microorganisms ﬁw\p\py

Review
Architectural Organization of Dinoflagellate Liquid
Crystalline Chromosomes

Joseph Tin Yum Wong

Division of Life Science, Hong Kong University of Life Science, Clearwater Bay, Kowloon, Hong Kong;
botin@ust.hk; Tel: 852-23587343

check for
Received: 21 December 2018; Accepted: 17 January 2019; Published: 22 January 2019 updates

Abstract: Dinoflagellates have some of the largest genome sizes, but lack architectural nucleosomes.
Their liquid crystalline chromosomes (LCCs) are the only non-architectural protein-mediated
chromosome packaging systems, having high degrees of DNA superhelicity, liquid crystalline
condensation and high levels of chromosomal divalent cations. Recent observations on the reversible
decompaction-recompaction of higher-order structures implicated that LCCs are composed of
superhelical modules (SPMs) comprising highly supercoiled DNA. Orientated polarizing light
photomicrography suggested the presence of three compartments with different packaging DNA
density in LCCs. Recent and previous biophysical data suggest that LCCs are composed of: (a) the
highly birefringent inner core compartment (i) with a high-density columnar-hexagonal mesophase
(CH-m); (b) the lower-density core surface compartment (ii.1) consisting of a spiraling chromonema;
(c) the birefringent-negative periphery compartment (ii.2) comprising peripheral chromosomal loops.
C(ii.1) and C(ii.2) are in dynamic equilibrium, and can merge into a single compartment during
dinomitosis, regulated through multiphasic reversible soft-matter phase transitions.

Keywords: dinoflagellate; liquid crystalline chromosomes; liquid crystalline DNA; phase transition;
superhelical module; 5-hydroxymethyluracil; nucleosome; superhelical condensation; chromosome

1. Introduction

Dinoflagellate liquid crystalline chromosomes (LCCs) are strongly birefringent, when observed
under polarizing light microscopy (live cells without fixation) [1,2], suggesting a highly anisotropic
organization of condensed DNA in vivo (see Figure 1a). LCCs have no architectural nucleosomes [3-5]
and low concentrations of acid-soluble chromosomal proteins [6], despite having some of the
largest genomes [7]. Instead of “beads-on-string” nucleosomal structures [8], relaxed periodic helical
plectonemes were observed in dinoflagellate chromosome spread preparations [9,10], consistent with
decondensed modular domains of superhelical DNA.
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Figure 1. Birefringence imaging of live dinoflagellate cells. (a) Birefringence image of a live Karenia brevis
cell. This cell was in the G; phase of the cell cycle. Some focused LCCs exhibited inner and outer cores.
They were observed under cross-polar with Olympus BX-51. A Karenia brevis cell has a flattened shape
and is approximately 35-50 pm in width. The black and white birefringence within a LCC was indicative
of opposite anisotropic orientations in the inner core and outer core compartments (b,c) and shows
retardance images of a live Karenia brevis cell. Retardance, the intensity of the integrated birefringence,
was quantitatively imaged through a semi-automatic polarizing light microscopic system, as previously
described and displayed in pseudo color [2,11]. The Metripol polarizing light microscope system (Oxford
Cryosystem) employed a motorized rotating polarizer and a fixed circular analyzer with Olympus
BX-51 [12,13]. Higher retardances were observed at the inner cores (C(i), light blue), when compared
to surface compartments (C(ii.1) + PCL C(ii.2), dark blue) in some LCCs. Each LCC in focus was
individually surrounded by a third region with low or no detectable retardance, representing C(ii.2)
(images by Mike Bennett).

2. Superhelical Plectonemic Modules (SPMs) and Compartmentation

Cation-chelation (1-6mM EDTA) induced orchestrated concentration-dependent decompaction
of LCCs, and the associated loss of higher order (at 1-2mM, lost of birefringence) could be partially
repacked with the reintroduction of divalent cations [14]. This finding contrasted with the relatively
milder effect of EDTA treatment on nc-chromosomes [15], which was likely related to the 2- to 3-fold
increased LCC Mg?* concentrations [16]. Mg?* could mediate the condensation of supercoiled DNA,
but on its own would not incur reversibility in the soft-matter phase transition [17], which would be
required for chromosome operations [18]. Liquid crystalline phase transitions of supercoiled DNA
were governed by physical-mechanical association between modules, which in turn were influenced
by multitudes of physical parameters and subunit configurations [19-24]. Reversible decompaction
implicated that the superhelical LCCs higher-order structures were composed of modular superhelical
modules (SPMs) anisotropically organized, and was in agreement with a major role of inter-strand
divalent cations in mediating lc-mesophases. “Rosette-like” ultrastructure structures [25], observed in
two types of partially decompacted LCCs, were consistent with SPMs (Figure 2).
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Figure 2. Proposed compartmental superhelical liquid crystalline model for dinoflagellate liquid
crystalline chromosomes. Diagrammatic representation of (a) a chromonema composed of spiraling
supercoiled plectonemic modules (SPMs); (b) lateral section of a highly condensed /compacted C(i)
superimposed under C(ii.1), composed of chromonema coil-spiraling (partially decompacted to
show C(i)); (c) the horizontal section of a LCC showing core C(i), the surface C(ii.1) and C(ii.2)
consisting of peripheral extrachromosomal loop (PCL); and (d) a LCC on nuclear envelope (NE) during
dinomitosis; partially decompacted to show C(ii.1) chromonema spiraling, around C(i). (figure drawn
by Alvin Kwok).

Transmission electron microscopy (TEM) and DNA fluorescent microscopy of chelator-treated
LCCs (5-6mM EDTA), revealed a decompacted screw thread-like appearance surrounding an extended
central core [14]. This despondent effect of C(i) relative to C(ii.1) was supportive of the two
compartments having different compaction and major connections only at chromosome ends. It was
also in agreement with the right-angle relationship between the helical moments in C(i) and C(ii.1),
which was suggested by black and white birefringence (Figure 1a., suggesting opposite orientation),
as well as the higher retardance in C(i) in relation to C(ii.1)) and C(ii.2) (Figure 1b—d).

Under physiological concentration ranges of DNA, the cholesteric mesophase (Cm) is the common
liquid crystalline mesophase encountered, followed by columnar-hexagonal phase (C-Hm) with higher
density than [26]. A cholesteric circular dichroism (CD) signal at -265 nm from outer condensed
region of EtBr-tagged dinokaryon, but not in nascent CD spectra [27]. This signal is supportive
of cholesteric phase to a certain organization level of c(ii.1), and C-Hm to c(i), which had a higher
retardance. The EtBr-dependent signal was misinterpreted as a higher-order cholesteric organization
without regarding the DN A-intercalation effect of EtBr. This lack of a 265-nm signal in the nascent
CD spectrum, but only in the mildly intercalated EtBr spectrum suggested that the cholesteric signal
likely corresponded to sub-chromonema level of c(ii.1) and not to a higher order on the LCC periphery.
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The high scattering CD values [27] confirmed the non-uniformity of the liquid crystalline phases
(i.e., between c(i) and c(ii.1)), and not related to a protein core as originally interpreted.

Gene encoding region was the only fraction accessible for restriction enzyme digestion [28].
The birefringent negative C(ii.2), indicative of decondensed DNAs, corresponded to outer semi-condensed
peripheral chromosome loops (PCLs) being the only LCC sub-location that was transcriptionally
active[29,30]. Significantly, this implies global transcriptional regulation would be mediated through
multiphasic soft-matter phase transitions of PCL, between isotropic and liquid crystalline phases of DNA.
Mn?* was a stronger liquid crystalline cations then Mg?* [31]; Mn?" stimulated transcription in other
eukaryotic cells, inhibited transcription in dinokaryon [6]. PCL could possibly condense, especially during
mitosis, and be considered part of C(ii.1).

Based on the above interpretation of data, the Compartmental Superhelical Liquid Crystalline
Model (CSLCM) is proposed:

(a) LCCs are composed of modular units termed superhelical plectonemic modules (SPMs),
which are formed by highly supercoiled DNA;

(b) LCCs compose of an inner core C(i), a core surface C(ii.1) in dynamical equilibrium with C(ii.2)
comprising of transcriptionally-active periphery chromosomal loops (PCL).

The chromonema is composed of coil-spiralling SPMs in tandem (Figure 3). The despondent
central compacted core surrounded by an external core-spiral, after EDTA- chelation ex vivo [14],
was consistent with chromonema in C(i) and C(ii.1-ii.2) coiling independenly, with C(i) coiling on
its own axis (with higher density) into C-Hm formation of SPMs and C(ii.1) chromonema coils
around C(i), which would incur less density and in the front line of decompaction in response to
chelation. The central C(i), with higher DN A-packaged density, thus acts as a structural carrier [29]
for PCL, which would be in dynamical phase equilibrium with C(ii.1).
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Figure 3. Cation-mediated decompaction and recompaction of dinoflagellate liquid crystalline
chromosomes; (a) florescence photomicrographs (DAPI-stained) of a compacted and two decompacted
nuclei of Heterocapsa triquietra. The size of the nucleus is approximately 5 um. LCCs became
extended upon decompaction; (b) Metripol images of re-packed and decompacted-LCCs ex vivo.
LCCs were decompacted with EDTA treatment and partially re-packed with divalent cation re-addition.
The re-packed LCCs, though having regained some compaction, lost their original orientation order.
The size of the nucleus was approximately 8-20 um [32]. (Images by Man Ho Chow and Shiyong Sun).
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LCC decompaction and remodeling were induced with a sample preparation of ultrastructural
studies of dinokaryons and attributed to an insufficiency of DNA-protein chemical cross-links
associated with a very low protein-DNA ratio [33]. The decondensation of supercoiled domains
with this lack of fixation, together with physical severance at ultrasectioning, reasonably incurred the
commonly observed “nested-arch” structures [34] with common TEM preparation protocols. Given
that mathematical deduction from this “higher-order waveform” was the basis of the previously
proposed cholesteric model [35], the accompanying interpretation of a single cholesterite could not be
substantiated; Ethanol (30%) was the fixative agent during the sample preparation for SIMS imaging
of the divalent cation [16], however, ethanol (>20%) induced different structures in non-nucleosomal
DNAs [36]. The secondary ion mass spectroscopic-imaged holes were likely to be actual space, incurred
by ethanol-induced DNA structural changes, and an architectural protein core would not be consistent
with low basic chromosomal protein concentrations [37,38]. Ethanol exhibited a conservation effect
on LCC Mg?* concentrations, indicating that a proportion of higher divalent cation was attributed to
counterions, which would not be disrupted by ethanol.

3. Physical Genomic Karyotype (PGK) of Liquid Crystalline Chromosomes

Genomes and associated molecular processes have to be optimally crafted for the physical
realization of the genome carrier. There was a reduced diversity of specific transcription factors
and DNA-binding proteins, but increase in predicted RNA-binding proteins, consistent with
post-transcriptional regulation of gene expression (reviewed in [38]); genes were unidirectionally
encoded and many were in tandem array genes [39-41]. Compared to the common state in
nc-chromosomes, this set-up will facilitate the avoidance of large and sustained transcriptional
bubbles, as well as dimensionally-equalizing transcriptional units, both resulting in increased
anisotropy and a higher propensity for soft-matter phase transitions, and configurative periodicity.
Conversely, transcriptional units with different dimensions and cross-transcriptional connections
would be detrimental to anisotropic phase transitions. Transcription along unidirectional tandem
arrays will be logistically conducted with immediate closure instead of keeping the transcription
bubble “open” for sustained transcription over the same gene loci, minimizing both the duration and
size of non-anisotropy. Putative long tandem-array transcripts will further ensure the avoidance of
trans-splicing in large transcriptional bubbles at inconvenient times. These physical optimizations
of the genome at all levels of chromosomal organization (including the non-random distribution of
5Hmu), especially in the configurative well-being of LCCs for reversible soft matter phase transitions,
cumulated to the Physical Genomic Karyotype(PGK); a global reduction in modular configurative
variability and an increase in three-dimensional modularity content with post-transcriptional
regulation of gene expression through soft-matter phase transition. These are evidently one primary
mission of PGK. A fully-annotated dinoflagellate chromosomal genome sequence would be revealing
to this additional dimension of organization.

A special dinoflagellate RNA leader sequence (CSL) was identified [42,43]. The phase separation
of RNA granules was influenced by RNA lengths, secondary structures, and concentrations [44-46],
and could potentially be configured with potential CSL-binding proteins or spacer-binding proteins.
Inter-ORF spacers were only rarely found in transcriptome [47], likely attributed to special
compartmentation that eluded common RNA preparation method; such spacers would potentially
confer periodicity on RNA secondary structures [48,49], potentially guiding transcription and splicing
through soft matter phase transitions, and affecting the expression dynamics of corresponding
transcripts. These arrangements are consistent with the general transcription “rate” not being
dominantly regulated at the level of promotor elements, but controlled at pre-, and post-transcriptional
gene topology level, critically through the phase transition of nucleic acid domains, and the
post-transcriptional processing of transcripts.
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4. 5-Hydroxymethyluracil and Z-DNA

A substantial amount of dinoflagellate genomic thymine (60-70%) was replaced by
5-hydroxymethyluracil (SHmu) [50-52], which exhibited a density-dependent distribution in the
CsCl gradient [50], implicating possible distinctive compartmental distribution. As DNA supercoiling
would be preserved in such a condition, it implicated 5Hmu enrichment in C(i), which had the
higher-density C-Hm. The 5Hmu increased DNA flexibility through increased propensity for a roll
and tilt between bases, especially when interspersed with G-C pairs [53-55]. The reduction of DNA
structural water (cwater) with high concentrations of divalent counterions, which commonly led
to reduce DNA rigidity [56], would further increase the propensity for compartment-specific DNA
supercoiling. dsDNA pair potential, 5Hmu placement, and high levels of counterions would be
synergistic in raising DNA twistability, likely resulting in an increased propensity for supercoiling
and SPM compaction. Cooperative supercoiling-mediated compaction of SPMs will increase the
overall anisotropic configurability. A-T-rich dinucleotide steps increased DNA flexibility [56,57];
extrapolation of similar sequence-dependency to A-H-rich dinucleotide steps would further increase
DNA flexibility. Mapping of 5Hmu in trypanosoma suggested 5SHmu was enriched in the strand
switch, telomeric, and intergenic regions in the nucleosomal genome [58], consistent with 5Hmu
inherent-DNA twistability affecting nucleosomal occupancy and may retrospectively preserved the
non-nucleosomal state during LCC evolvement.

LCCs had a high frequency of methylcytosine (~1%) [52], which will foster Z-DNA in the
presence of high counterions [56,59,60]. Z-DNA, which occurred at a high frequency in dinoflagellate
genomes [61] are generally associated with double-helix buckling (commonly referred to as “kinks”) at
junctions between supercoiled domains, which could be the result of protein-binding or transcription,
effectually dissipating superhelical torsion between domains [62,63]. This would likely, in conjunction
with inter-domain cations, contribute to torsional sustainability between SPMs.

5. Conclusions and Future Perspectives

Up to 200 metres of DNA can be packaged into a dinokaryon; LCCs embody superhelical-liquid
crystalline condensation for compacting some of the largest eukaryotic genomes. This partnership
relies on multiphasic phase transitions in the crowded dinokaryon to coordinate multiple levels
of chromosome structure. The selective placement of special bases, and high concentrations of
selective cations, substantiate higher degrees of DNA superhelicity and anisotropy, likely trending
with SPM modularity to reciprocate phase-transitional reversibility and dynamicity. CHLCM embraces
modular SPMs, SPM coil-spiraling, special-base(s) placement, high concentrations of counterions,
and PGK to optimize soft-matter phase transitions for three special compartments with different
chromosomal functions.
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Abbreviations

ACF Anisotropic Cluster Formation

ChoM Cholesteric Mesophase

CH-M Columnar-Hexagonal Mesophase

CSLCM Compartmental Superhelical Liquid Crystalline Model

d interaxial space between DNA, or interstitial space between DNA in Ic-mesophases

PGK Physical Genomic Karyotypes
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S5hmu 5-hydroxymethyluracil

BTIL Biphasic Transitions Between Isotropic and Liquid Crystalline Phases
lc liquid crystalline

LCCs Liquid Crystalline Chromosomes

Nc Nucleosomal

NE Nuclear Envelope

NI Nuclear Lamina

b

Helical Pitch of DNA Double Helix

P Helical Pitch of Liquid Crystalline Phases

PCL Peripheral Chromosomal Loop

SPMs Superhelical Plectonemic Modules

cwaters structural waters

References

1. Cachon, J; Sato, H.; Cachon, M.; Sato, Y. Analysis by polarzing microscopy of chromosomal structure among
dinoflagellates and its phylogenetic involvement. Biol. Cell 1989, 65, 51-60. [CrossRef]

2. Chow, M.H,; Yan, K.T.H.; Bennett, M.].; Wong, ]J.T.Y. Birefringence and DNA Condensation of Liquid
Crystalline Chromosomes. Eukaryot. Cell 2010, 9, 1577-1587. [CrossRef]

3. Bodansky, S.; Mintz, L.B.; Holmes, D.S. The mesokaryote Gyrodinium cohnii lacks nucleosomes.
Biochem. Biophys. Res. Commun. 1979, 88, 1329-1336. [CrossRef]

4. Herzog, M.; Soyer, M.O. Distinctive features of dinoflagellate chromatin. Absence of nucleosomes in
a primitive species Prorocentrum micans E. Eur. ]. Cell Biol. 1981, 23, 295-302.

5. Shupe, K.; Rizzo, PJ. Nuclease Digestion of Chromatin from the Eukaryotic Algae Olisthodiscus luteus,
Peridinium balticum, and Crypthecodinium cohnii. J. Protozool. 1983, 30, 599-606. [CrossRef]

6. Rizzo, PJ.; Nooden, L.D. Isolation and chemical composition of dinoflagellate nuclei. J. Protozool. 1973, 20,
666—672. [CrossRef]

7. Hou, Y,; Lin, S. Distinct Gene Number-Genome Size Relationships for Eukaryotes and Non-Eukaryotes:
Gene Content Estimation for Dinoflagellate Genomes. PLoS ONE 2009, 4, e6978. [CrossRef] [PubMed]

8.  Haapala, O.K; Soyer, M.O. Structure of dinoflagellate chromosomes. Nat. New Biol. 1973, 244, 195-197.
[CrossRef]

9.  Oakley, B.R;; Dodge, ].D. Evidence for a double-helically coiled toroidal chromonema in the dinoflagellate
chromosome. Chromosoma 1979, 70, 277-291. [CrossRef]

10. Livolant, F; Bouligand, Y. Double helical arrangement of spread dinoflagellate chromosomes. Chromosoma
1980, 80, 97-118. [CrossRef]

11.  Sun, S.; Liu, M,; Dai, Q.; Dong, F; Liu, L.; Huo, T. The analysis of microscopy imaging on liquid crystalline
components of the cell nucleus. J. Biomed. Sci. Eng. 2012, 5, 307-314. [CrossRef]

12.  Geday, M.A.; Kaminsky, W.; Lewis, ].G.; Glazer, A.M. Images of absolute retardance L.Deltan, using the
rotating polariser method. J. Microsc. 2000, 198, 1-9. [CrossRef] [PubMed]

13. Glazer, AM.; Lewis, ].G.; Kaminsky, W. An automatic optical imaging system for birefringent media.
Proc. R. Soc. Lond. A Math. Phys. Sci. 1996, 452, 2751-2765. [CrossRef]

14. Sun, S.; Wong, J.T,; Liu, M.; Dong, F. Counterion-mediated decompaction of liquid crystalline chromosomes.
DNA Cell Biol. 2012, 31, 1657-1664. [CrossRef] [PubMed]

15.  Strick, R;; Strissel, P.L.; Gavrilov, K.; Levi-Setti, R. Cation-chromatin binding as shown by ion microscopy is
essential for the structural integrity of chromosomes. J. Cell Biol. 2001, 155, 899-910. [CrossRef] [PubMed]

16. Levi-Setti, R.; Gavrilov, K.L.; Rizzo, PJ. Divalent cation distribution in dinoflagellate chromosomes imaged
by high-resolution ion probe mass spectrometry. Eur. J. Cell Biol. 2008, 87, 963-976. [CrossRef] [PubMed]

17. Adrian, M.; Heggeler-Bordier, B.; Wahli, W.; Stasiak, A.Z.; Stasiak, A.; Dubochet, J. Direct visualization of
supercoiled DNA molecules in solution. EMBO . 1990, 9, 4551-4554. [CrossRef]

18. Zinchenko, A.; Berezhnoy, N.V.; Wang, S.; Rosencrans, WM.; Korolev, N.; van der Maarel, J.R.C;
Nordenskiold, L. Single-molecule compaction of megabase-long chromatin molecules by multivalent cations.
Nucleic Acids Res. 2018, 46, 635-649. [CrossRef] [PubMed]

19. Lim, WK,; Denton, A.R. Influence of polymer shape on depletion potentials and crowding in colloid-polymer

mixtures. Soft Matter 2016, 12, 2247-2252. [CrossRef]


http://dx.doi.org/10.1111/j.1768-322X.1989.tb00770.x
http://dx.doi.org/10.1128/EC.00026-10
http://dx.doi.org/10.1016/0006-291X(79)91126-4
http://dx.doi.org/10.1111/j.1550-7408.1983.tb01429.x
http://dx.doi.org/10.1111/j.1550-7408.1973.tb03595.x
http://dx.doi.org/10.1371/journal.pone.0006978
http://www.ncbi.nlm.nih.gov/pubmed/19750009
http://dx.doi.org/10.1038/newbio244195a0
http://dx.doi.org/10.1007/BF00328766
http://dx.doi.org/10.1007/BF00327568
http://dx.doi.org/10.4236/jbise.2012.56040
http://dx.doi.org/10.1046/j.1365-2818.2000.00687.x
http://www.ncbi.nlm.nih.gov/pubmed/10781203
http://dx.doi.org/10.1098/rspa.1996.0145
http://dx.doi.org/10.1089/dna.2012.1708
http://www.ncbi.nlm.nih.gov/pubmed/23072628
http://dx.doi.org/10.1083/jcb.200105026
http://www.ncbi.nlm.nih.gov/pubmed/11739403
http://dx.doi.org/10.1016/j.ejcb.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18707794
http://dx.doi.org/10.1002/j.1460-2075.1990.tb07907.x
http://dx.doi.org/10.1093/nar/gkx1135
http://www.ncbi.nlm.nih.gov/pubmed/29145649
http://dx.doi.org/10.1039/C5SM02863A

Microorganisms 2019, 7, 27 8 of 10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Strick, T.; Allemand, J.-F; Croquette, V.; Bensimon, D. Twisting and stretching single DNA molecules.
Prog. Biophys. Mol. Biol. 2000, 74, 115-140. [CrossRef]

Zakharova, S.S.; Jesse, W.; Backendorf, C.; Egelhaaf, S.U.; Lapp, A.; van der Maarel, ]. R.C. Dimensions of
Plectonemically Supercoiled DNA. Biophys. ]. 2002, 83, 1106-1118. [CrossRef]

Zakharova, S.S.; Jesse, W.; Backendorf, C.; van der Maarel, ].R.C. Liquid Crystal Formation in Supercoiled
DNA Solutions. Biophys. J. 2002, 83, 1119-1129. [CrossRef]

Ziv, R.; Levin-Zaidman, S.; Gutman, S.B.; Arad, T.; Minsky, A. Supercoiling-Regulated Liquid-Crystalline
Packaging of Topologically-Constrained, Nucleosome-Free DNA Molecules. Biochemistry 2002, 33,
14177-14184. [CrossRef]

Reich, Z.; Wachtel, E.J.; Minsky, A. Liquid-crystalline mesophases of plasmid DNA in bacteria. Science 1994,
264, 1460-1463. [CrossRef] [PubMed]

Rizzo, PJ; Nooden, L.D. Isolation and partial characterization of dinoflagellate chromatin.
Biochim. Biophys. Acta 1974, 349, 402—414. [CrossRef]

Sigee, D.C. Structural DNA and genetically active DNA in dinoflagellate chromosomes. Biosystems 1983, 16,
203-210. [CrossRef]

Babillot, C. Etude de’incorporation d’uridine-H3 dans Ie noyau chez I’Amphidinium carteri, Dinoflagelle.
C. R. Acad Sci. (Paris) 1970, 271, 828-831.

Livolant, F; Maestre, M.F. Circular dichroism microscopy of compact forms of DNA and chromatin in vivo
and in vitro: Cholesteric liquid-crystalline phases of DNA and single dinoflagellate nuclei. Biochemistry 1988,
27,3056-3068. [CrossRef] [PubMed]

Livolant, F; Levelut, A.M.; Doucet, J.; Benoit, J.P. The highly concentrated liquid-crystalline phase of DNA is
columnar hexagonal. Nature 1989, 339, 724-726. [CrossRef] [PubMed]

Anderson, D.M.; Grabher, A.; Herzog, M. Separation of coding sequences from structural DNA in the
dinoflagellate Crypthecodinium cohnii. Mol. Mar. Biol. Biotechnol. 2002, 1, 89-96.

Sun, S. Assembly of Liquid Crystalline Chromosomes. Ph.D. Thesis, Nanoscience and Naotechnology
Program. Hong Kong University of Science and Technology, Hong Kong, China, 2010.

Kellenberger, E.; Johansen, R.; Maeder, M.; Bohrmann, B.; Stauffer, E.; Villiger, W. Artefacts and morphological
changes during chemical fixation. . Microsc. 1992, 168, 181-201. [CrossRef] [PubMed]

Grassé, PP; Dragesco, J. L'ultrastructure du chromosome des péridiens et ses conséquences génétiques.
C. R. Hebd. Seances Acad. Sci. 1957, 245, 2447-2452. [PubMed]

Gautier, A.; Michel-Salamin, L.; Tosi-Couture, E.; McDowall, A.W.; Dubochet, J. Electron microscopy of the
chromosomes of dinoflagellates in situ: Confirmation of Bouligand’s liquid crystal hypothesis. . Ultrastruct.
Mol. Struct. Res. 1986, 97, 10-30. [CrossRef]

Fang, Y.; Hoh, ].H.; Spisz, T.S. Ethanol-induced structural transitions of DNA on mica. Nucleic Acids Res.
1999, 27, 1943-1949. [CrossRef] [PubMed]

Rizzo, PJ. Biochemistry of the dinoflagellate nucleus. In The Biology of the Dinoflagellates; Taylor, FJ.R., Ed.;
Blackwell Scientific Publications: Oxford, UK; London, UK; Edinburgh, UK; Boston, MA, USA; Palo Alto,
CA, USA; Melbourne, Australian, 1987; pp. 143-173.

Golyshev, S.; Berdieva, M.; Musinova, Y.; Shevall, E.; Skarlato, S. Ultrastructural organization of the
chromatin elements in chromosomes of the dinoflagellate Prorocentrum minimum. Protistology 2018, 12,
163-172.

Roy, S.; Morse, D. Transcription and Maturation of mRNA in Dinoflagellates. Microorganisms 2013, 1, 71-99.
[CrossRef] [PubMed]

Zhang, H.; Hou, Y.; Miranda, L.; Campbell, D.A.; Sturm, N.R.; Gaasterland, T.; Lin, S. Spliced leader RNA
trans-splicing in dinoflagellates. Proc. Natl. Acad. Sci. USA 2007, 104, 4618-4623. [CrossRef]

Lin, S.; Cheng, S.; Song, B.; Zhong, X.; Lin, X.; Li, W,; Li, L.; Zhang, Y.; Zhang, H.; Ji, Z.; et al. The Symbiodinium
kawagutii genome illuminates dinoflagellate gene expression and coral symbiosis. Science 2015, 350, 691-694.
[CrossRef]

Shoguchi, E.; Shinzato, C.; Kawashima, T.; Gyoja, F.; Mungpakdee, S.; Koyanagi, R.; Takeuchi, T.; Hisata, K.;
Tanaka, M.; Fujiwara, M.; et al. Draft assembly of the Symbiodinium minutum nuclear genome reveals
dinoflagellate gene structure. Curr. Biol. 2013, 23, 1399-1408. [CrossRef]


http://dx.doi.org/10.1016/S0079-6107(00)00018-3
http://dx.doi.org/10.1016/S0006-3495(02)75234-X
http://dx.doi.org/10.1016/S0006-3495(02)75235-1
http://dx.doi.org/10.1021/bi00251a029
http://dx.doi.org/10.1126/science.8197460
http://www.ncbi.nlm.nih.gov/pubmed/8197460
http://dx.doi.org/10.1016/0005-2787(74)90126-9
http://dx.doi.org/10.1016/0303-2647(83)90004-7
http://dx.doi.org/10.1021/bi00408a058
http://www.ncbi.nlm.nih.gov/pubmed/3401467
http://dx.doi.org/10.1038/339724a0
http://www.ncbi.nlm.nih.gov/pubmed/2739716
http://dx.doi.org/10.1111/j.1365-2818.1992.tb03260.x
http://www.ncbi.nlm.nih.gov/pubmed/1464902
http://www.ncbi.nlm.nih.gov/pubmed/13511749
http://dx.doi.org/10.1016/S0889-1605(86)80003-9
http://dx.doi.org/10.1093/nar/27.8.1943
http://www.ncbi.nlm.nih.gov/pubmed/10101205
http://dx.doi.org/10.3390/microorganisms1010071
http://www.ncbi.nlm.nih.gov/pubmed/27694765
http://dx.doi.org/10.1073/pnas.0700258104
http://dx.doi.org/10.1126/science.aad0408
http://dx.doi.org/10.1016/j.cub.2013.05.062

Microorganisms 2019, 7, 27 90f 10

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Song, B.; Morse, D.; Song, Y.; Fu, Y.; Lin, X.; Wang, W.; Cheng, S.; Chen, W,; Liu, X; Lin, S. Comparative
genomics reveals two major bouts of gene retroposition coinciding with crucial periods of Symbiodinium
evolution. Genome Biol. Evolut. 2017, 9, 2037-2047. [CrossRef]

Song, B.; Chen, S.; Chen, W. Dinoflagellates, a Unique Lineage for Retrogene Research. Front. Microbiol. 2018,
9. [CrossRef] [PubMed]

Polymenidou, M. The RNA face of phase separation. Science 2018, 360, 859-860. [CrossRef] [PubMed]
Mabharana, S.; Wang, ]J.; Papadopoulos, D.K.; Richter, D.; Pozniakovsky, A.; Poser, I; Bickle, M.; Rizk, S.;
Guillén-Boixet, J.; Franzmann, T.M.; et al. RNA buffers the phase separation behavior of prion-like RNA
binding proteins. Science 2018, 360, 918-921. [CrossRef] [PubMed]

Langdon, E.M.; Qiu, Y.; Ghanbari Niaki, A.; McLaughlin, G.A.; Weidmann, C.A.; Gerbich, T.M.; Smith, J.A;
Crutchley, ] M.; Termini, C.M.; Weeks, K.M.; et al. mRNA structure determines specificity of a polyQ-driven
phase separation. Science 2018, 360, 922-927. [CrossRef] [PubMed]

Beauchemin, M.; Roy, S.; Daoust, P.; Dagenais-Bellefeuille, S.; Bertomeu, T.; Letourneau, L.; Lang, B.E;
Morse, D. Dinoflagellate tandem array gene transcripts are highly conserved and not polycistronic. Proc. Natl.
Acad. Sci. USA 2012, 109, 15793-15798. [CrossRef] [PubMed]

Bhattacharyya, A.; Murchie, A.LH.; Lilley, D.M.J. RNA bulges and the helical periodicity of double-stranded
RNA. Nature 1990, 343, 484. [CrossRef]

Ma, C.; Bloomfield, V.A. Condensation of supercoiled DNA induced by MnCl,. Biophys. ]. 1994, 67, 1678-1681.
[CrossRef]

Herzog, M.; Soyer, M.O.; Daney de Marcillac, G. A high level of thymine replacement by
5-hydroxymethyluracil in nuclear DNA of the primitive dinoflagellate Prorocentrum micans E. Eur. ]. Cell Biol.
1982, 27, 151-155.

Rae, PM. 5-Hydroxymethyluracil in the DNA of a dinoflagellate. Proc. Natl. Acad. Sci. USA 1973, 70,
1141-1145. [CrossRef]

Rae, PM,; Steele, R.E. Modified bases in the DNAs of unicellular eukaryotes: An examination of distributions
and possible roles, with emphasis on hydroxymethyluracil in dinoflagellates. Biosysterms 1978, 10, 37-53.
[CrossRef]

Vu, HM.; Pepe, A, Mayol, L; Kearns, D.R. NMR-derived solution structure of a 17mer
hydroxymethyluracil-containing DNA. Nucleic Acids Res. 1999, 27, 4143-4150. [CrossRef] [PubMed]
Pasternack, L.B.; Bramham, J.; Mayol, L.; Galeone, A.; Jia, X.; Kearns, D.R. 1 H NMR Studies of the
5-(Hydroxymethyl)-2’-Deoxyuridine Containing TF1 Binding Site. Nucleic Acids Res. 1996, 24, 2740-2745.
[CrossRef] [PubMed]

Davies, W.; Jakobson, K.S.; Norby, ©. Characterization of DNA from the dinoflagellate Woloszynskia
bostoniensis1. J. Protozool. 1988, 35, 418—422. [CrossRef]

Fuller, W.; Forsyth, T.; Mahendrasingam, A. Water-DNA interactions as studied by X-ray and neutron fibre
diffraction. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2004, 359, 1237-1247; discussion 1247-1238. [CrossRef]
Scipioni, C.; Anselmi, C.; Zuccheri, G.; Samori, B.; Santis, P. De Sequence-Dependent DNA Curvature and
Flexibility from Scanning Force Microscopy Images. Biophys. J. 2002, 83, 2408-2418. [CrossRef]

Kawasaki, F.; Beraldi, D.; Hardisty, R.E.; McInroy, G.R.; van Delft, P.; Balasubramanian, S. Genome-wide
mapping of 5-hydroxymethyluracil in the eukaryote parasite Leishmania. Genome Biol. 2017, 18, 23.
[CrossRef] [PubMed]

Van de Sande, J.H.; McIntosh, L.P; Jovin, T.M. Mn2* and other transition metals at low concentration induce
the right-to-left helical transformation of poly[d(G-C)]. EMBO |. 1982, 1, 777-782. [CrossRef]

Zacharias, W.; Jaworski, A.; Wells, R.D. Cytosine methylation enhances Z-DNA formation in vivo. J. Bacteriol.
1990, 172, 3278-3283. [CrossRef]

Soyer-Gobillard, M.O.; Geraud, M.L.; Coulaud, D.; Barray, M.; Theveny, B.; Revet, B.; Delain, E. Location of
B- and Z-DNA in the chromosomes of a primitive eukaryote dinoflagellate. J. Cell Biol. 1990, 111, 293-304.
[CrossRef]


http://dx.doi.org/10.1093/gbe/evx144
http://dx.doi.org/10.3389/fmicb.2018.01556
http://www.ncbi.nlm.nih.gov/pubmed/30050525
http://dx.doi.org/10.1126/science.aat8028
http://www.ncbi.nlm.nih.gov/pubmed/29798872
http://dx.doi.org/10.1126/science.aar7366
http://www.ncbi.nlm.nih.gov/pubmed/29650702
http://dx.doi.org/10.1126/science.aar7432
http://www.ncbi.nlm.nih.gov/pubmed/29650703
http://dx.doi.org/10.1073/pnas.1206683109
http://www.ncbi.nlm.nih.gov/pubmed/23019363
http://dx.doi.org/10.1038/343484a0
http://dx.doi.org/10.1016/S0006-3495(94)80641-1
http://dx.doi.org/10.1073/pnas.70.4.1141
http://dx.doi.org/10.1016/0303-2647(78)90027-8
http://dx.doi.org/10.1093/nar/27.21.4143
http://www.ncbi.nlm.nih.gov/pubmed/10518604
http://dx.doi.org/10.1093/nar/24.14.2740
http://www.ncbi.nlm.nih.gov/pubmed/8759005
http://dx.doi.org/10.1111/j.1550-7408.1988.tb04120.x
http://dx.doi.org/10.1098/rstb.2004.1501
http://dx.doi.org/10.1016/S0006-3495(02)75254-5
http://dx.doi.org/10.1186/s13059-017-1150-1
http://www.ncbi.nlm.nih.gov/pubmed/28137275
http://dx.doi.org/10.1002/j.1460-2075.1982.tb01247.x
http://dx.doi.org/10.1128/jb.172.6.3278-3283.1990
http://dx.doi.org/10.1083/jcb.111.2.293

Microorganisms 2019, 7, 27 10 of 10

62. Ha, S.C; Lowenhaupt, K; Rich, A.; Kim, Y.-G.; Kim, K.K. Crystal structure of a junction between B-DNA
and Z-DNA reveals two extruded bases. Nature 2005, 437, 1183. [CrossRef]
63. de Rosa, M.; de Sanctis, D.; Rosario, A.L.; Archer, M.; Rich, A.; Athanasiadis, A.; Carrondo, M.A. Crystal

structure of a junction between two Z-DNA helices Proc. Natl. Acad. Sci. USA 2010, 107, 9088-9092.
[CrossRef] [PubMed]

@ © 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1038/nature04088
http://dx.doi.org/10.1073/pnas.1003182107
http://www.ncbi.nlm.nih.gov/pubmed/20439751
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Superhelical Plectonemic Modules (SPMs) and Compartmentation 
	Physical Genomic Karyotype (PGK) of Liquid Crystalline Chromosomes 
	5-Hydroxymethyluracil and Z-DNA 
	Conclusions and Future Perspectives 
	References

