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Abstract: GTP is an essential source of energy that supports a large array of cellular
mechanochemical structures ranging from protein synthesis machinery to cytoskeletal apparatus
for maintaining the cell cycle. However, GTP regulation during the cell cycle has been difficult to
investigate because of heterogenous levels of GTP in asynchronous cell cycles and genetic
redundancy of the GTP-generating enzymes. Here, in the unicellular red algae Cyanidioschyzon
merolae, we demonstrated that the ATP–GTP-converting enzyme DYNAMO2 is an essential
regulator of global GTP levels during the cell cycle. The cell cycle of C. merolae can be highly
synchronized by light/dark stimulations to examine GTP levels at desired time points. Importantly,
the genome of C. merolae encodes only two isoforms of the ATP–GTP-converting enzyme, namely
DYNAMO1 and DYNAMO2. DYNAMO1 regulates organelle divisions, whereas DYNAMO2 is
entirely localized in the cytoplasm. DYNAMO2 protein levels increase during the S-M phases, and
changes in GTP levels are correlated with these DYNAMO2 protein levels. These results indicate
that DYNAMO2 is a potential regulator of global GTP levels during the cell cycle.
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Introduction

The vital activities of eukaryotic cells are
supported by various highly organized mechano-
chemical structures. For example, the ribosome
complex synthesizes proteins by reading mRNA;1),2)

the microtubule-based spindle separates chromo-

somes during mitosis;3) a part of the plasma
membrane is utilized during endocytic activities to
generate vesicles for cellular communications, such as
hormone signaling and neurotransmission;4),5) and
ring-shaped organelle division machineries cleave the
mitochondria, peroxisomes, and chloroplasts at the
middle to generate daughter organelles.6)–8) All of
these processes are mediated by GTPase proteins,
including elongation factors,9) tubulin,10) and dyna-
min family members.11) These proteins undergo
conformational changes and form highly ordered
structures upon GTP hydrolysis. For example, the
GTP-bound state of ,- and O-tubulin form hetero-
dimers that eventually organize into microtubules
and are disassembled by the GTPase catalytic
activity. Dynamin family members form a helical
oligomer at the neck of a membrane constriction site,
and their GTP hydrolysis activity generates elastic
stress to pinch off the membrane. These findings
indicate that sufficient GTP levels are needed to
sustain the function of these GTPase-based machi-
neries. However, it remains unclear how the GTP
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levels in eukaryotic cells are regulated, whether the
global GTP level is temporally increased during
specific stages of the cell cycle in which the
machineries are working, and whether GTP is
generated around the machinery when necessary.

In terms of dynamin-based machineries, recent
studies have demonstrated the function of the
nucleoside diphosphate kinase (NDPK) proteins in
GTP synthesis.12)–14) NDPK generates GTP by
transferring one phosphate from ATP to GDP.15)

The NDPK orthologs NM23-H1 and -H2 are involved
in dynamin-mediated clathrin-dependent and -inde-
pendent endocytosis in humans. Evidence from
biochemical experiments strongly support that these
NM23 proteins are the most likely ones to supply
GTP to dynamin.13) Another NDPK homolog,
namely NM23-H4, contains transit peptide that
mediates the transport of NM23 proteins to the
mitochondrial matrix. This protein provides a local
GTP supply to the dynamin-like protein OPA113)

at the inner mitochondrial membrane to maintain
its membrane fusion function.16) Both in vivo and
in vitro morphological and molecular genetic experi-
ments have demonstrated that the NDPK-like
protein DYNAMO1 is involved in the mitochondrial
and peroxisomal division mediated by the dynamin-
like protein Dnm1.14) DYNAMO1 contains a single
NDPK domain, as identified by a proteomics study of
a Dnm1-based organelle division machinery isolated
from the unicellular red algae Cyanidioschyzon
merolae.14) In that study, the overexpression of a
mutant DYNAMO1 with a defective NDPK catalytic
site showed a dominant negative mode and impaired
constriction of mitochondrial and peroxisomal fission
sites. Moreover, DYNAMO1 forms a ring-shaped
complex with the GTPase Dnm1, resulting in a
organelle division machinery that enhances the
magnitude of the constriction force. Taken together,
these findings indicate that GTP is generated by
NDPK proteins around dynamin-mediated mem-
brane fission rings. Interestingly, DYNAMO1 is
localized at both the organelle division sites and in
the cytosol, and its dysfunction does not affect the
roles of the cytosolic GTP catalytic activity, such as
that in protein translation,14) which indicates that
this NDPK protein is not involved in the regulation
of global GTP levels. Thus, which protein regulates
the global GTP level during the cell cycle remains
an important unanswered question because there are
large quantities of cytosolic GTPase protein-based
machineries, such as the ribosome complex and
mitotic spindles, in the cytosol, both of which are

regulated during cell cycle progression.17) To address
this issue, investigating NDPK functions and GTP
levels in the cytosol is essential. However, the genetic
redundancy of NDPK makes it difficult to analyze
the NDPK proteins in most eukaryotic cells.18)

Moreover, cells divide randomly, which makes it
difficult to determine the GTP levels in biochemical
experiments. Notably, the genome of C. merolae
contains only two isoforms of NDPK-like protein,
namely DYNAMO1 and DYNAMO2.14),19),20) The
cell cycle of this organism can be highly synchronized
with the light/dark cycle, without the need of a
pharmacological treatment. In this study, we
demonstrated that DYNAMO2, a homolog of
DYNAMO1, is entirely localized in the cytoplasm
throughout the cell cycle progression and that its
expression increases during the S-M phases. We
analyzed the concentrations of nucleotides, including
GTP, using liquid chromatography–electrospray
ionization tandem mass spectrometry (LC-ESI-MS/
MS) and showed that the GTP level increases from
the S phase to the M phase in concert with the
DYNAMO2 protein level. Because DYNAMO1 is
specifically involved in organelle divisions in the M
phase, DYNAMO2 is the more likely candidate to
be involved in the regulation of the global GTP level
in the cytosol.

Materials and methods

Phylogenetic analyses. A maximum-like-
lihood tree was constructed with the PHYLogeny
Inference Package (PHYLIP) version 3.69521) using
an alignment of the amino acid sequences of the
following 56 NDPK domain-containing proteins:
C. m., C. merolae (DYNAMO1_CML110c, DYNA-
MO2_CMK060c); T. p., Thalassiosira pseudonana
(TpNDPK1_XP_002295246.1, TpNDPK2_
XP0022911211, TpNDPK3_XP0022867331); O. t.,
Ostreococcus tauri (OtNDPK1_XP_022841083.1,
OtNDPK2_XP_022840003.1); D. d., Dictyostelium
discoideum (DdNDPK-A_XP_644519.1, DdNDPK-
B_XP_641417.1); S. p., Schizosaccharomyces pombe
(SpNDPK_P49740.1); S. c., Saccharomyces cerevi-
siae (SsNDPK_P36010.); P. p., Physcomitrella pat-
ens (PpNDPK1_XP_024368299.1, PpNDPK3_
XP_024398552.1, PpLOC112289340_XP_
024390257.1, PpLOC112277920_XP_024366539.1);
C. r., Chlamydomonas reinhardtii (CrNDPK1_
XP_001698246.1, CrNDPK2_XP_001702884.1); A.
t., Arabidopsis thaliana (AtNDPK1_NP_567346.2,
AtNDPK3_NP_192839.1, AtNDPK4_NP_567690.1,
AtNDPK2_NP_568970.2, AtNDPK5_NP_173184.2);
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O. s., Oryza sativa spp. japonica (OsNPDK1-A_
XP_015614147.1, OsNDPK1-B_XP_015647142.1,
OsNDPK3_XP_015639333.1, OsNDPK4_XP_
015618263.1, OsNDPK5_XP_015623738.1); C. e.,
Caenorhabditis elegans (CeNDPK-A_NP_492761.1,
CeY48G8AL.15_NP_001021779.1); D. m., Drosophila
melanogaster (DmAwdC_NP_476761.3, DmAwdE_
NP_001287624., DmNmdyn-D6_NP_572965.1); D.
r., Danio rerio (DrNDPK-b_NP_571001.2, DrNDPK-
A_XP_021326629.1, DrNDPK3_NP_001349197.1,
DrNDPK-B_NP_571002.1, DrNDPK4_NP_957489.1,
DrNDPK5_NP_001002516.1, DrNDPK6_NP_
571672.2); X. l., Xenopus laevis (XlNDPK-
A_P70010.1, XlNDPK3_NP_001087358.1,
XlNDPK4_NP_001084697.1, XlNDPK5L_NP_
001087794.1, XlNDPK6S_001089757.1); M. m., Mus
musculus (MmNM23-M1_P15532.1, MmNM23-M2_
Q01768.1, MmNM23-M3_Q9WV85.3, MmNM23-
M4_Q9WV84.1, MmNM23-M5_Q99MH5.2,
MmNM23-M6_O88425.1); and H. s., Homo sapiens
(HsNM23-H1_P15531.1, HsNM23-H2_P22392.1,
HsNM23-H3_Q13232.2, HsNM23-H4_O00746.1,
HsNM23-H5_P56597.1, HsNM23-H6_O75414.3).
The sequences were collected by BLAST searches of
the National Center for Biotechnology Information
databases of the respective species using DYNAMO1
of the red alga C. merolae as the query. Sequences of
the NDPK domains were automatically aligned using
CLUSTAL X, version 2.0.9.22) For phylogenetic
analyses, ambiguously aligned regions were manually
arranged or deleted using BioEdit Sequence Align-
ment Editor, version 4.8.10 (http://www.mbio.ncsu.
edu/BioEdit/bioedit.html), resulting in 130 amino
acids (including inserted gaps) that were subse-
quently used. The local bootstrap probabilities were
calculated using the CONSENSE program from the
PHYLIP package.

Antibodies used for immunoblotting analysis
and immunofluorescence microscopy. To gen-
erate anti-DYNAMO2 antisera in rabbit, the open
reading frame of the CMK060C protein from
C. merolae was amplified by PCR using the following
primers: 5B-ACCATCAC atgttcgttccttctttaggtttctc-
3B and 5B-AGCTAATT ttcataaacccaacgagcaacc-3B
(InFusion sticking regions are capitalized). The
amplified DNA fragment was InFusion-cloned into
the amplified PQE vector using the following prim-
ers: 5B-TTATGAA aattagctgagcttggactcctg-3B and
5B-CGAACAT gtgatggtgatggtgatgcg-3B (InFusion
sticking regions are capitalized). XL1-Blue strain
cells were transformed with this plasmid, cultured at
37 °C for 12 h in 100-ml Luria–Bertani (LB) medium,

scaled up to 1-l LB medium, and incubated further at
37 °C for 2 h and then at 18 °C for 1 h. Isopropyl O-D-1
thiogalactopyranoside was added at a final concen-
tration of 0.1mM, and after a further 12 h of
incubation at 18 °C, cells were harvested by centri-
fugation at 1,000 #g for 10min. Cell pellets were
resuspended in 200-ml HEPES buffer (HB250)
containing 250mM NaCl, 20mM HEPES-KOH,
pH 7.5, 2mM EGTA, 1mM MgCl2, 1mM dithio-
threitol, and a complete protease inhibitor cocktail
(Roche, Basel, Switzerland). After homogenizing cells
by sonication for 10min, recombinant DYNAMO2
was purified using a His-Trap column (GE Health-
care, Chicago, IL, USA) and subcutaneously injected
into a rabbit for immunization (T.K. Craft Corp.,
Gunma, Japan). The other antibodies used in this
study were a rabbit anti-,-tubulin antibody23) and a
rabbit anti-Dnm1 antibody.24)

Phase contrast and immunofluorescence mi-
croscopy. C. merolae cells were fixed and blocked
as described previously.23) Phase-contrast and im-
munofluorescence images were captured using a
fluorescence microscope (BX51; Olympus, Tokyo,
Japan). Immunofluorescence profiles were acquired
using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

LC-ESI-MS/MS analysis of nucleotides dur-
ing the cell cycle. C. merolae 10D cell cultures
were sub-cultured at 1 # 107 cells/ml as described
previously.25) Cells were harvested every 2 h from 0h
to 24 h after the onset of 12-h light/12-h dark cycle.
For the 0-h sample, cells were collected immediately
after the light was turned on. For the 12-h sample,
cells were collected immediately after the light was
turned off. For the 24-h sample, cells were harvested
immediately after the light was turned on next. The
number of cells in each sample was adjusted to
5 # 108 cells. Cells in the samples were centrifuged,
and cell pellets were quickly frozen in liquid nitrogen.
Frozen samples were dissolved in 500-µl chilled
methanol at !30 °C and 1.25# volumes of chloro-
form. Subsequently, 2mM raffinose, as an internal
standard used for normalization between samples,
was added, and all samples were lyophilized and
dissolved in methanol:water (1:1 v/v). After centri-
fugation at 10,000 #g for 5min, the supernatant was
evaporated at room temperature under nitrogen for
6 h, dissolved in water containing 20-µg/ml ethyl-
enediaminetetraacetic acid, and then subjected to
LC-ESI-MS/MS analysis. LC-ESI-MS/MS was per-
formed using a 4000 QTRAP quadrupole linear
ion-trap hybrid mass spectrometer (AB Sciex) with

Molecular basis of GTP synthesis during the cell cycleNo. 2] 77

http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.mbio.ncsu.edu/BioEdit/bioedit.html


an ACQUITY UPLC System (Waters, Milford, MA,
USA). Samples were injected into an ACQUITY
UPLC BEH C18 column (1 # 150mm; Waters,
Milford, MA, USA) and then directly subjected to
ESI-MS/MS analysis. A 10-µl aliquot was separated
by step-gradient elution with mobile phases A
(water, 0.1% formic acid, and 0.028% ammonia)
and B (20% acetonitrile, 0.1% formic acid, and
0.028% ammonia) at the following ratios: 95:5 (for 0–
5min), 0:100 (5–25min), 0:100 (25–30min), and 95:5
(30–40min). The flow rate was 50 µl/min at 30 °C.
The source temperature was 400 °C, the declustering
potential was !85, and the collision cell exit potential
was !11. The ion transitions at m/z 506 > 79,
426 > 79, 522 > 79, 442 > 79, and 503 > 179 for
ATP, ADP, GTP, GDP, and raffinose, respectively,
were used in the multiple reaction monitoring mode.
Data were analyzed and quantified using Analyst
software (AB Sciex, Tokyo, Japan). Nucleotides were
purchased from Sigma-Aldrich. The degradation
rate of nucleotides during sample preparation was
measured using commercial nucleotides (Table 1).
Thus, the true value of nucleotide concentrations N(t)

was corrected from the measured value Nm(t) using
the following formula:

ATPðtÞ ¼
ATPmðtÞ
0:9340

� ADPmðtÞ � 0:0135;

ADPðtÞ ¼
ADPmðtÞ
0:9815

� ATPmðtÞ � 0:0605;

GTPðtÞ ¼
GTPmðtÞ
0:9270

�GDPmðtÞ � 0:0130;

GDPðtÞ ¼
GDPmðtÞ
0:9695

�GTPmðtÞ � 0:0560:

The changes in nucleotide concentrations "N/N0

were calculated using the following formula:

�N=N0 ¼
ðNðtÞ �N0Þ

N0
;

where N0 is the nucleotide concentration at 0 h.
Quantification and statistical analysis. Ex-

periments were performed using at least two
independent cultures unless specified otherwise.

The immunofluorescence microscopy profiles of
DYNAMO2 protein levels during the cell cycle were
chosen randomly to sample unbiased populations.
The cytosol was defined as the region excluding the
chloroplast. The Mann–Whitney test was used to
determine the Gaussian distribution of the data, and
Pearson’s skewness test was used to determine the
skewness of the data set using GraphPad Prism 7.4.
Confidence levels are shown in each graph.

Result and discussion

The genome of C. merolae encodes two isoforms
of NDPK-like proteins, namely DYNAMO1
(CML110C) and DYNAMO2 (CMK060C).19),20)

The phylogenetic analysis of NDPK-containing
proteins from four kingdoms, namely Plantae,
Opisthokonta, Amoebozoa, and Chromista, revealed
two large classes of NDPKs: Classes I and II
(Fig. 1A). Class I NDPKs are well conserved among
red algae, diatoms, amoebae, fungi, and animals and
are further classified into three subgroups, Groups I-
a, I-b, and I-c. Group I-a forms the base of Class I
tree and includes DYNAMO1, an NDPK involved in
mitochondrial and peroxisomal division,14) and Awd
and NM23-H1, which are involved in endocytosis in
flies and humans, respectively.12),13) This suggests
that the basic function of Class I NDPKs originated
from the dynamin family member-dependent mem-
brane fission event. Groups I-b and I-c branched from
Group I-a, and NM23-H4 in Group I-c plays a role
in OPA1-mediated mitochondrial inner membrane
fusion.13),16) The membrane fusion dynamin OPA1
likely initially acquired from holozoa and fungi,26)

suggesting that branched phylogeny within Group I
likely reflects acquired events of dynamin-related
family members. These results demonstrate that the
uncharacterized NDPK-like protein DYNAMO2 be-
longs to an evolutionarily basic compartment of the
class I NDPK family. Similar to other NDPK family
member proteins, DYNAMO2 contains an NDPK
domain and a catalytic motif for ATP–GTP con-
version including the histidine phosphorylation site
(Fig. 1B). Thus, DYNAMO2 is the functional NDPK

Table 1. Degradation of nucleotides during sample preparation assessed by LC-ESI-MS/MS. Each parameter is represented as
percentages of total adenosine nucleotides (left) and guanosine nucleotides (right) remaining after the analysis. n F 3, mean ’ SD.

ATP addition ADP addition GTP addition GDP addition

ATP 93.400 ’ 0.849 1.350 ’ 0.495 GTP 92.700 ’ 3.394 1.300 ’ 0.424

ADP 6.050 ’ 1.845 98.150 ’ 0.636 GDP 5.600 ’ 3.536 96.950 ’ 1.061

AMP 0.550 ’ 0.636 0.350 ’ 0.354 GMP 1.650 ’ 0.212 1.750 ’ 0.636
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Fig. 1. Classification of DYNAMO2. (A) The maximum-likelihood phylogenetic tree of NDPK proteins. The numbers at the nodes are
local bootstrap values. Branch lengths are proportional to the number of amino acid substitutions, which are indicated by the scale
bar below the tree. (B) The predicted domain architecture of CMK060C/DYNAMO2 is aligned and compared with those of its
homologous proteins. C. m., Cyanidioschyzon merolae; T. p., Thalassiosira pseudonana; D. d., Dictyostelium discoideum; S. p.,
Schizosaccharomyces pombe; S. c., Saccharomyces cerevisiae; P. p., Physcomitrella patens; A. t., Arabidopsis thaliana; C. e.,
Caenorhabditis elegans; D. m., Drosophila melanogaster; M. m., Mus musculus; H. s., Homo sapiens. (C) Amino acid sequence
alignment between DYNAMO2 and DYNAMO1. Upper and lower panels show N- and C-terminal regions, respectively.
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protein most likely to be conserved among eukaryotes
except in Plantae. Both DYNAMO2 and DYNAMO1
have NDPK domains, but DYNAMO2 has an N-
terminal extension and the first half of its C-terminal
tail is different from that of DYNAMO1 (Fig. 1C).
Therefore, we expected that these two isoforms have
different subcellular functions.

To determine the function of DYNAMO2, a
rabbit anti-DYNAMO2 antibody was prepared
(Fig. 2A and B). The protein expression profile of
DYNAMO2 was characterized using a synchronized
C. merolae culture (Fig. 2C and D). DYNAMO2
was found to be expressed throughout the cell cycle
with an increase at 8–20 h, i.e., after the onset of
light/dark stimulation, corresponding to the S-M
phase.25),27) The protein level peaked at 12 h at
around the G2-M phase. Further, a comparison of
the expression level of two major GTPases, ,-tubulin
and the dynamin-like GTPase Dnm1, with that of
DYNAMO2 revealed that Dnm1 was expressed
throughout the cell cycle as its levels were found to
be equivalent between the cytosolic pool and division
sites of mitochondria and peroxisomes, consistent
with previously reported results.23),28) The expression
of ,-tubulin was limited to the S-M phase and peaked
at 12 h after the onset of the light/dark cycle, similar

to as the expression of DYNAMO2. As C. merolae
lacks a typical cytoskeleton, the tubulin function in
this organism is mostly limited to the formation of
mitotic spindles.24),29) Collectively, these results
suggest that the dynamic changes in DYNAMO2
expression are similar to those in ,-tubulin expres-
sion rather than Dnm1 expression, which mediates
mitochondrial and peroxisomal fission supported by
DYNAMO1 activity.

Next, we determined the subcellular localization
of DYNAMO2 by phase-contrast immunofluores-
cence microscopy (Fig. 3). After methanol fixation
of C. merolae, its cytosol and chloroplast were
observed as a dark region surrounded by the edge
of the cell and a bright white structure, respectively
(Fig. 3A). In C. merolae, the mitotic cycle progres-
sion is correlated with chloroplast division30),31)

(Fig. 3A, upper panel). The chloroplast has a
spherical structure during the interphase and elon-
gates to divide during the G2-M phase transition.
During the metaphase, the chloroplast divides by
binary division and segregates into daughter cells
during cytokinesis. Thus, the cell cycle stages are
identified based on the chloroplast morphology.
Throughout the cell cycle, DYNAMO2 signals were
detected in the entire cytoplasm (Fig. 3A, lower

Fig. 2. Protein expression profile of DYNAMO2. (A) An SDS-PAGE gel showing the recombinant DYNAMO2 used for antibody
generation. (B) Anti-DYNAMO2 antibody was characterized by immunoblotting of the whole cell lysates of C. merolae compared
with the pre-immunization serum. (C) Protein expression throughout the cell cycle was assessed by immunoblotting for DYNAMO2,
Dnm1, and ,-tubulin using the whole cells lysates of C. merolae. Samples were collected at 0, 4, 8, 12, 16, 20, and 24 h after the onset
of the light/dark cycle. (D) Protein levels of DYNAMO2, Dnm1, and ,-tubulin were quantified from the immunoblots using ImageJ.
Inset numbers indicate the time after the onset of the light/dark cycle. Line graphs of two independent experiments are shown.
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panel). Moreover, the signal intensities in the cytosol
were higher in the cells during G2 phase and mitosis
than in the cells during the interphase and cytokine-
sis (Fig. 3B). Immunostaining did not reveal dots of
intense DYNAMO2 signal around the division sites
of mitochondria and peroxisomes, in contrast to the
results recently reported for DYNAMO1.14) These
findings suggest that DYNAMO2 is not involved in
mitochondrial and peroxisomal division, although it
belongs to class I NDPKs that have functional
relationship with dynamin. This result is supported
by a previous genetic study on mammalian cells that
reported non-membranous functions of the NDPK
family members, such as NM23-H1, involving inter-
actions with microtubules and regulation of intra-
cellular signaling mediated by small GTPases.32),33)

We assumed that class I-a NDPKs possess at least
two functions of NDPKs: one in dynamin-related
membrane fission machinery and another in the
regulation of GTP levels in the cytoplasm.

C. merolae contains only two isoforms of
NDPKs, DYNAMO1 and DYNAMO2, of which
DYNAMO1 is specifically involved in mitochondrial
and peroxisomal division.14) Moreover, DYNAMO2
expression was found to be increased during the M
phase, localized entirely in the cytoplasm. This
finding suggests that DYNAMO2 is a global GTP
regulator during the cell cycle. To examine whether
the global GTP level changes during the cell cycle
in concert with the DYNAMO2 protein level, we
measured the global levels of nucleotides, including
GTP, throughout the cell cycle by LC-ESI-MS/MS
(Fig. 4). The ATP level was slightly increased at 8–
10 h after the onset of synchronization corresponding
to the S phase and rapidly decreased from 12h
onward. The ATP level was lower in the mitotic
phase than in the interphase, suggesting that ATP
production via oxidative phosphorylation or glyco-
lytic reaction was low or that ATP production could
not compensate for the ATP consumption during
mitosis, as proposed previously.34) Both mitochondria
and plastids are involved in ATP production, which
is driven by light stimulation.35) In fact, our data
showed a rapid decrease in the ATP level from 12h
onward, i.e., during transition to the dark period;
thus, light-driven ATP synthesis may be attributable
to the low ATP level observed during the M phase.
On the other hand, the GTP level was elevated
during the mitotic S phase. An increase in the GTP
level started at 8 h, peaked at 10–12 h corresponding
to the S-G2 phases, and decreased almost to the
basal level at 22 h. These profiles were well correlated

with the DYNAMO2 expression profile, suggesting
that this NDPK-like protein is intimately involved in
the changes in the GTP level during the cell cycle.
However, with regard to the GTP supply, the
possibility of the involvement of other mechanisms
of GTP synthesis, such as the succinyl-CoA synthase
pathway in the TCA cycle, cannot be excluded.36)

Mitochondrial respiration is downregulated during
mitochondrial fission in mammals;37) it has higher
activity during mitochondrial fusion state rather
than fission in mammalian culture cells and plant
cells.38),39) However, because mitochondrial division
only occurs during the M phase in C. merolae23),40)

and the ATP level decreases during the M phase
(Fig. 4), the contribution of the succinyl-CoA syn-
thase pathway is less likely.

Interestingly, the GDP level was constant
during the cell cycle, although there was burst of
GTP concentration during the S-M phases (Fig. 4).
This result suggests that a balance between GDP
synthesis and consumption is maintained during the
cell cycle. GDP synthesis is mediated by guanylate
kinase using GMP as a substrate.41) The initial
metabolite of GMP is inosine monophosphate or
guanosine,42),43) suggesting that the metabolic path-
ways involving these two metabolites are involved in
the regulation of GTP and GDP levels during the
S-M phases or that GDP is generated from a
preexisting GMP pool during the S-M phases. Our
results indicate that the NDPK-like protein
DYNAMO2 is a potential regulator of the global
GTP level during the S-M phase, but more detailed
investigations in C. merolae using molecular genetic
approaches are warranted.

Here, we demonstrated that one of the two
isoforms of NDPK-like protein, i.e., DYNAMO2, is
localized in the cytosol. Its expression is elevated
during the S-M phase and well correlated with the
dynamics of the global GTP level that is temporally
elevated during the S-M phase. Based on our results,
we hypothesize two functions of DYNAMO2 during
the cell cycle (Fig. 5). First, DYNAMO2 regulates
the global GTP level throughout the cell cycle
progression. Particularly, DYNAMO2 expression
and the global GTP levels peak at the S phase,
strongly suggesting the importance of GTP during
this period. In general, protein translation peaks
during the G1-S and G2-M transition states because
cellular energy is mostly invested in ensuring
accurate cell division.44)–46) We assume that the
rapid increases in the DYNAMO2 and GTP levels
around the S-G2 phases contribute to the synthesize
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of proteins required for the cell division process.
In fact, most of the division-related proteins in
C. merolae, such as ,-tubulin, centromere histone
H3, Mda1, and plastid-dividing ring 1, are newly
synthesized around the S phase.29),40),47),48) Second,

DYNAMO2 regulates the M phase-specific subcellu-
lar structures, such as the microtubules. Increase in
DYNAMO2 levels is consistent with the increase
in ,-tubulin expression. Because the function of
microtubules is involved only in spindle apparatus

Fig. 4. Changes in the relative amount of each nucleotide as measured by LC-ESI-MS/MS. Cells were harvested every 2h after the onset
of the light/dark cycle. n F 2, mean ’ SD.

Fig. 3. Localization of DYNAMO2. (A) A schema of the C. merolae cell structures at each cell cycle phase is shown (upper panel), and
DYNAMO2 localization in typical cells at each cell cycle phase (middle and lower panels) was assessed by immunofluorescence
microscopy (lower panel). CN; cell nucleus, Mt; mitochondrion, Chl; chloroplast, PC; phase-contrast, DYNAMO2; anti-DYNAMO2
antibody. Scale bar, 2 µm. (B) Immunofluorescence signal of DYNAMO2 was quantified using ImageJ. n.s., not significant; P, p-value
(Mann–Whitney test).
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formation in C. merolae,29) their GTP requirement is
limited to that during the M phase. Interestingly, ,-
tubulin molecules are dispersed in the cytoplasm
during the S phase and are organized into micro-
tubules during the G2/M phase transition.31) Because
the global GTP level peaked at the S-G2 phase, one
of the functions of DYNAMO2 is likely to mediate
this microtubule transition or to maintain the spindle
apparatus during mitosis.

GTP is an essential energy source for GTPases,
including tubulin, dynamin, and elongation factors.
Many mitotic processes, such as structural rearrange-
ments for chromosome segregation, organelle divi-
sion, and RNA translation, are highly GTP-demand-
ing during specific cell cycle phases. The molecular
function of DYNAMO2 remains obscure, but our
finding about the dynamics of DYNAMO2 and the
global GTP level during the cell cycle elucidates the
basic mechanism underlying the energy demand of
the GTPase-based molecular machineries.
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