binomial model (FDR < 0.05) was used to identify genomic bins with significant
enrichment (accessible) or depletion (protected) of Tn5 insertions. Regions with no
significant change (FDR > 0.05) were identified as undetermined. Individual data points
within boxplots are averages from eleven biological replicates.

C. Protected genomic regions have high PEP binding. Previously published RpoB ptChIP-
seq signal 22 plotted on genomic bins identified as accessible, protected or undetermined
(Fig. 2B). Individual data points within boxplots are averages from three biological

replicates.
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Figure 3. Chloroplast nucleoid is organized by association with the membranes

A. Workflow of the Soluble-Insoluble Nucleoid Fractionation Assay (SOLINA).

B. Validation of SOLINA by western blot demonstrating presence of RbcL in the soluble
(stroma) fraction and LHCBI in the insoluble (membrane) fraction. Units of MNase and
fractions are labeled on the bottom of the panel. S indicates supernatant and P indicates
pellet. Star indicates a non-specific band.

C. Genome-wide pattern of membrane association identified by SOLINA. Signal from
SOLINA in Col-0 wild-type 4 days old plants was calculated in 50-bp genomic bins and
plotted throughout the entire plastid genome. Genome annotation including genomic
regions, positions of annotated genes 2, and names of selected individual genes is
provided on top of the plot. Average from three independent biological replicates is

shown. The light green ribbon indicates standard deviation.

Figure 4. Membrane association is correlated with PEP transcription.

A. Membrane association and PEP binding are significantly correlated. SOLINA signal and
RpoB ptChIP-seq signal from 4 days old plants were compared on annotated genes. Data
points are color-coded by function and show averages from three biological replicates.
Error bars indicate standard deviations. The blue line represents the linear regression
model.

B. Extended dark treatment affects the pattern of PEP binding to DNA. RpoB ptChIP-seq
was performed using 14 days old Col-0 wild-type plants collected during the day or after
extended dark treatment and enrichment was calculated in 50-bp genomic bins and
plotted throughout the entire plastid genome. Genome annotation including genomic
regions, positions of annotated genes 2, and names of selected individual genes is
provided on top of the plot. Average enrichments from three independent biological
replicates are shown. Ribbons indicate standard deviations.

C. Extended dark treatment affects the pattern of membrane association. SOLINA was
performed on 14 days old Col-0 wild-type plants collected during the day or after

extended dark treatment and signal was calculated in 50-bp genomic bins and plotted
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throughout the entire plastid genome. Average enrichments from three independent
biological replicates are shown. Ribbons indicate standard deviations.

D. Changes in membrane association and PEP binding after extended dark treatment are
significantly correlated. Changes in SOLINA signal and RpoB ptChIP-seq signal were
compared on annotated genes between plants collected during the day and after extended
dark treatment. Data points are color-coded by function and show averages from three
biological replicates. Error bars indicate standard deviations. The blue line represents the

linear regression model.

Figure 5. Disruption of chloroplast development may reduce the overall level of PEP
transcription.

A. Reduction of PEP binding to DNA in the ch/27-t mutant. RpoB ptChIP-seq enrichment in
4 days old plants was calculated in 50-bp genomic bins and plotted throughout the entire
plastid genome. Genome annotation including genomic regions, positions of annotated
genes 22, and names of selected individual genes is provided on top of the plot. Average
signal from three independent biological replicates is shown. Ribbons indicate standard
deviations.

B. The chlm mutant has no impact on the pattern of PEP binding to DNA. RpoB ptChIP-seq
enrichments in 4 days old Col-0 wild type and the ch/m mutant were compared on
annotated genes. Data points are color-coded by function and show averages from three
biological replicates. Error bars indicate standard deviations. The blue line represents the
linear regression model. The red line represents no differences.

C. The chi27-t mutant had an overall reduction of PEP binding to DNA. RpoB ptChIP-seq
enrichments in 4 days old Col-0 wild type and the chl27-t mutant were compared on
annotated genes. Data points are color-coded by function and show averages from three
biological replicates. Error bars indicate standard deviations. The blue line represents the
linear regression model. The red line represents no differences.

D. The sig2 mutant had a combination of overall and locus-specific reductions of PEP
binding to DNA. RpoB ptChIP-seq enrichments in 4 days old Col-0 wild type and sig2
assayed side-by-side with chlm and chl27-t mutants were compared on annotated genes.

Data points are color-coded by function and show averages from three biological
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replicates. Error bars indicate standard deviations. The blue line represents the linear
regression model. The red line represents no differences.

E. RpoB and RpoCl1 are expressed in chl/m and chl27-t mutants. Western blot was
performed with whole cell extracts from 4 days old seedlings of Col-0 wild type, chim,
and chl27-t using anti-RpoB and anti-RpoC1 antibodies. Anti-Actin antibody was used as

a loading control.

Figure 6. PEP transcription impacts DNA membrane association.

A. Genome-wide pattern of membrane association in sigma factor mutants. Signal from
SOLINA in 4 days old Col-0 wild-type, sig2 and sig6 plants was calculated in 1 kb
genomic bins distributed throughout the entire plastid genome. Genome annotation
including genomic regions, positions of annotated genes 22, and names of selected
individual genes is provided on top of the plot. Average signal from three independent
biological replicates is shown. Ribbons indicate standard deviations.

B. Changes in membrane association are correlated with changes in PEP binding in the sig2
mutant. Changes in SOLINA signal and previously published RpoB ptChIP-seq signal 2
between 4 days old Col-0 wild-type and sig2 mutant were compared on annotated genes.
Data points are color-coded by function and show averages from three biological
replicates. Error bars indicate standard deviations. The blue line represents the linear
regression model.

C. Changes in membrane association are correlated with changes in PEP binding in the sig6
mutant. Changes in SOLINA signal and previously published RpoB ptChIP-seq signal 2
between 4 days old Col-0 wild-type and sig6 mutant were compared on annotated genes.
Data points are color-coded by function and show averages from three biological
replicates. Error bars indicate standard deviations. The blue line represents the linear

regression model.

Figure 7. Disruption of chloroplast development impacts DNA-membrane association.
A. Genome-wide pattern of membrane association in chlorophyll biosynthesis mutants,
which disrupt chloroplast development and thylakoid membrane structure. Signal from

SOLINA in 4 days old Col-0 wild-type, chlm and chl27-t plants was calculated in 1 kb
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genomic bins and plotted throughout the entire plastid genome. Genome annotation
including genomic regions, positions of annotated genes 22, and names of selected
individual genes is provided on top of the plot. Average signal from four independent
biological replicates is shown. Ribbons indicate standard deviations.

B. The chlm mutant affects the pattern of DNA membrane association. SOLINA signal in 4
days old Col-0 wild type and the cil/m mutant were compared on annotated genes. Data
points are color-coded by function and show averages from four biological replicates.
Error bars indicate standard deviations. The blue line represents the linear regression
model. The red line represents no differences.

C. The chi27-t mutant affects the pattern of DNA membrane association. SOLINA signal in
4 days old Col-0 wild type and the chl/27-t mutant were compared on annotated genes.
Data points are color-coded by function and show averages from four biological
replicates. Error bars indicate standard deviations. The blue line represents the linear
regression model. The red line represents no differences.

D. Changes in membrane association are correlated with changes in PEP binding in the
chl27-t mutant. Changes in SOLINA signal and RpoB ptChIP-seq signal between Col-0
wild-type and ch/27-t mutant were compared on annotated genes. Data points are color-
coded by function and show averages from three or four biological replicates. Error bars
indicate standard deviations. The blue line represents the linear regression model.

E. Membrane association of annotated genes is reduced in the chlm and chl27-t mutants.
Average SOLINA signal from four biological replicates was calculated on annotated
genes grouped by their functions (tRNA, rRNA and protein-coding). Individual

biological replicates are shown in Fig. STA.
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