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Compaction of bulky DNA is a universal issue for all DNA-based life
forms. Chloroplast nucleoids (chloroplast DNA-protein complexes)
are critical for chloroplast DNA maintenance and transcription,
thereby supporting photosynthesis, but their detailed structure
remains enigmatic. Our proteomic analysis of chloroplast nucleoids
of the green alga Chlamydomonas reinhardtii identified a protein
(HBD1) with a tandem repeat of two DNA-binding high mobility
group box (HMG-box) domains, which is structurally similar to ma-
jor mitochondrial nucleoid proteins transcription factor A, mito-
chondrial (TFAM), and ARS binding factor 2 protein (Abf2p).
Disruption of the HBD1 gene by CRISPR-Cas9-mediated genome
editing resulted in the scattering of chloroplast nucleoids. This
phenotype was complemented when intact HBD1 was reintro-
duced, whereas a truncated HBD1 with a single HMIG-box domain
failed to complement the phenotype. Furthermore, ectopic expres-
sion of HBD1 in the mitochondria of yeast Aabf2 mutant success-
fully complemented the defects, suggesting functional similarity
between HBD1 and Abf2p. Furthermore, in vitro assays of HBD1,
including the electrophoretic mobility shift assay and DNA ori-
gami/atomic force microscopy, showed that HBD1 is capable of
introducing U-turns and cross-strand bridges, indicating that pro-
teins with two HMG-box domains would function as DNA clips to
compact DNA in both chloroplast and mitochondrial nucleoids.

chloroplast nucleoid | mitochondrial nucleoid | HMG-box domain

itochondria (mt) and chloroplasts (cp) (or plastids [pt]) are

believed to have evolved from endosymbiosis of aerobic
bacteria (a-proteobacteria) and oxygenic photosynthetic bacteria
(cyanobacteria), respectively (1, 2). These organelles maintain
their own DNAs (mt/cpDNAs) derived from their bacterial an-
cestors. mt/cpDNAs are not naked in vivo but are associated with
diverse proteins to form compact nucleoprotein structures called
mt/cp nucleoids.

In bacteria, a number of low-molecular-weight proteins called
nucleoid-associated proteins (NAPs) have been reported (3-5).
In Escherichia coli, more than 10 NAPs are known to maintain
nucleoid structure/functions by regulating DNA compaction,
supercoiling, and topology or by employing other functional
components such as DNA/RNA polymerases, transcription fac-
tors, and ribosomes (5-7). Among those NAPs, heat unstable
(HU) is one of the most abundant proteins in bacterial nucleoids
(3). HU binds DNA without apparent sequence specificity and
introduces U-turns into the DNA, thereby modulating the
compaction of bacterial nucleoids in cooperation with other
NAPs (8).

PNAS 2021 Vol. 118 No. 20 2021053118

In mt nucleoids, the major components common to animals,
fungi, and some protists are small basic proteins containing two
tandemly repeated DNA-binding motifs—high mobility group
box (HMG-box) domains (9, 10). They are related to eukaryotic
chromosomal proteins or transcription factors, and they do not
share any sequence or structural homology with bacterial NAPs.
They are encoded in the nuclear genomes and designated as
transcription factor A, mitochondrial (TFAM) in animals (8, 11),
ARS binding factor 2 protein (Abf2p) in yeast Saccharomyces
cerevisiae (12, 13), and agglomeration of mt chromosome (Glom)
in true slime mold Physarum polycephalum (14). TFAM is con-
served in animals that have a coelom (Coelomata) and in the
nematode Caenorhabditis elegans (15), and the crystal structure
of human TFAM revealed that it causes formation of a U-turn in
mtDNA by bending DNA double helices with its two HMG-boxes
(15, 16), just as HU does in bacterial nucleoids (8). TFAM and its
homologs play a central role in the gene expression, maintenance,
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own multicopy genomes organized as nucleoids, but the
mechanism of DNA compaction remains obscure. Here, we
discovered a chloroplast nucleoid protein (HBD1) that is highly
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mobility group box (HMG-box) domains. Our analyses of HBD1
based on DNA origami/atomic force microscopy showed that
HBD1 is capable of compacting DNA by introducing U-turns and
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and organization of the mt genome and therefore are regarded as
“mitochondrial histones.”

In cp nucleoids, proteins with HMG-box domains have not
been reported. Instead, an HU homolog that is closely related
to the bacterial nucleoid protein is known to participate in the
organization of cp nucleoids in red algae, some red algae en-
dosymbionts in other algae (17-20), and the green alga Chla-
mydomonas reinhardtii—histone-like protein (HLP) (21). In land
plants, however, an HU homolog has not been found. To un-
derstand the composition of cp nucleoids, a number of bio-
chemical and proteomic studies have been performed (22-25)
and have revealed numerous and diverse nuclear-encoded pro-
teins that associate with plastid nucleoids (pt nucleoids), but
their detailed functions are, in most cases, not known. The di-
versity of the protein composition of cp nucleoids could be
explained as being a result of dynamic alteration of cp nucleoids
during plant evolution, in which ancestral prokaryotic compo-
nents were recurrently lost or replaced by eukaryotic compo-
nents (26). However, the comprehensive picture of the molecular
organization of cp nucleoids still remains a mystery, and curi-
ously, no similarity in the molecular compositions between mt
and cp nucleoids has been found so far.

In this study, we performed a mass spectrometry-based pro-
teomic analysis of cp nucleoids isolated from C. reinhardtii and
identified a protein that is structurally highly similar to major mt
nucleoid proteins TFAM and Abf2p. The protein possessed two
HMG-box domains and was designated as HBD1 (C. reinhardtii
HMG-box domain protein 1). Investigation of the localization,
molecular function, and phylogenetic background of HBD1
revealed the advantage of having two HMG-box domains for
facilitating the compaction of cp and mt nucleoids.

Results

Protein Components of cp Nucleoids of Chlamydomonas. To identify
components of cp nucleoids, we first isolated cp nucleoids that
retained their morphological compactness from Chlamydomonas
cells. Proteomic analysis of the cp nucleoid fraction revealed
potential components of cp nucleoids, as shown in SI Appendix,
Table S1. Previously reported cp nucleoid proteins such as HLP
(21) and CNS (26) were found in the list, validating the reliability
of our proteomic analysis. Among the numerous proteins on the
list, we noticed a small basic protein (~22 kDa) with two HMG-
boxes (Fig. 14). Although the protein score (=77) was not high,
the organization of HBD1 was highly similar to that of major mt
nucleoid proteins such as TFAM, Abf2p, and Glom. It is known
that the composition of structural proteins is completely differ-
ent between cp and mt nucleoids, and, as far as we were aware,
no homologous proteins had been found between these two
organellar nucleoids (26). Therefore, the structural similarity
between HBD1 and the mt nucleoid proteins TFAM, Abf2p, and
Glom was striking. As the next step, we set out to investigate the
precise localization and function of HBD1.

HBD1 Localizes in cp Nucleoids. A database search (Phytozome
v.12) revealed that HBD1 is encoded on chromosome 16
(Crel6.g672300), and in silico prediction programs for intracel-
lular protein localization TargetP-2.0 (mt: 0.9963, cp: 0.0036)
(27) and iPSORT (mt or cp: yes, mt: yes) (28) both predicted
that this protein would be targeted to mt, while WoLF PSORT
(29) predicted cp targeting (cp: 8, nuclear: 3, mt: 3). To test
whether the HBD1 protein localizes to cp nucleoids, YFP-fusion
protein was expressed in Chlamydomonas cells. Consequently,
the HBD1:YFP signals were detected exclusively overlapping cp
nucleoids, and no signals were detected in either mt nucleoids or
the cell nucleus (Fig. 1B). This result showed that HBD1 is a cp
nucleoid protein that possesses two HMG-box domains, similar
to major mt nucleoid proteins.
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Fig. 1. HBD1 is a cp nucleoid protein that directly binds DNA. (A) Schematic
diagrams of domains of HBD1 and major mt HMG proteins: HBD1 (C. rein-
hardtii: Uniplot ID A8J3F0), hTFAM (Homo sapiens: Q00059), Abf2p (Sac-
charomyces cerevisiae: Q02486), and Glom (true slime mold Physarum
polycephalum: Q8T114). All of them have two HMG-box domains separated
by a short linker region (predicted by HMMER software with Pfam database).
(B) A cell wall-less C. reinhardtii cell (CW15) expressing HBD1:YFP was ob-
served by differential interference contrast microscopy (DIC) and fluores-
cence microscopy (DAPI, YFP and Chl). The nucleus (N), cp nucleoids (arrows),
and mt nucleoids (arrowheads) were visualized by DAPI staining (DAPI:
cyan). HBD1:YFP signal (arrows) are shown in yellow (YFP). The magenta
represents chlorophyll autofluorescence (Chl). DAPI+YFP+Chl is a merged
image of DAPI, YFP, and Chl signals. HBD1:YFP signals exclusively overlapped
with DAPI-stained cp nucleoid signals. (C) Coomassie Brilliant Blue-stained
gel after SDS-PAGE of recombinant HLP and HBD1 proteins. (D) EMSA of
recombinant HLP and HBD1 proteins. Styl-digested A phage DNA (400 ng)
was incubated with buffer (Cont.), 800 ng BSA (BSA), or various amounts
(800, 400, 200, 100 ng) of HLP or HBD1 protein.

In the nuclear genome of C. reinhardtii, we found two addi-
tional genes encoding proteins with two HMG-box domains:
HBD2 (Crel7.g702650) and HBD3 (Crell1.g481050) (SI Ap-
pendix, Fig. S1). According to the TargetP-2.0 program, HBD2
was predicted to localize in mt (mt: 0.6538, cp: 0.0796), and
HBD?3 would be targeted to other cellular compartments (Other:
0.8167). To study their intracellular localization, we tried to ex-
press these proteins fused with YFP, but all our attempts were
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unsuccessful. As an alternative approach, their localizations were
investigated by the transient expression system using the leaf
epidermal cells of Nicotiana benthamiana (SI Appendix, Fig. S1).
HBD1:GFP appeared as a punctuate particle in the cp, consis-
tent with the localization of HBD1 in C. reinhardtii (Fig. 1B).
HBD2 was mostly targeted to mt and was also targeted to cp.
The HBD3 signal was seen in the nucleus (SI Appendix, Fig. S1).
The expression profiles of these genes during cell division were
also analyzed using previously reported RNA-sequencing data
(30) (SI Appendix, Fig. S2). The expression level of HBD1 was
up-regulated prior to cell/cp division, which was triggered by the
light to dark transition. The expression level of HBDI reached a
plateau between 0 and 1 h after the start of the dark period and
then slowly decayed. The maximum expression level and decay
curve were similar to those of HLP, which is the major compo-
nent of cp nucleoids in C. reinhardtii (21, 26). The expression
levels of HBD2 and HBD3 were much lower than that of HBDI
(~15% and ~1% of HBDI, respectively). These analyses sug-
gested that HBD1 is a major 2xHMG-box protein exclusively
targeted to cp. HBD2 may be targeted mt or dual-targeted to mt
and cp, and its expression level was much lower compared to that
of HBD1. HBD3 probably functions in the cell nucleus.

HBD1 Is a DNA-Binding Protein. To test whether HBD1 is a DNA-
binding protein, we expressed the protein with N-terminally
fused 6xHis-tag in E. coli (Fig. 1C). The HBD1 recombinant
protein was purified and extensively washed using an Ni-NTA
column. As a positive control, a recombinant HLP protein was
prepared. The recombinant proteins were assessed for their DNA-
binding activity by electrophoresis mobility shift assay (EMSA)
using Xbal-digested A phage DNA fragments as substrates (Fig.
1D). The addition of increasing concentrations of HBD1 resulted
in slower migration of DNA-protein complexes. This analysis was
repeated by using cpDNA fragments for 12 regions of 7 genes
(promoter, 5 UTR, intron or exon regions for rbcL, petA, atpB,
psbA, mpl16, 23S rRNA, and tRNA; #mS). Sense and antisense
single-strand DNAs (ssDNAs) were prepared and annealed to
form double-strand DNA (dsDNA) fragments. GC content for
each region was calculated and varied from 10 to 54%. dsDNA
and ssDNA (sense) fragments were analyzed. Eventually, all
fragments shifted in a similar manner, validating that HBD1 can
bind both dsDNA and ssDNA without obvious sequence speci-
ficity (SI Appendix, Fig. S3).

Analysis of CRISPR/Cas9-Mediated HBD1 Knockout Mutants. To assess
the function of HBD1 in living C. reinhardtii cells, strains lacking
the HBD1 gene were prepared by the CRISPR/Cas9-mediated
genome editing technique (SI Appendix, Fig. S4) (31). This was
necessary because no mutants for this gene were found in the
Chlamydomonas Library Project lines (32). Using the CRISPR/
Cas9-mediated system, we obtained three independent lines in
which the HBDI gene was disrupted by the insertion of the
marker gene cassette (SI Appendix, Fig. S3B). HBDI mRNA
levels were almost undetectable in these lines by RT-qPCR (SI
Appendix, Fig. S4C). We asked whether the cp nucleoid mor-
phology was different between wild-type (WT) and Abd1 mutants
viewed under a fluorescence microscope. In hbdI, the globular
cp nucleoids were disintegrated and scattered throughout cp, and
the sizes of °p, nucleoids were smaller (~0.26 um?) than those in
WT (~0.5 pm?) (Fig. 2). Then we expressed HBD1 with one or
two HMG-boxes (native HBD1 and truncated HBD1 retaining
the N-terminal single HMG-box) in hAdbl. When HBD1:YFP
(2xHMG-box) was expressed, the s1ze of cp nucleoids recovered
to almost the WT level (~0.47 ym?). However, the phenotype
could not be complemented by expressing the truncated version
of HBD1:YFP (1xHMG) (Fig. 2) The size of cp nucleoids in
hbdl expressing 1XHMG (~0.24 um?) was almost the same as that
in hbd1, suggesting that twvo HMG-box domains are required for
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Fig. 2. Disruption of HBD1 by CRISPR-Cas9-mediated genome editing and
complementation tests. (A) Differential interference contrast (DIC) and
fluorescence microscopic images of WT (CC-125), hbd1 (knockout), hbd1/
HBD1:YFP (hbd1 cells transformed to express HBD1 [2xHMG-box] gene), and
hbd1/truncated HBD1:YFP (hbd1 cells expressing truncated HBD1 with
1xHMG-box [trnHBD1]) grown on TAP agar plates for 5 d. The magenta
color shows chlorophyll autofluorescence (Chl). The nuclear (N), cp (arrows),
and mt nucleoids (arrowheads) were visualized by SYBR Green | staining
(DNA). Merged image of SYBR Green I signal and Chl (DNA+Chl). (Scale bar, 5
pum.) (B) Size distribution of cp nucleoids of WT, hbd1, hbd1/HBD1:YFP
(2xHMG-box), and hbd1/truncated HBD1:YFP (1xHMG-box) analyzed by
Image). One-way ANOVA tests were performed with R statistical package
version 3.5.0 (59) with post hoc test (Tukey’s honestly significant difference),
***%P < 0.01.

the compaction of cp nucleoids. Meanwhile, the expression level
of HBD1 did not significantly affect the copy number of cpDNA
(SI Appendix, Fig. S5), cell growth (SI Appendix, Fig. S6), or the
accumulation levels of cp gene transcripts (SI Appendix, Fig. S7),
unlike the effect of Abf2p, whose accumulation level is a critical
determinant of mtDNA copy number in S. cerevisiae (33).

HBD1 Can Complement the Aabf2 Phenotype in S. cerevisiae. To study
the function of HBD1, we examined whether HBD1 could comple-
ment a Aabf2 mutation in S. cerevisiae. Abf2p is a 2xHMG-box

PNAS | 30f8
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16" 102 16% 16* 16° 10" 16% 16% 16* 16°
ABF2 [control]
Aabf2 [control]
Aabf2 [ABF2]
Aabf2 [HBD1]
SD -> YPDG SGal -> YPDG
B ABF2 Aabf2 Aabf2 Aabf2
[Control] [Control] [ABF2] [HBD1]

Fig. 3. HBD1 complements Aabf2 mutation in S. cerevisiae. WT or Aabf2
cells of S. cereviciae were transformed with the plasmid pYES2/CT (vector
control), pYES2/CT-ABF2, or pYES2/CT-HBD1. (A) The transformants were
incubated at 30 °C for 2 d in synthetic defined (SD) or SGal liquid medium,
and then serial dilutions (10~ to 107°) of cell suspensions (ODggp = 2) were
spotted on YPDG plates (SD to YPDG or SGal to YPDG) and cultivated at
30 °C for 4 d. (B) The cells were cultivated at 30 °C for 2 d in SD or SGal liquid
medium, fixed, DAPI stained, and observed by fluorescence microscopy.

protein that functions as the structural core of mt nucleoids of S.
cerevisiae. Yeast cells lacking functional Abf2p (Aabf2) are able to
maintain mtDNA as long as they are grown on media with non-
fermentable carbon sources (such as glycerol), but they quickly
lose mtDNA in medium containing fermentable carbon (such as
glucose or galactose) (12). The growth of Aabf2 cells that have lost
mtDNA is severely inhibited when they are transferred to medium
with nonfermentable carbon sources. We expressed HBD1 fused
with the mt transit sequence of Abf2p under the control of
galactose-inducible GAL1 promoter. The strains were cultured for
48 h in liquid media containing fermentable carbon sources (glu-
cose [SD] or galactose [SGal]) and then inoculated onto YPDG
agar plates containing nonfermentable carbon source medium (SD
— YPDG and SGal — YPDG, respectively, in Fig. 34). The GALI
promoter drives the expression of downstream genes at high level in
the presence of SGal and at low/leaky level in the presence of SD.

In this assay, the WT cells with the empty vector were able to
grow on YPDG plates, whereas Aabf2 cells showed the petite
colony phenotype (Fig. 34). In the Aabf2 cells, which formed
petite colonies, mt nucleoids were small and diffusely stained by
DAPI, indicating the disintegration of mt nucleoids and loss of
mtDNA in both SD and SGal conditions (Fig. 3B). These results
verify the critical importance of Abf2p in compacting and sta-
bilizing mt nucleoids. The phenotype of Aabf2 was complemented
when intact ABF2 was introduced (SD), but overexpression of
Abf2p appeared to be deleterious because of side effects on
mtDNA replication/recombination or transcription (SGal), con-
sistent with a previous report (33). On the other hand, when
HBD1 was expressed in mt of Aabf2, the respiratory-competent
cells clearly increased in both SD — YPDG and SGal - YPDG
conditions. In Aabf2-expressing HBD1, mt nucleoids were

40f8 | PNAS
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observed at almost the same level as in WT (Fig. 3B). These re-
sults suggest that HBD1 is capable of compacting and stabilizing
mt nucleoids, substituting for the function of Abf2p in S. cerevisiae.

Possible Advantage of a Tandem Repeat of Two HMG-Box Domains
for Compacting DNA. What could be the advantages of two tan-
demly repeated HMG-box domains in compacting DNA in both
mt and cp? To address this question, recombinant proteins with
one, two, or three HMG-box domains were prepared (Fig. 44)
and analyzed by EMSA (Fig. 4B). To compare the DNA-binding
affinity of these proteins, a dsDNA fragment was used as a
probe, and the band intensity of free DNA probe was quantified
to calculate the half maximal (50%) effective concentration
(ECsp) value (Fig. 4C). ECsq values of HMG proteins with two
or three domains were lower than that with one domain, indi-
cating that the protein with two or three HMG-box domains had
much higher affinity for dsDNA compared to the one with one
HMG-box domain, whereas the difference of ECsy between
the proteins with two and three HMG-box domains was not sta-
tistically significant. These results suggest that having two HMG-
box domains is advantageous for increasing DNA-binding affinity.

The crystal structures of TFAM and Abf2p revealed that these
proteins bind DNA to form a U-turn with the proteins’ two
HMG-box domains (16, 34). Considering the structural similarity
between those mt 2xHMG-box proteins and HBD1, HBD1 may
also bind DNA to induce a U-turn with its two HMG-box do-
mains. To study whether HBD1 could introduce U-turns in
dsDNA, we employed DNA origami and high-speed atomic
force microscopy (AFM) (35, 36). To detect dsSDNA U-turns, we
employed a DNA origami substrate with two parallel dsDNA
strands in the center of each frame (Fig. 4D). When purified
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Fig. 4. Tandem repeat of two HMG-box domains is critical for increasing
DNA-binding affinity and compacting DNA strands by bending and cross-
strand bridges. (A) Coomassie Brilliant Blue-stained SDS-PAGE image show-
ing recombinant proteins with one (1), two (2), or three (3) HMG-box do-
mains. (B) The DNA-binding affinity of the recombinant proteins was
analyzed by EMSA using 50 bp dsDNA as substrate. (C) Quantitative com-
parison of DNA-binding affinity between recombinant proteins with one,
two, or three HMG-box domains. Band intensity of free DNA was quantified,
and the ECsy value was calculated from B instead of dissociation constant
(Kp). Values are the means and SDs of five independent experiments. (n =5,
Tukey-Kramer test). (D) Recombinant proteins with two HMG-box domains
were mixed with DNA origami frames with two parallel dsDNA strands and
observed by high-speed AFM. Representative AFM images showing the
original DNA origami substrate (Top), DNA cross-strand bridge (Middle), and
bending (Bottom). Raw image (Left), surface plot (Middle), and schematic
model (Right) to show the binding of HBD1 protein (pink).
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recombinant HBD1 protein was added to the DNA origami
substrate, the microscopy revealed that HBD1 protein bound to
the dsDNA and induced a U-turn (Fig. 4D and SI Appendix, Fig.
S8). Interestingly, X-shaped structures were also observed
(Fig. 4D and SI Appendix, Fig. S8), suggesting that the 2xHMG-
box protein is capable of forming an interstrand bridge between
two DNA strands. These results indicated that, in addition to
improving the DNA-binding affinity, duplication of HMG-box
domains could be important for compacting long, bulky DNA
molecules into cp nucleoids by intrastrand binding (bending,
U-turns) and cross-strand bridges. In other words, HBD1 may
function as a DNA clip, controlling the level of DNA compaction
by bending and bridging DNA strands with its two HMG-box
domains (ST Appendix, Fig. S9).

Phylogenetic Analysis of HBD1. HBD1 is highly similar to major mt
nucleoid proteins Abf2p and TFAM regarding several points
including their domain structure, localization, and function. They
all possess two HMG-box domains (Fig. 14), are targeted to
DNA-containing organelles (mt or cp) (Fig. 1B), and function as
DNA-binding proteins (Fig. 1). HBD1 compacted cp nucleoids
(Fig. 2) and was able to functionally substitute for Abf2p in mt of
S. cerevisiae (Fig. 3). Moreover, AFM analysis showed that
HBD1 is capable of introducing U-turns and cross-strand bridges
to DNA strands (Fig. 4), similarly to TFAM (37). Therefore, we
next analyzed the phylogenetic relationship between these
HMG-box proteins.

The HMG-box domain is widely conserved among green
plants, but the copy number of genes encoding HMG-box pro-
teins varies depending on the species (38, 39). We searched for
proteins with multiple HMG-box domains by hmmscan search
(SI Appendix, Fig. S10). Proteins with two HMG domains were
found in green algae including Chlamydomonas, Volvox, Micro-
monas, Osteococcus, etc., and it is possible that these proteins would
function as DNA-compaction factors in cp or mt in a manner similar
to HBD1. However, in other plants, proteins with two HMG-box
domains were not detected. Instead, proteins with three HMG-box
domains were identified, some of which may function in organelles.

To obtain insight into the possible origin and evolutionary
scenario of 2xHMG-box proteins, phylogenetic analysis was
performed, but the root of the phylogenetic tree was complicated
because of the poor conservation of amino acid sequences even
within the HMG-box domain. Curiously, when the two (N-ter-
minal and C-terminal) HMG-box domains were separately ana-
lyzed (SI Appendix, Fig. S11), HMG-boxes of Abf2p of yeast
formed independent branches consisting of its N- and C-terminal
HMG-box domains. This result suggests that the extant 2xHMG-
box proteins might have been acquired by independent duplica-
tions of HMG-box domains as a result of convergent evolution.

Discussion

HMG-box is a DNA-binding domain (40) that was originally
discovered in nuclear chromatin—associated proteins such as tran-
scription factors (41, 42). Later, proteins with two HMG-box do-
mains were identified as major components of mt nucleoids in
animals and fungi. Those proteins, TFAM and Abf2p, have been
shown to play a central role in the organization and maintenance of
the mt nucleoids and also in the transcriptional regulation of mt
genes (43). On the other hand, there have been no reports suggesting
the occurrence of 2xHMG-box proteins in cp (or mt) of green plants.

In this report, we identified and characterized the HBD1
protein with two HMG-box domains by proteomic analysis of
purified cp nucleoids. The domain structure of HBD1 was highly
reminiscent of major mt nucleoid proteins TFAM and Abf2p. Mi-
croscopic analysis indicated that HBD1:YFP localized exclusively in
cp nucleoids. The recombinant HBD1 protein showed sequence-
independent DNA-binding activity (Fig. 1). Disruption of HBD1
resulted in partial disintegration of cp nucleoids, which was
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abrogated by the expression of HBD1 (2xHMG), but not by the
expression of truncated HBD1 with only one HMG-box domain
(Fig. 2). Furthermore, ectopic expression of HBD1 in the Aabf2
mutant of S. cerevisiae functionally rescued the defects (Fig. 3),
suggesting that HBD1 is not only structurally but also functionally
similar to Abf2p/TFAM. The results of EMSA, DNA origami, and
high-speed AFM analyses suggested that two HMG-box domains
would be advantageous for dsDNA compaction because of the
higher dsDNA affinity and the ability to introduce bending
(U-turn) and cross-strand bridges to dsDNA strands (Fig. 4).
These data indicate that HBD1 with its two HMG-box domains,
which is structurally and functionally similar to major mt nucleoid
proteins, plays a critical role in compacting cp nucleoids.

Several mt or cp nucleoid proteins have been shown to in-
troduce U-turns to compact DNA molecules, based on structural
analyses, AFM, or electron microscopic observations (10, 15, 16,
44). Other than HMG-box proteins, bacterial HU is one of the
proteins capable of introducing U-turns to dsDNA (8), so it is
likely that HLP (it is structurally a HU-like protein) (21), which
is one of the major components of cp nucleoids in C. reinhardti,
can also introduce U-turns in DNA.

As for cross-strand bridges, on the other hand, proteins with
HMG-box domains could be unique. TFAM has been shown to
form cross-strand bridges either by using the two HMG-box
domains (37) or by dimerization (15). Our AFM analysis showed
that HBD1 is also capable of forming cross-strand bridges (Fig. 4).
This function would be important especially for cp nucleoids be-
cause it has been suggested that ~10 copies of cp genomes are
organized into one globular cp nucleoid in C. reinhardtii (45) [~4
copies in land plants (46)], whereas mt nucleoids have been shown
to contain only one copy of the mt genome (47). During cp divi-
sion, the globular cp nucleoids disintegrate and become scattered
into a network-like structure consisting of minute speckles, prob-
ably because of the dissociation of Holliday junctions and relaxa-
tion of DNA supercoils by MOC1 (Holliday junction resolvase),
which disentangles cp nucleoids into minute speckles (42). After
the completion of cp division, the minute speckles quickly merge to
reform globular cp nucleoids (48). To achieve efficient reformation
of globular cp nucleoids, HBD1 would serve as a core structure by
forming cross-strand bridges to tether multiple copies of cp ge-
nomes. This would explain why cp nucleoids were rather scattered
when HBD1 was disrupted or truncated to lose a single HMG-box
domain (Fig. 4). Based on these results, we propose a model in
which HBD1 with two HMG-box domains functions as a DNA clip
to form U-turns in DNA and cross-strand bridges between DNAs
to form globular cp nucleoids (S Appendix, Fig. S9).

HBD1, TFAM, and Abf2p have several features in common.
They possess two HMG-box domains, localize in DNA-containing
organelles, and function to organize nucleoids. Therefore, it is
natural to ask whether they derived from the same evolutional
origin or evolved convergently. This question is difficult to answer
because of the rapid evolutionary rate of HMG-box domains (49).
However, our phylogenetic analysis suggested that it is more likely
that these genes might have occurred as a result of independent
duplications of HMG-box domains (S Appendix, Fig. S11). Our
experiments suggested that the tandem repeat of two HMG-box
domains is advantageous for enhancing cpDNA compaction
(Fig. 4), and we speculate that this advantage might have been the
driving force for the convergent evolution of 2xHMG-box do-
mains as a compaction factor for both mt and cp nucleoids.

There are functional differences between HBD1 and TFAM/
Abf2p, which would be reasonable if they have evolved indepen-
dently. TFAM/Abf2p have multiple functions other than DNA
compaction, such as regulation of transcription, replication, and
homologous recombination (10). HBD1, in contrast, would not be
multifunctional. Overexpression or loss of HBD1 did not change
the cpDNA copy number (S Appendix, Fig. S5), cell growth (SI
Appendix, Fig. S6), or cp gene transcriptions (S Appendix, Fig. S7),
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unlike Abf2p and TFAM. Also, as shown in Fig. 3, both low-level
and overexpression of HBD1 complemented the phenotype of
yeast Aabf2 mutant and did not inhibit the growth, in contrast to
native Abf2p, which complemented the petite colony phenotype
only when Abf2p was expressed at low level (in the absence of
nonfermentable carbon sources). Overexpression of Abf2p inhibi-
ted the growth, consistent with the previous observation (33). It has
been postulated that the growth inhibition might have been caused
by an erroneous action of Abf2p in function(s) other than DNA
compaction, such as homologous recombination or transcription
(33). In fact, the petite colony phenotype of Aabf2 could be rescued
by the expression of other unrelated DNA-binding proteins such as
bacterial HU (50). Likewise, the overexpression of HBD1 did not
cause growth inhibition in yeast (Fig. 3). Taken together, it is likely
that HBD1 is a protein specialized for DNA compaction and may
not have additional functions in transcription or homologous re-
combination processes (Fig. 24). However, more careful investi-
gations would be required to investigate possible functions of
HBDI1, such as by analyzing the binding affinity for DNA sub-
strates with various structures.

How common are 2xHMG box proteins as a component of cp
nucleoids? Our database analysis indicated that 2xHMG-box
proteins are ubiquitously found in green algae (Chlamydomo-
nas, Volvox, Cocoomyxa, Micromonas, Osterococcus, etc.), and it
is likely that these proteins would serve as components of cp or
mt nucleoids (S Appendix, Fig. S10). Otherwise, 2xHMG proteins
are rather rare in green plants. Although there are many 3xHMG-
box proteins, which could potentially function as cp or mt nucleoid
compaction factors (SI Appendix, Fig. S6), in silico intracellular
localization analysis predicted nuclear or cytoplasmic localization
for most of the 3XHMG proteins (S Appendix, Table S2). Indeed,
3xHMG proteins analyzed so far have been shown to function in
the cell nucleus and, interestingly, bind to condensed mitotic
chromosomes, possibly serving as condensation factors (51). It
would be still interesting to pursue for HMG proteins that func-
tion as cp or mt nucleoid compaction factors in land plants.

Given that deletion of HBD1 does not affect cell-division rate,
cpDNA copy number, or cp mRNA abundance, what could be the
biological significance of forming globular cp nucleoids? At present,
there is still no clear answer to this important question. More precise
analyses such as those on the response of cp gene expression,
cpDNA replication activity to environmental changes, cell cycle, or
reproduction could be essential to clarify this point. One possible
speculation might be that the surface of globular cp nucleoids may
serve as a physical platform for numerous proteins with diverse
functions to work together to achieve efficient cpDNA replication or
transcription, although it might have only limited impact on the
static accumulation level of cpDNA or cp mRNAs. Further analyses
would shed light on still-unknown functions of cp nucleoids in plants.

Materials and Methods

Cell Culture. C. reinhardtii cells were usually grown on a Tris-acetate-phos-
phate (TAP) solid medium under continuous light at 23 °C (52). For isolation
of pt nucleoids from zygotes, a mating-type plus (mt+) strain (CC-125) and
mating-type minus (mt-) strain (CC-124) were grown separately on agar
plates (1.2% agar in Sager and Granick medium). The mating reaction was
induced by suspending the cells in nitrogen-free Tsubo mating buffer
(1.2 mM Hepes [pH 6.8], 1 mM MgSO,4) and incubating them under strong
light (200 pmol photons m~2 s~") for more than 3 h. Then, equal numbers of
mt+ and mt— gametes were mixed and allowed to mate.

Isolation of cp Nucleoids. Isolation of cp nucleoids was performed basically as
described previously (supplemental figure 3 of ref. 29). In the present study,
about 2 g (fresh weight) of zygotes at 60 min after mating was disrupted
with an airbrush (HP-62B, Olympos) (53) at a pressure of 2.0 kg/cm?. Cell
lysates were washed with suspension buffer (150 mM sucrose, 1.2 mM
Hepes-KOH [pH 6.8], 5% polyethylene glycol 6000, 0.5 mM EDTA) until the
supernatant became clear. The pellet was resuspended in suspension buffer
containing 30% Percoll and overlaid on top of a discontinuous Percoll
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gradient (45 to 80% Percoll in suspension buffer) in 15-mL tubes. After
centrifugation at 2,000 x g at 4 °C for 40 min with a swinging-bucket rotor,
the green band at the interface between the 45 to 80% layers of Percoll was
collected. The cp fraction was diluted fourfold with suspension buffer and
then layered onto a discontinuous sucrose density gradient (3 mL each 80,
40, and 20% sucrose in suspension buffer) in 15-mL tubes and centrifuged at
2,000 x g for 30 min with a swinging-bucket rotor. Green bands of cp at the
80 to 40% sucrose interface (~2 mL) were recovered and diluted to 6 mL
with TAN buffer (20 mM Tris-HCl [pH 7.6], 0.5 mM EDTA, 7 mM
2-mercaptoethanol, 1.2 mM spermidine, 0.4 mM phenylmethylsulfonyl
fluoride). A total of 400 pL 20% Nonidet P-40 were added to the cp sus-
pension. After being rotated for 30 min at 4 °C, the solution was centrifuged
at 100 x g for 5 min to remove starch grains and debris. The supernatant was
filtered through a layer of nylon mesh with 5-um pores, and the filtrate was
centrifuged at 20,000 x g for 45 min to sediment the cp nucleoids. The
sedimented cp nucleoids were resuspended in 200 pL of TAN buffer, divided
into aliquots, quickly frozen, and stored at —80 °C.

Mass Spectrometric Analysis. The nucleoid proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and sub-
jected to in-gel digestion with mass spectrometry (MS) grade modified trypsin
(Promega). The peptides were extracted as described previously (26) and
loaded onto a column (100-um internal diameter, 15-cm length; L-Column,
CERI) using a Paradigm MS4 HPLC pump (Michrom BioResources) and an HTC-
PAL autosampler (CTC Analytics) and eluted over 26 min with a gradient of 5
to 45% (vol/vol) acetonitrile in 0.1% (vol/vol) formic acid. The eluted peptides
were introduced directly into an LTQ-Orbitrap XL mass spectrometer (Thermo
Fisher Scientific) with a flow rate of 500 nL--min~" and a spray voltage of 2.0
kV. The obtained spectra were compared to those in a protein database
(Chlamydomonas genomic information 2.4) using the in-house MASCOT server
(version 2.3, Matrix Science) (54). MASCOT search parameters were set as
follows: threshold of the ion score cutoff, 0.05; peptide tolerance, 10 ppm; MS/
MS tolerance, 0.5 Da; and peptide charge, +1, +2, or +3. The search was also set
to allow one missed cleavage by trypsin, carboxymethylation modification of
Cys residues, and variable oxidation of Met residues.

Construction of YFP-Fusion Protein Expression Line. To construct YFP-fusion
proteins for subcellular localization analyses, HBD1 was amplified from ge-
nomic DNA of C. reinharditii and cloned into Ndel/EcoRI-cleaved pNyan vector
(26) using the In-fusion system (Takara Bio USA Inc.). Nuclear transformation of
C. reinhardtii (strain CW15 mt+) was performed by electroporation using Gene
Pulsar (Bio-Rad) (55). Briefly, the cells were collected by centrifugation at 800 x
g for 5 min at 4 °C and resuspended in TAP medium containing 50 mM sucrose
to a final density of 1 x 108/mL. The cell suspension (250 pL) was placed into an
electroporation cuvette with a 4-mm gap (Bio-Rad), which was then chilled at
16 °C for 5 min. Then, an exponential electric pulse (2,000 V/cm) was applied to
the sample with the capacitance of 25 pF. The cuvette was incubated on ice for
at least 5 min, and the cell suspension was plated onto solid medium (TAP-
1.2% agarose) with 10 pg/mL paromomycin. The plates were placed under
30 pumol photons m™2 s~ at 23 °C.

Transient Expression in Leaf Epidermal Cells of N. benthamiana. Full-length
coding sequence (CDS) of 3xHBD genes were amplified from cDNA and
inserted between a cauliflower mosaic virus 355 promoter and GFP sequence
into pGWB405 using Gibson assembly technology. N. benthamiana leaves
were infiltrated with Agrobacterium using conventional methods. To visu-
alize mt, Agrobacterium carrying mt-targeted mCherry expression vector
(mCherry-mt-rk CD3-991) was coinfiltrated. After 2 d incubation, infiltrated
leaves were observed under a confocal laser microscope (Leica SP5).

Construction of Knockout Line with CRISPR/Cas9 System. CRISPR/Cas9-medi-
ated genome editing was performed following a previously reported pro-
tocol (31). C. reinhardtii strains CC-125 and CC-124 were grown in liquid TAP
medium under fluorescent light (60 umol photons m™2 s~') with rotary
shaking at 110 rpm at 22 °C with a 14 h light/10 h dark cycle for at least 10 d
to keep them in the exponential growth phase. Cells at a density of 1 to 2 x
10° cells/mL were harvested and resuspended in MAX Efficiency transfor-
mation medium (A24229; Thermo Fisher Scientific) supplemented with
40 mM sucrose to a density of 108 cells/mL. Then cells were heat shocked at
40 °C for 30 min. The scaffold RNA and the target sequence RNA were or-
dered as recommended by the manufacturer (Integrated DNA Technologies
[IDT]). The two RNAs were annealed in DUPLEX buffer (100 mM potassium
acetate and 30 mM Hepes [pH 7.5], IDT) to a final concentration of 10 uM by
heating to 95 °C for 2 min, followed by cooling at a rate of 0.1 °C/min. Cas9
protein (Clontech Laboratories, Guide-it Recombinant Cas9, 632640) was
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mixed with an equimolar amount of annealed guide RNA in 1xNEB3.1
Buffer (100 mM NaCl, 50 mM Tris-HCI [pH 7.9], 10 mM MgCl,, 100 pg/mL
bovine serum albumin [BSA], New England Biolabs) at a final concentration
of 3 uM each and incubated for 15 min at 37 °C. Cells were mixed with 5 pL
of 3 pM Cas9 ribonucleoprotein and 1.5 pL (15 pmol) of selection marker
plasmid pHyg3 (APHVII) with or without 1.5 uL of Homology Directed Re-
combination donor dsDNA. Transformation was performed by electroporation
using a NEPA21 electroporator (Nepa Gene Co.) (56). The cell suspension was
plated onto solid medium (TAP-1.2% agarose) with 10 pg/mL hygromycin. The
plates were placed under 30 pmol photons m=2 s~! at 23 °C for 1 wk, and
emerged colonies were cultured in 150 puL of TAP medium in the wells of a
96-well plate to use for PCR screening. For complementation, pNyan-HBD1
vector described in the section regarding construction of the YFP-fusion
protein-expression line or pNyan vector with truncated (N-terminal half of)
HBD1 was introduced into the knockout line using a NEPA21 electroporator.

gRT-PCR. DNA content and RNA-expression level were determined by qRT-
PCR. Total DNA was extracted by the classic phenol/chloroform-based
method. Total RNA extraction and reverse transcription were performed
with the Maxwell 16 LEV Plant RNA Kit (Promega) and ReverTra Ace
(Toyobo), respectively. gRT-qPCR was performed using FastStart SYBR Green
Master (ROX, Roche Diagnostics) and the Mx3000P system following the
manufacturer’s instructions. The quantitative estimations were calculated
with MxPro software using the AACt (cycle threshold) method (Stratagene,
Agilent Technologies), using a nuclear gene MAA7 (S| Appendix, Figs. S4 and
S5) or GBLP (S| Appendix, Fig. S7) sequence as an internal control. The list of
primers used in this study is shown in S/ Appendix, Table S3.

Protein Expression and Purification. The pQE80L vector (Qiagen) was linear-
ized with BamHI and Hindlll, and HBD1 and HLP were cloned into it using
the In-fusion system. E. coli (Rosetta DE3, Merck Millipore) carrying pQE80L
vector was grown in 200 mL Luria-Bertani (LB) medium containing 50 pg/mL
carbenicillin (Nacalai Tesque) to an optical density at 600 nm (ODgqo) of 0.4,
and the genes were induced by adding isopropyl-p-D-1-thiogalactopyrano-
side (IPTG, Nacalai Tesque) to a final concentration of 1 mM. After 3-h in-
cubation at 37 °C, the cells were harvested by centrifugation. The cells were
frozen using liquid nitrogen and thawed on ice and suspended with lysis
buffer (20 mM Hepes-KOH [pH 7.6], 500 mM Nacl, 20 mM imidazole, 0.1%
lysozyme) containing EDTA-free protease inhibitor mixture (Complete,
Roche) at 4 °C and disrupted by sonication. Recombinant proteins in the
supernatant of the lysate were incubated with Ni-NTA agarose (Qiagen) for
2 h. After washing three times with wash buffer (20 mM Hepes-KOH [pH
7.6], 500 mM NaCl, 20 mM imidazole), proteins were collected with elution
buffer (20 mM Hepes-KOH [pH 7.6], 500 mM NaCl, 250 mM imidazole). The
purified protein fractions were then desalted and concentrated by ultrafil-
tration (Vivaspin, 3 kDa molecular weight cutoff, GE Healthcare).

To compare the proteins with one, two, or three HMG-box domains, the
desired numbers of the HMG-box domains of HBD1 were artificially con-
nected. For this purpose, the sequence equivalent to one N-terminal-side
HMG-box domain, one each of N- and C-terminal domains, or two
N-terminal and one C-terminal domains of HBD1, respectively, were inter-
connected with the respective linker amino acids and inserted into pCold-I
DNA vector (Takara). E. coli carrying a pCold-HBD1 vector were grown in LB
medium containing 50 pg/mL carbenicillin to an ODgoo of 0.4. Protein ex-
pression was induced by 1 mM IPTG after preincubation at 16 °C for 30 min.
The E. coli was cultured at 16 °C and harvested after 24 h. The induced
proteins were purified as described above.

EMSA. Purified HBD1 and HLP proteins were tested for DNA binding activity
by EMSA as described in ref. 14. A total of 1 uL recombinant HBD1, HLP, or
BSA was added to 9 pL of reaction buffer (10 mM Tris-HCl [pH 7.5], 0.5 mM
EDTA) containing 400 ng of Styl-digested A phage DNA (Marker 6, Nippon
Gene) and incubated at room temperature for 2 h. The reaction mixtures
were applied to a 1.2% agarose gel in TAE buffer (40 mM Tris-acetate [pH
8.0], 2 mM EDTA). After electrophoresis, the gel was stained with ethidium
bromide. In order to compare the binding strength depending on the dif-
ference in the number of HMG-box domains, a 50-bp oligonucleotide having
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2. M. W. Gray, The endosymbiont hypothesis revisited. Int. Rev. Cytol. 141, 233-357
(1992).

3. K. Drlica, J. Rouviere-Yaniv, Histonelike proteins of bacteria. Microbiol. Rev. 51,
301-319 (1987).

Takusagawa et al.

HBD1 protein with a tandem repeat of two HMG-box domains is a DNA clip to organize

chloroplast nucleoids in Chlamydomonas reinhardtii

a random sequence (GC content = 50%) was synthesized and used after
annealing the complementary strands. In this experiment, a 3% agarose gel
in TBE buffer (89 mM Tris-HCI [pH 8.3], 2 mM EDTA, 89 mM H3BOs) was used,
keeping the temperature low. To compare the affinity of the tested pro-
teins, the band intensity of free DNA was quantified, and the ECso value was
calculated by fitting the sigmoid.

Complementation Analysis of Aabf2 in S. cerevisiae. The pAMIA vector con-
taining WT Abf2 gene and abf2-deficient (4abf2) S. cerevisiae mutant was a
kind gift from D. A. Clayton, Howard Hughes Medical Institute, Janelia Re-
search Campus, Ashburn, VA. The outline of complementation of Aabf2 was
described in ref. 57. Briefly, to express HBD1 in yeast mt, the sequence of the
mt transit peptides of Abf2p was amplified from pAMIA-Abf2 vector, fused
to the HBD1 gene amplified from C. reinhardtii cDNA, and inserted into the
yeast-expression vector pYES2/CT (Invitrogen) driven by the galactose-
inducible GAL1 promoter. Transformation of yeast cells was performed with
the lithium chloride method (58). Stability of yeast mtDNA was assayed by
spotting a series of dilutions on YPDG plates (1% yeast extract, 2% peptone,
0.1% glucose, 3% glycerol, 2% agar) and incubating them for 4 d at 30 °C
after growing them in liquid synthetic medium (0.17% yeast nitrogen base
[Difco]) and 0.5% ammonium sulfate supplemented with adenine and ap-
propriate amino acids) containing 3% glycerol or 2% SGal for 2 d at 30 °C.

Phylogenetic Analysis. Protein sequences of TFAM, Abf2p, and HMG proteins
that have two HMG-box domains from plants and algae were collected with
searches using the BLAST algorithm against public databases, and their
HMG-box domains were extracted by Pfam search. The sequences were
aligned using PROBCONS. RAXML was used for phylogenetic tree search and
bootstrap value calculation by the maximum likelihood method. A Bayesian
inference analysis was performed using MrBayes with 1,000,000 genera-
tions. In both cases, Aminosan was used for model selection.

AFM. The imaging was performed using DNA origami that consisted of a DNA
frame and 70 and 80 bp dsDNA. The sequence of the DNA frame used in the
experiment was described previously (35). The DNA frame was assembled in
a 20 pL solution containing 10 nM M13mp18 single-stranded DNA (New England
BioLabs), 100 nM staple strands (226 strands), 20 mM Tris-HC| (pH 7.6), 1 mM
EDTA, and 10 mM MgCl,. The mixture was annealed at a temperature gradient
from 85 to 15 °C at a rate of —1.0 °Umin. The preannealed dsDNAs were in-
corporated into the DNA frame by annealing the mixture at a temperature
gradient from 40 to 15 °C at a rate of —0.5 °C/min using a thermal cycler.

The DNA frame (at concentration 10 nM) and recombinant protein were
preincubated at room temperature for 10 min in AFM buffer (20 mM Tris-HCI
[pH 7.6], 10 mM MgCl,, and 1 mM EDTA). After the incubation, 2 uL of the
sample was deposited onto freshly cleaved, 3-aminopropyltriethoxysilane—coated
mica, and then the surface was rinsed with AFM buffer. AFM imaging was per-
formed using a high-speed atomic force microscope (Nano Live Vision, RIBM). The
sample was imaged in the buffer solution at room temperature with a silicon
nitride cantilever (BL-AC10EGS, Olympus Corporation). The images were obtained
at a scan rate of 0.2 frames per second.

Data Availability. HBD1 has been deposited in GenBank (accession no.
MW505863).
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