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Thermospermine enhances translation of SAC51 and SACL1 in Arabidopsis
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ABSTRACT
The excessive xylem phenotype of acaulis5 (acl5), an Arabidopsis mutant defective in the synthesis of
thermospermine, indicates that thermospermine is required for negative regulation of xylem
differentiation. SAC51 was identified from a dominant suppressor of acl5, sac51-d, and encodes a basic
helix-loop-helix (bHLH) protein. sac51-d has a premature termination codon in one of upstream open-
reading frames (uORFs) of the SAC51 mRNA that is conserved among the SAC51 family members.
Thermospermine may act to bypass the inhibitory effect of the uORF on main ORF translation. Another
suppressor, sac57-d, also has a mutation in the conserved uORF of SACL3, a member of the SAC51 family.
On the other hand, the double knockout of SAC51 and SACL3 is insensitive to thermospermine, suggesting
their key role in the response to thermospermine. However, we found that thermospermine enhances
mRNA translation of SAC51 and SACL1 but not of SACL2 and SACL3. Taken together with recent findings
from other groups, we propose a mechanism by which thermospermine diffused from xylem precursor
cells acts non-cell-autonomously to restrict their proliferation.

KEYWORDS
Arabidopsis;
thermospermine; translation;
uORF; xylem differentiation

Thermospermine, a structural isomer of spermine, is widely
present in the plant kingdom and in extremophiles.1,2 The
acaulis5 (acl5) mutant of Arabidopsis thaliana, which is defec-
tive in the biosynthesis of thermospermine, shows excessive
xylem differentiation with a stunted growth phenotype, indicat-
ing that thermospermine is required for proper xylem differen-
tiation.3 Our previous studies of suppressor mutants of acl5
that restore the phenotype without thermospermine have
revealed that thermospermine may be involved in enhancing
the translation of the SAC51 mRNA, which encodes a basic
helix-loop-helix (bHLH) protein.4,5 Instead of thermospermine,
a dominant mutant, sac51-d, which has a premature termina-
tion codon in one of upstream open-reading frames (uORFs)
of the SAC51 mRNA, cancels the inhibitory effect of the uORF
on main ORF translation and may result in overproduction of
the SAC51 bHLH protein. This uORF is highly conserved in all
four members of the SAC51 family in Arabidopsis and classified
as a homology group 15.6 Dominant mutations that cause an
amino acid substitution in the corresponding uORF of SACL1
and SACL3 have also been shown to suppress the dwarf pheno-
type of acl5.7 We also identified another suppressor mutation,
sac57-d, in the conserved uORF of SACL3.8 These results sug-
gest that thermospermine act to bypass the inhibitory effect of
these conserved uORFs on main ORF translation. To check the
regulatory role of these uORFs in the response to thermosper-
mine, we generated transgenic plants carrying the GUS reporter
gene under the control of each gene promoter followed by the
50 leader region and revealed that SAC51 and SACL1 were
responsive to 24-h treatment of seedlings with 100 mM

thermospermine but SACL2 and SACL3 were not.8 Unlike our
results, two recent studies using GUS staining or GFP fluores-
cence have shown that SACL3 was responsive to thermosper-
mine7,9 but their experimental conditions have not been clearly
defined. Thus, although it might be possible that SACL3 trans-
lation is enhanced by thermospermine under some conditions,
we discuss here how the difference in the responsiveness to
thermospermine between SAC51 family members can occur. A
detailed comparison of 50 leader sequences of SAC51 family
mRNAs reveals that 6 AUG codons are present in the 50 leader
region of SAC51, SACL1, and SACL2 mRNAs while 17 and 8
are in two alternative forms of SACL3 mRNAs, respectively
(Fig. 1). The 6th AUG codons in SAC51 and SACL1 mRNAs
are in the same reading frame as the conserved uORF. These
AUG codons are conserved within some uORFs of the homol-
ogy group 15 in other plants but have not been assigned as a
start codon of an additional uORF.6 As one possibility, these
shorter uORFs conserved in SAC51 and SACL1 might be
indeed involved in the response to thermospermine. Because
polyamines mainly exist as a polyamine-RNA complex,10 ther-
mospermine might have an effect on the secondary structure of
these uORF coding regions of the mRNA or ribosomal RNAs.
However, our in vitro translation assays using wheat germ
extracts have so far not succeeded in reproducing the transla-
tion enhancement of the SAC51 50-reporter mRNA by thermo-
spermine. Thermospermine might be required to be
incorporated into ribosomes. It is interesting to speculate that
thermospermine-bound translating ribosomes could not be
stalled by the 6th uORF-encoded nascent polypeptides of

CONTACT Taku Takahashi perfect@cc.okayama-u.ac.jp Graduate School of Natural Science & Technology, Okayama University, Tsushimanaka 3–1–1, Okayama,
700–8530, Japan.
Addendum to: Cai Q, Fukushima H, Yamamoto M, Ishii N, Sakamoto T, Kurata T, Motose H, Takahashi T. The SAC51 family plays a central role in thermospermine responses
in Arabidopsis. Plant and Cell Physiology 2016; 57:1583-1592; http://dx.doi.org/10.1093/pcp/pcw113.
© 2017 Taylor & Francis Group, LLC

PLANT SIGNALING & BEHAVIOR
2017, VOL. 12, NO. 1, e1276685 (3 pages)
http://dx.doi.org/10.1080/15592324.2016.1276685

http://dx.doi.org/10.1080/15592324.2016.1276685


SAC51 and SACL1 and/or reinitiate the translation of the main
ORF with higher efficiency. A major role of uncommon poly-
amines in bacteria living under extreme environmental condi-
tions is proposed to be in the formation of the initiation
complex during translation.11 Further studies focusing on the
responsiveness of these uORFs to thermospermine will be nec-
essary to clarify the mode of action of thermospermine during
translation.

Expression of ACL5 and SACL3 is directly activated by
LHW-TMO5 or LHW-T5L1 bHLH heterodimers in xylem pre-
cursor cells of the root.9 On the other hand, SAC51, SACL1, and
SACL2 are expressed in whole vascular tissues, phloem cells,

and procambial cells, respectively.7 Furthermore, SAC51 and
SACL3 proteins have been shown to antagonize TMO5
and T5L1 to form heterodimers with LHW.7 LHW-TMO5 and
LHW-T5L1 heterodimers also direct expression of LOG4 for
cytokinin synthesis and AHP6 for blocking of cytokinin signal-
ing by which cytokinin functions exclusively in procambial cells
for proliferation while xylem precursor cells differentiate into
xylem vessels.12 In analogy with the cytokinin signaling, we
would like to propose a model that thermospermine non-cell-
autonomously enhances translation of SAC51 and SACL1
mRNAs and these gene products antagonize other bHLH com-
binations while SACL3 blocks the heterodimer formation of
TMO5 or T5L1 with LHW in xylem precursor cells, indepen-
dently of thermospermine (Fig. 2A). Although at close range,
the non-cell-autonomous action of thermospermine would be
in line with the definition of plant hormones. There are some
reports on polyamine transporters in plants,14 whereas cell-to-
cell transport of thermospermine remains to be addressed and
requires further investigation.

There are three homologs to LHW, LHL1-LHL3, and those
to TMO5, T5L1-T5L3, in the Arabidopsis genome (Fig. 2B).13

Combinatorial interactions of these transcription factors with
SAC51 family proteins might have different roles to fine-tune
the vascular formation. It is also noted that LHW, LHL1, and
LHL2 mRNAs have another highly conserved uORF classified
as a homology group 2,6 although their regulatory functions
remain to be studied.

The fact that double but not single knockouts of SAC51 and
SACL3 are insensitive to a high concentration of exogenous
thermospermine that completely represses xylem differentia-
tion in the wild-type root suggests a redundant or additive role
for SAC51 and SACL3 in the negative feedback control of
auxin-dependent LHW-TMO5/T5L1-mediated xylem differen-
tiation pathways.8 Furthermore, given that the SACL3 mRNA
is not responsive to thermospermine, the response to thermo-
spermine in the knockout of SAC51, sac51–1, could be attrib-
uted to the role of SACL1. It is alternatively possible that
another unidentified target of thermospermine is involved in
the SACL3 regulatory loop.

Figure 1. uORF arrangement in 50 leader regions of SAC51 family mRNAs in Arabi-
dopsis. Boxes represent uORFs. Overlapped but different reading frames are shown
in different rows. The uORFs classified as a homology group 156 and those in the
same reading frame as them are shaded in light and dark gray, respectively. Arrow-
heads and arrows indicate positions of introns and the start codon of the main
ORF, respectively. SACL3 I and II indicate alternatively spliced forms of the mRNA.

Figure 2. Relationship between bHLH proteins belonging to SAC51, TMO5, and LHW families in Arabidopsis. (A) A model of thermospermine-mediated repression of
xylem differentiation in the root. The auxin signaling in the formation of vascular tissues shown here is not comprehensive. MP is an auxin-responsive transcription factor
MONOPTEROS, which directly regulates expression of TMO5 and T5L1.13 Dashed lines indicate inhibitory actions. (B) Evolutionary relationship of bHLH domains of SAC51,
TMO5, and LHW family proteins in Arabidopsis. The phylogenetic tree based on amino acid sequences of the bHLH domain of each protein was constructed using the
neighbor-joining method of the MEGA7 software.15 Bootstrap values (1000 replicates) are shown at the branching points. The scale bar indicates the number of amino
acid substitutions per site. The bHLH protein numbering is according to a previous publication.16
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In conclusion, our study identified SAC51 family members
as a central mediator of thermospermine signaling and also the
difference in the responsiveness to thermospermine between
them. It is still an open question how and why thermospermine
was employed for translational regulation of a few specific
mRNAs during the evolution of the plant vascular system. The
original function of thermospermine in bacteria and algae
undoubtedly has no relation to vascular formation and its tar-
get also in these organisms remains to be identified.
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