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Transcription factors (TFs) play a central role in the gene regu-
lation associated with a plant’s development and its response
to the environmental factors. The work of TFs is well regulated
at each stage of their activities. TFs usually consist of three
protein domains required for DNA binding, dimerization, and
transcriptional regulation. Alternative splicing (AS) produces
multiple proteins with varying composition of domains. Re-
cent studies have shown that AS of some TF genes form small
proteins (small interfering peptide/small interfering protein,
siPEP/siPROT), which lack one or more domains and negatively
regulate target TFs by the mechanism of protein interference
(peptide interference/protein interference, PEPi/PROTI). The
presence of an alternative form for the transcription factor
CCAT1 of Arabidopsis thaliana, has been shown to be involved
in the regulation of the response to cold stress. For the PtFLC
protein, one of the isoforms was found, which is formed as a
result of alternative splicing and acts as a negative repressor,
binding to the full-length TF PtFLC and therefore regulating
the development of the Poncirus trifoliata. For A. thaliana, a
FLM gene was found forming the FLM-6 isoform, which acts
as a dominant negative regulator and stimulates the develop-
ment of the flower formation process due to the formation of
a heterodimer with SVP TF. Small interfering peptides and pro-
teins can actively participate in the regulation of gene expres-
sion, for example, in situations of stress or at different stages
of plant development. Moreover, small interfering peptides
and proteins can be used as a tool for fundamental research
on the function of genes as well as for applied research for
permanent or temporary knockout of genes. In this review, we
have demonstrated recent studies related to siPEP/siPROT and
their involvement in the response to various stresses, as well as
possible ways to obtain small proteins.
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BenkoBast uHTepdepeHI s
KaK MeXaHN3M peryassianin
SKCIIpecCuy TeHOB pacTeHUit

A.O. BsuecaaBosa, VI.A. AGaeeBa, D.C. ITupyssH,
C.A. prcxm-[@

NHCTUTYT 0bLwein reHeTuky nm. H.U. BaBunosa Poccuiickor akagemun
Hayk, Mocksa, Poccua

TpaHcKkpunumoHHble pakTopbl (TM) UrpatoT LeHTpabHyo
porb B perynaunoHHbIX NpoLieccax, CBA3aHHbIX C pa3BUTUEM
pacTeHuii 1 X OTBETOM Ha BHELLHUe BO3aencTaus. Pabota TO
perynupyeTca Ha Kaxow CTafnm 13 akTMBHOCTW. Kak npasu-
no, T® cocToAT U3 TPeX AOMEHOB, Heobxoaumbix ans JHK-ces-
3bIBaHUA, JUMEPU3aLMUN 1 TPAHCKPUMLIMOHHON perynaumu.
ANbTepHaTUBHbIN CNAANCUHT NO3BONAET NOYYUTb MHOXECTBO
6enKoB € pa3IMyHbIM COCTaBOM JOMeHOB. HejaBHUe nccneno-
BaHWA NoKasasu, YTo B pesynbraTe afbTepHaTUBHOIO Crnai-
CUHra HEKOTOPbIX reHOB, Kogupyowwmx TO, obpa3syioTca manble
nenTuabl (Manble MHTepdeprpyoLwme nentuabl/6enku, siPEP/
siPROT), y KOTOpPbIX OTCYTCTBYeT OAUH U HECKOJIbKO JOMe-
HOB U KOTOPble HEeraTMBHO perynupytoT uenesoin TO 6naroga-
pAa MexaHn3My 6enkoBoll MHTepdepeHLMM (benkosan/nenTng-
Haa nHtepdepeHuua, PEPi/PROTI). bbino nokasaHo Hannune
anbTepHaTUBHOM GOPMbI AN1A TPAHCKPUNLMOHHOIO dakTopa
CCA1 Arabidopsis thaliana, koTopas yyacTByeT B perynauum
OTBeTa Ha xonofoBoi cTpecc. ina 6enka PtFLC o6HapyxeHa
ofiHa 13 n3o¢popm, KoTopasa obpasyeTca B pesynbraTe anbrep-
HaTVMBHOTO CNNaCuHra 1 AeCTBYeT Kak HeraTMBHbIN penpec-
cop, cBA3bIBaACh ¢ nonHopa3mepHbiM TO PtFLC n Tem cambim
perynunpya HekoTopble CTagun pa3BnTUA pacTeHna Poncirus
trifoliata. Ana A. thaliana obHapy»xeH reH FLM, obpa3sytowyuii
n3odpopmy FLM-6, koTopasa paboTaeT Kak JOMVHAHTHBIN He-
raTUBHbIV PErynaTop 1 CTUMynupyeT npouecc GopMmpoBaHmna
LiBeTKa bnaropapsa o6pa3oBaHuio reTepoarmMepa C TpaHCKpH-
LMOHHbIM dpakTopom SVP. Manble nHTepdpepupyioLme nentu-
Abl 1 6eNIK1 MOTYT 6bITb aKTUBHBIMW YYaCTHUKaMy perynaumum
JKCMPEeCCH reHOB, HanpuMep, NPY CTPECCOBbIX BO3AENCTBMAX
WK Ha pa3HbIX CTaUAX pa3BUTMA pacTeHus. bonee Toro, He-
6onbluve nHTEpdEpUpYyoLLEe NENTUAbI 1 GENKM MOTYT ObITh
MCrosib30BaHbl B KauecTBe NHCTPYMeHTa Ana pyHAamMeHTalb-
HbIX VICCJ'Ie,EI.OBaHVIVI CI)yHKLWII/I reHOB, a TaKXe B NpuKagHbIX
nccnefoBaHWAX, HanprYmep, nA BPeMeHHOro UM NOCTOAHHO-
ro BblK/toYeHWsA reHa. [laHHbI 0630p NOCBALLEH NOCeAHUM
nccnefoBaHMAM, CBA3aHHbBIM C MalbiMM UHTEPhepUpyoLLUMM
nenTyAamu 1 UX PONbIO B OTBETE Ha Pas/fiIyHble CTPeCCcoBble
daKTopbl, a TaK»Ke BO3MOXHbIM MYTAM NOAYUYEHUA MabiX
NHTepdepmpyoLLnX NENTULOB.

Kntouesble cnosa: nentuaHasa nHtepdepenymsa (PEPi/PROTI);
TPAHCKPUMLMOHHbIe GpaKTOPbI; anbTEPHATUBHBIN CMTANCUHT;
Masnble nHTepdepupytowme nentugbl (siPEP/siPROT); neproa
LiBeTeHUs; LpKafHble pUTMbI.



external abiotic and biotic factors for optimizing their

growth and development in a changing environment.
Most of the responses are based on the alterations of the ex-
pression levels of certain genes.

There are two main types of gene expression regulation —
negative and positive. In the case of positive regulation, the
level of gene expression increases by the action of regulatory
elements. On the other hand, with the help of other regulatory
elements the level of gene expression can be reduced; this is
called negative regulation.

Regulation of gene expression in a cell can usually per-
formed at the transcriptional, translational, or protein levels.
Negative regulation of transcription and translation can be
accomplished by RNA interference (RNAi) (Vaucheret et al.,
2001; Filipowicz et al., 2005; Sainsbury et al., 2015). How-
ever, even in the case of successful RNAI, there are already
some transcripts of target genes accumulated in the cell. At the
protein level, negative regulation is commonly accomplished
by controlled ubiquitin-dependent proteolysis (Ingvardsen,
Veierskov, 2001). This degradation pathway requires time to
generate a response; this is critical when considering response
to stress factors. Recently, a new pathway of transcriptional
factor (TF) protein abundance regulation mediated by small
proteins was discovered (Seo et al., 2011a). These small pro-
teins were called “small interfering peptides/proteins” (siPEP/
siPROT) because of the similarity to the molecular mechanism
of action of small interfering RNA (siRNAs). The siPROT’s
pathway was named “peptide/protein interference” (PEPi/
PROTI) similar to the RNAI.

TFs are the main players in the transcriptional control of a
whole variety of plant genes, that are involved in plant growth
and development as well as response to biotic and abiotic
stresses. The activity of TFs can be regulated both at the syn-
thesis step (transcription and translation) and by modifications
of the synthesized protein molecule (i. e. by post-translational
modifications) using different biochemical ways; for example,
reversible phosphorylation, or nuclear-cytoplasmic localiza-
tion are both post-translational modifications (Hill, 2015).

One of the main pathways for regulation of eukaryotic gene
expression consists of controlling transportation of TFs from
the cytoplasm into the nucleus. Some TFs in the cytoplasm are
stored in a “dormant” state through physical association with
cellular membranes. Such membrane-associated TFs (MTFs)
are activated through controlled proteolytic cleavage and are
then transferred to the nucleus. Cleavage can be affected by
regulated intramembrane proteolysis (RIP) with a specific
membrane-associated protease or by regulated ubiquitin/
proteasome-dependent processing (RUP) (Hoppe et al., 2001;
Kim et al., 2007). In both cases, the process is controlled by
biological signals targeting the membrane.

One known group of plant-specific TFs, regulated by RIP, is
NAC (NAM —No Apical Meristem; ATAF — Arabidopsis Tran-
scription Activation Factor; CUC — CUp-shaped Cotyledon),
which plays an important role in the development processes
in some plant species (Puranik et al., 2012). NAC proteins,
including protein NTM1 (NAC with transmembrane motif 1)
and related NAC members (e. g., NTM1-like), integrated into
the ER (Endoplasmic Reticulum) or plasma membrane by
the C-terminal transmembrane domain, are released from the

P lants use different molecular mechanisms to respond to
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RNAi - RNA interference

RUP - Regulated ubiquitin/proteasome-dependent
processing
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Fig. 1. A schematic representation of the mechanism of active repression.
In the case of active repression, the repressor interacts with the regula-
tory region of the gene, thereby regulating the gene expression. The
TFs can be a repressor that acts individually or by interacting with a co-
repressor protein, which has no DNA binding domain.

bound state by RIP. The activated NAC proteins are transferred
to the nucleus, where they are involved in the transcriptional
regulation of stress response genes, controlling time of flower-
ing, germination ability of seeds, and other processes (Kim et
al., 2006; Kim S.G. et al., 2008).

Mechanisms of transcriptional repression:

active and passive repression

Eukaryotic organisms, including plants, have developed dif-
ferent mechanisms of transcriptional repression as a way
to regulate gene expression. Generally, these mechanisms
divided into two basic types: active and passive repression.

Active repression is based on the interaction between the
repressor and DNA sequence in the regulatory region of the
gene (Fig. 1).

Moreover, the repression domain of TFs interact with co-re-
pressor proteins, which do not possess DNA binding domains
(see Fig. 1). Co-repressor proteins control other regulators,
such as chromatin remodeling factors that are involved in
the formation of repressed chromatin sites. HDACs (histone
deacetylases) are a good example of repressor proteins. They
remove the acetyl group of a lysine residue in the histone tail
and as a result, the chromatin is condensed, which usually
leads to gene silencing (Shahbazian, Grunstein, 2007).

Under passive repression conditions the repressor does
not interact directly with the DNA region but regulates other
proteins indirectly through helper proteins. For example,
gibberellin-mediated (GA-mediated) transcriptional regula-
tion involves proteins from a subfamily of the plant-specific
GRAS transcriptional regulators with the DELLA domain.
After germination, Arabidopsis seeds are exposed to the day
and night cycles. Hypocotyl elongation occurs by leaps and
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is dependent on the length of the dark period. During short
photoperiod, maximum growth rate occurs in the dawn, then
in the first hours of daylight the growth rate decreases (No-
zue et al., 2007; Niwa et al., 2009). For example, hypocotyl
elongation is significantly reduced when the germination of
seedlings in constant daylight, which indicate the need of
dark period (Soy et al., 2014). The elongation of hypocotyl
in first hours of dawn involves the work of set of transcrip-
tion factors from PIFs family (PIF1, PIF3, PIF4, PIF5) (Hug,
Quail, 2002; Nozue et al., 2007; Niwa et al., 2009; Soy et al.,
2012, 2014). On the first step, in the end of the dark period
the transcriptional level of PIF4 and PIF5 genes is increased
(Nozue etal., 2007; Nusinow et al., 2011; Huang et al., 2012).
At the same time the transcriptional levels of genes PIF1 and
PIF3 remain practically constant throughout the light day
(Soy et al., 2012, 2014). It is known that the proteins from
phytochrome family interact with transcription factors from
PIF family. This interaction leads to degradation TFs PIF1,
PIF3, PIF4, PIFS5 in a phytochrome-dependent manner (Bauer
et al., 2004). According to this degradation in the first hours
of the light period the level of proteins PIF1 and PIF3 is
increased (Soy et al., 2014), and the level of PIF4 and PIFS
is optimized (Nozue et al., 2007; Yamashino et al., 2013). It
was shown that PIFs are inactivated by DELLAs, which are
not directly associated with the region of DNA, but instead
with the PIFs DNA-recognition domain (Arana et al., 2011;
Nieto et al., 2015); this effectively prevents PIFs from binding
to the targeted DNA. Increasing GA level leads to associa-
tion of GA and DELLA via GID1 receptor, and finally to the
removal of PIFs repression and hypocotyl elongation (Fig. 2)
(Feng et al., 2008).

The discovery and characterization
of siPEP/siPROT
Recently, another mean of negative regulation of gene tran-
scription in plants was discovered (Hu, Ma, 2006). One pro-
perty of TFs is the ability to perform reversible formation of
homo- and heterodimers. Most often, TFs form homodimers
to increase their binding affinity to DNA. In some cases, TFs
form heterodimers, where each monomeric TF protein have
different degrees of DNA-binding affinity or specific transcrip-
tional activity. The ability to form homo- and heterodimers
is one of the regulatory mechanism characteristic of TFs and
may possibly increase their variety (Klemm et al., 1998).
One example of the regulation of gene expression by
heterodimers formation is a group of genes encoding small
proteins (67—100 amino acid residues) with high homology to
the TFs from Class III homeodomain proteins “leucine zipper”
(HD-ZIP 111s) has been found in 4. thaliana genome (Wenkel
et al., 2007; Kim Y.S. et al., 2008). These small proteins,
named little zippers (ZPRs) have a unique structure compared
to other known TFs because they have only the ZIP motif
response for protein-protein interactions, but lack the DNA-
binding and the C-terminal activation domains. It is supposed
that ZPR proteins are not functional TFs from the HD-ZIP I1Is
family, but are able to form non-functional heterodimers with
HD-ZIP I1Is TFs, thereby constituting an example of negative
regulation of TFs (Fig. 3, @) (Wenkel et al., 2007). Generally,
the HD-ZIP III TFs regulate vascular development, the activ-
ity of the shoot apical meristem and lateral organ patterning

Plant genetics
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Fig. 2. A schematic representation of the pas-
sive repression of PIF transcription factors. In
the case of passive repression, the repressor
does not interact directly with the DNA region,
but regulates other proteins indirectly through
helper proteins. PIFs (phytochrome-interacting
factors) are inactivated by proteins from a sub-
family of the plant-specific GRAS transcription-
al regulators with DELLA domain. DELLAs are
not directly associated with the region of DNA,
but instead with the PIFs bHLH DNA-recogni-
tion region and prevent binding of PIFs to the
targeted DNA.

(Prigge et al., 2005). It has been shown
that ZPR3 has specific association with
the HD-ZIP III proteins, including
ATHBI15, ATHBS, Phabulosa (PHB),
Phavoluta (PHV) and Revoluta (REV),
using the ZIP motif (Kim Y.S. et al.,
2008). Studies of protein-protein interac-
tions and transcriptional activity showed
that the ZPR-HD-ZIP III heterodimer
is transcriptionally inactive because it
does not bind with DNA (Wenkel et al.,
2007). It is still unknown whether the
ZPR-mediated transcriptional control is
unique only to HD-ZIP IIIs or if “little
zippers” could also regulate other TFs
from different families.

Currently, investigation of structural
organization of the ZPRs, their function-
al role and dominant-negative regulation
of HD-ZIP IIIs TFs has led to the iden-
tification of some other similar proteins
in the Arabidopsis genome (Seo et al.,
2011a). An important specific character-
istic of the new proteins was exclusion
of one or more domains, for example
DNA-binding or activation domains,
but the presence of an intact dimeriza-
tion domain. A small group of proteins,
named “Mini zInc Fingers” (MIF) was
also discovered. Like ZPR proteins, MIF

leHeTuKa pacTeHUn
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Fig. 3. Small plant proteins interact with transcription factors, thereby realizing negative regulation
of a gene.

(a) Transcriptional factors from Class Il homeodomain proteins “leucine zipper” (HD-ZIP llls) usually func-
tion as homodimers, but the truncated form of little zippers (ZPRs) leads to the formation of transcription-
ally nonfunctional heterodimers. ZPRs have only the ZIP motif responsible for protein-protein interactions,
but lack the DNA-binding and the C-terminal activation domains. (b) “Mini zInc Fingers” (MIF) proteins do
not have TF activities by themselves, but regulate the activities of the ZF-Homeodomain (ZHD) TFs by
competitively forming nonfunctional heterodimers. MIF proteins contain a ZF motif that is highly homolo-
gous to the same motif within “Zinc Finger” of TF ZHD family, but lack the DNA-binding and the C-terminal
activation domains.

proteins do not have TF activities by themselves, but regulate the activities of the
ZF-Homeodomain (ZHD) TFs by competitively forming nonfunctional heterodimers
(Hu, Ma, 2006; Hu et al., 2011). MIF small proteins contain a ZF (“Zinc Finger”)
motif that is highly homologous to the same motif within ZF of ZHD TF. On the
other hand, MIFs do not have a DNA-binding HD motif, suggesting their involve-
ment in negative regulation of ZHD TFs (Fig. 3, b).

Another example of small proteins is the Kidari (KDR) proteins that contain the
helix-loop-helix (HLH) motif, which is highly homologous to a subgroup of the
bHLH TFs. It has been shown that KDR proteins regulate the activity of HFR1,
involved in plant photomorphogenesis (Hyun, Lee, 2006). HFR1 protein also plays
an important regulatory role in plant response to sunlight (Zhang et al., 2008), and
KDR proteins are important for signaling both the phytochrome A and crypto-
chromes (Duek, Fankhauser, 2003). So, the KDR-HFR1 interaction is responsible
for blue and far-red light responses. The KDR protein consists of approximately
100 amino acid residues and has no activation domain, which is normally respon-
sible for TF activity. KDR interacts with HFR1 through the HLH motif and prevents
HFR1 from interacting with PIF transcription factors (Hyun, Lee, 2006; Hong
etal., 2013).

As aresult, discovered small proteins have been called “small interfering proteins/
peptides” (siPEP/siPROT), and their mechanism of action was named “peptide/
protein interference” (PEPi/PROTI) (Seo et al., 2011a, 2013).

Alternative splicing as a way of producing siPEP/siPROT
Another way of transcriptional regulation occurs via the formation of nonfunctional
heterodimers. As it was shown recently by Seo (Seo et al., 2013), alternative splicing
(AS)-derived protein isoforms act as dominant negative regulators via common to
PEPi/PROTi mechanisms of nonfunctional heterodimer formation.

AS is a unique way to obtain different protein variants from one single gene in
order to increase transcriptome diversity without drastically increasing the size of
the genome of a eukaryotic organism. It has been shown that roughly 60 % of all
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genes of plant genomes, containing introns, are alternative-
ly spliced (Marquez et al., 2012). There is a view of the con-
nection of the organism complexity and AS. AS may con-
tribute to the development of an organism with a complex
organization by increasing of the proteome diversity (Chen et
al., 2014).

Many TF-encoding genes are involved in the regulation
of various processes, such as flowering and stress response.
Sometimes their transcripts are exposed to AS, that helps to
regulate intracellular processes of adaptation. For example,
TF IDD14, which regulates the metabolism of starch during
cold stress, is exposed to AS (Seo et al., 2011b). In response
to cold stress, a plant provides two spliced variants of TF
IDD14: IDD14a, which is a full-sized version of the TF
and IDD14p — a truncated variant of the TF with a damaged
DNA-binding domain. It is important that TF IDD14f has a
functional dimerization domain, which allows the formation
of non-functional heterodimers consisting of truncated and
the full-sized version of TF IDD14. It has been demonstrated
that transgenic plants overexpressing /DD/4a only, have
short growth. It is supposed that IDD14a provides the influ-
ence on the QUA-QUINE STARCH (QQS) gene, involved in
starch degradation. For transgenic plants overexpressing the
IDD14f3 gene only, the opposite was demonstrated: there was
significant accumulation of starch in plant cells. Therefore, it
could be reported that TF IDD14f plays a dominant-negative
role in Arabidopsis plants (Seo et al., 2011b).

In the next parts of this review we will describe in more
details several cases of the siPEP/siPROT-mediated regula-
tion in plants.

Regulation of plants genes expression
using truncated forms of the TF protein

Circadian clock-associated1 (CCA1) protein

as a component of cold accommodation

Genes involved in circadian rhythms of A. thaliana play
an important role in the synchronization of a wide range of
plant biological processes, and plant response to stress via
transcriptome regulation. One of the key genes involved
in the circadian thythm of A. thaliana is CCAI, encoding a
Myb-related CCA1 transcription factor. The CCA1 TF partici-
pates in plant response to cold stress. It has been shown that
transgenic plants expressing the CCA/ gene demonstrate an
improved resistance to low temperatures compared with plants
harboring a mutation in this gene (Seo et al., 2012). In spite
of the importance of CCAl, it is unknown how decreasing
temperature influences activity of CCAl. It was shown that
CCAL is able to regulate gene expression by binding to EE
(Evening Element) motif of target promoters regions. These
motifs regulate the genes that are actively expressed in the
evening (Harmer, 2009; Nagel et al., 2015). mRNA of CCA1
gene accumulates during dawn and represses the expression
of target genes, accumulating in the evening. However, CCA1
protein levels decrease throughout the day, thus the expres-
sion levels of target genes which was suppressed previously
increase and peaking in the evening (Alabadi et al., 2001).
CCAL plays an important role in regulating a large set of
the biorhythmic transcriptome. Many of target genes include
EE motif, but recently (Nagel et al., 2015) it was found a
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group of genes belonging to morning phase and enriched of
unrecognized motifs associated with the function of CCAL.

Recently (Seo et al., 2012) it was shown that the CCA/ is ca-
pable of forming two splice variants: the full-sized functional
protein CCAla and a truncated version — CCA1B. CCAI1B
isoform has a full-sized dimerization domain that allows it to
form homo/heterodimers, but it has no N-terminal MY B motif,
which is involved in DNA binding. Consequently, CCA1f
is able to form non-functional heterodimers with full-sized
TF CCAla and also with TF LHY, which is involved in late
elongation of hypocotyls and is also responsible for the plant’s
circadian rhythm. At low temperatures, CCAla is liberated
from CCA1p and forms CCAla—CCAla and LHY-CCAla
dimers, which bind to the CBF gene promoters to induce
freezing tolerance (Dong et al., 2011). Later it was shown that
other genes involved in circadian rhythms of plants (7OC],
PRR3, PRR5, PRR7 and PRRY), also have alternative splicing
variants (Park et al., 2012).

PtFLC protein responsible

for control of flowering time

Seasonal flowering of plants often requires pre-incubation at a
low temperature. This phenomenon is known as vernalization
and is observed for many plants, including 4. thaliana. The
vernalization period can continue for several weeks, compared
to the influence of daylight duration, which is a trigger of the
flowering process usually requiring just several days. Plants
that require vernalization encode a repressor that blocks
flowering during the summer or the fall periods.

Two key genes involved in the flowering process of 4. thali-
ana are FLC and FRI. The FRI gene encodes supercoiled
protein that is involved in transcription of the FLC gene, pos-
sibly through its effect on chromatin (Johanson et al., 2000).
The FLC gene is a MADS-box TF, which is associated with
genes involved in flowering, and blocks their transcription.
FLC functions as a transcriptional repressor of flowering
(Michaels, Amasino, 1999; Sheldon et al., 1999).

In Poncirus trifoliata, a homolog of FLC (Zhang et al.,
2009) was also found. Gene expression of PtFLC is also
regulated by temperature fluctuations. However, another
regulation mechanism of the PtFLC gene exists: it takes place
on the post-transcriptional level by AS. PtFLC form 5 protein
splice variants at various stages of plant development and
under the influence of a particular temperature. The smallest
isoform function as a negative repressor by competing for
linkage to the DNA, or to form a non-functional heterodimer
with full-sized PtFLC TF (Zhang et al., 2009). Perhaps, due
to the need to regulate the development of the plant at differ-
ent stages and at different temperatures, the PtFLC gene form
5 splice variants. This is one of the communication pathway
between external signals and internal programming in plant
development. Thus, the PtFLC1 and PtFLC2 protein variants
were found only in the developing tissues, while PtFLC4 and
PtFLCS isoforms were detected in already formed tissue of the
adult plant. Isoforms of the PtFLC3 protein were detected at
all stages of plant development. It is interesting that all of the
alternative protein isoforms have the DNA-binding domain,
but possess deletions of the C-terminal domain in different
positions. However, the particular mechanism of action of
PtFLC alternative isoforms is still not clear.
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Fig. 4. The model of the SVP-FLM-§ and SVP-FLM-f3 complex. In the case of a low temperature (16 °C), the amount of FLM-3
proteins totals more than that of the FLM-6 splice isoform. Therefore, SVP could form homo- and heterodimers with TFs SVP
and FLM-B, respectively. Heterodimer SVP-FLM-f and homodimer SVP-SVP each connect to the regulatory regions of the genes
controlling flower formation, thereby suppressing these genes, which causes delay of flowering. Increasing temperature (27 °C)
forces the development of alternative protein isoforms — FLM-6 - that replace the FLM- isoforms in the heterodimer SVP-FLM-(.

FLM-J protein responsible for control of flowering time
depending on the temperature

As mentioned previously, the key mechanism of acceleration
flowering of A. thaliana during prolonged cold exposure is
associated with repression of FLC transcription factors, be-
longing to the MADS-box family (Song et al., 2012). To date,
the phenomenon of vernalization in 4. thaliana is studied well
enough allowing the prediction of the existence of vernaliza-
tion pathway in other plants based on their genotypes.

However, plant sensitivity to environmental temperature
fluctuations is still under investigation (Verhage et al., 2014;
Capovilla et al., 2015).

Important genes for flowering in A. thaliana are FLM and
SVP. Proteins FLM and SVP are TFs that play an important
role in flowering repression (Balasubramanian et al., 2006; Lee
etal., 2007). Mutations in these genes account for the reduced
sensitivity of plants to low temperatures, which indicate that
FLM could act as a repressor of response to environmental
temperature (Scortecci et al., 2001). It may be a result of
the destruction of flowering-time regulation that depends on
temperature (Balasubramanian et al., 2006; Lee et al., 2007;
Gu et al., 2013).

It is known that RNA of the FLM gene is alternatively
spliced generating the four isoforms of the protein. The most
common are two isoforms: FLM- and FLM-d. It has been
shown that FLM-f isoforms predominate in cells of A. thaliana
after cultivation at 16 °C. However, at 23 °C both isoforms —
FLM-B and FLM-6 — are produced in approximately the same
quantities, and at 27 °C FLM-9 isoform predominates. As
for the SVP gene, it was shown to be mostly independent of
temperature (Posé et al., 2013). It has also been shown that
the sole presence of the FLM-f isoform in plant cells delay
flowering, while existence of only the FLM-9 variant in the

leHeTuKa pacTeHUn

plant accelerates the flowering. In addition, both splice vari-
ants of the protein are able to form heterodimers with the SVP
protein via the dimerization domain. Heterodimer SVP-FLM-f
bounds to the regulatory regions of genes controlling flower
formation (SOCI, ATC, TEM?2, SEP3, AP3, PI and others),
thereby suppressing these genes and causing the delay of
flowering. Moreover, the SVP protein form homodimers that
repress the genes controlling formation of flowers. The hete-
rodimer SVP-FLM-$ almost never binds to the regulatory
regions of genes; this allows for transcription to occur. It seems
that both isoforms compete with each other to build connection
with the SVP protein. At low temperatures, the main product
of the FLM gene is the FLM- protein, which blocks flower
formation by development of the SVP-FLM-f heterodimer.
Increasing temperature forces the development of alternative
protein isoforms — FLM-8 — that replaces the FLM- isoforms
in the heterodimer SVP-FLM-f. Therefore, the FLM-§ isoform
works as a dominant negative regulator and force the process
of flower formation (Fig. 4) (Lee et al., 2013).

Dormancy regulation and a role of DRM1 gene
One process that influences plant growth and development in
response to abiotic factors or endogenous biotic factors (e. g.
hormonal regulators) is dormancy release. Dormancy can be
determined as an absence of visible growth in meristematic
plant tissue (Horvath et al., 2003). Endodormancy (winter
dormancy) also exists in perennials and protects plants from
external factors such as reduced light hours and extreme cold,
as well as from the action of internal factors (e. g. hormones)
at both the transcriptional and translational levels.
Dormancy-associated gene-1/Auxin-repressed protein
(DRM1/ARP) is often used as a genetic marker for dormant
meristematic tissues (Rae et al., 2013). The functional role
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Fig. 5. Models of siPEP/siPROT action in plants.

A.D. - activation domain; D.D. — dimerization domain. DB.D. - DNA-binding
domain.

(a) A siPEP/siPROT with dimerization and activation domains, but lacking a
DNA-binding domain form heterodimers with a target TF. Such heterodimers
will have reduced DNA-binding activity. (b) A siPEP/siPROT with DNA-binding
and dimerization domains, but lacking an activation domain form heterodi-
mers with a target TF. Such nonfunctional heterodimers have no transcription-
al activity or have a reduced transcriptional activity compared to functional
TF homodimers. (c) Isolation of target TFs from the nucleus by siPEP/siPROT.

Nucleus

of DRM1/ARP was shown for the first time in pea (Stafstrom
et al., 1998). It has been shown that the transcription level
of PsDRM1 in dormant buds beneath the apex is high, but
six hours after removal of the apex the transcriptional level
of the gene falls significantly. Later, comparable profiles of
expression were detected in 4. thaliana plants (Tatematsu et
al., 2005) and kiwifruit (Wood et al., 2013). The light signaling
mutant, phyb, in Arabidopsis has a reduced, non-developing
buds with a concomitant increase in DRM1/ARP expression
(Kebrom et al., 2006). Perhaps other members of the DRM 1/
ARP family play an important role in response to different
stress factors such as cold, salt stress, drought, and others.
AtDRM1 and DRM] of kiwifruit, like many other genes
involved in response to stress, undergo alternative splicing
(Ner-Gaon et al., 2004). DRM1/ARP family members of ki-
wifruit have been supposedly classified as IDPs (Wood et al.,
2013). These proteins have no stable tertiary structure, but can
be packed partially depending on environmental conditions or
interaction with other proteins; this effectively changes their
physiological condition (Uversky, Dunker, 2010) and allows
them to interact with a wide variety of protein-partner. It is
interesting to note that many of IDPs in the isolated state create
a strong connection with protein-partners. It was shown that
these types of proteins are involved in the response to stress
factors by associating with GRAS proteins (Sun et al., 2010,
2011) and heat shock proteins (Wang et al., 2004). However,
the functional role of IDPs proteins is still not fully under-
stood (Rangarajan et al., 2015). Recently, it was found that
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the AtDRM1 and AtDRM2 proteins can play a role as IDPs
(Rae et al., 2014).

AtDRM1 has six alternatively spliced variants. While the
AtDRM1.1-AtDRM1.5 splice variants demonstrated relatively
conserved transcriptional response to different stresses, the
AtDRM1.6 splice variant has a response to hormonal and salt
stress (Ner-Gaon et al., 2004; Mastrangelo et al., 2012; Rae et
al.,2014). Perhaps, due to the presence of alternative splicing
for AtDRM1genes, as well as the ability to protein-protein
interaction for IDPs, these proteins participate in regulating the
response to abiotic stresses by protein-protein interaction.

Models of siPEP/siPROT action

To date, all the discovered small interfering proteins are
characterized by small size (about 100 amino acid residues),
and the obligatory presence of the domain responsible for
dimerization or protein-protein interaction. Depending on
other domains (for example, the DNA-binding domain or an
activation domain) siPEP/siPROTs can be divided into two
groups.

The first group includes siPEP/siPROTs with dimerization
and an activation domain (Fig. 5, a). Such siPEP/siPROTs
form a nonfunctional heterodimer with TFs to reduce DNA-
binding affinity, negatively regulating the expression of genes
and work as a passive repressor. Most siPEP/siPROTs are
included in this group (as in ZPR and MIF proteins described
above). This type of siPEP/siPROTs could also interact with
TFs, acting as heterodimers with related TFs or other transcrip-
tion regulators, such as DNA-binding factors.

The second group includes small proteins with dimeriza-
tion and DNA-binding domains but missing an activation
domain (Fig. 5, b). This type of siPEP/siPROTs develops a
nonfunctional heterodimer with a TF and binds to DNA, but
has no transcriptional activity or has a reduced transcriptional
activity compared to functional TF homodimers (Seo et al.,
2011a); thus, it acts as an active repressor.

Furthermore, heterodimer formation with siPEP/siPROTs
can also taking out target TFs from the nucleus (Fig. 5, ¢). It
was noticed for MIF protein that this group of proteins works
in the “taking out from the nucleus” pathway. For example,
nonfunctional heterodimer MIF-TF is excluded from the
nucleus, such that it negatively regulates the work of the ZHD
TFs (Hong et al., 2011).

Perhaps other ways of functional TF regulation by siPEP/
siPROTs could exist.

The siPEP/siPROT with a present DNA-binding domain,
but missing the activation (required for transcriptional ac-
tivation) and dimerization (for protein-protein interaction)
domains would theoretically be able to compete with func-
tional monomeric TFs for DNA binding. Moreover, the siPEP/
siPROT with the protein-binding domain that is involved in
interactions with other proteins or cofactors could compete
with functional TFs for binding with cofactors or other protein
partners. This is required for TF activation. In addition, the
siPEP/siPROTs with a DNA-binding domain only that form
the nonfunctional homodimers siPEP/siPROT-siPEP/siPROT,
would completely block the DNA binding sites for functional
full-sized TFs. To date, these types of siPEP/siPROTs have
not been yet identified, so the exact mechanism of regulation
is difficult to predict.
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Fig. 6. Receptors could also form nonfunctional heterodimers due to lack
of a domain (for example, kinase domain).

Who can play the siPEP/siPROT role

Small proteins can regulate the functional TFs by forming
nonfunctional heterodimers, as well as by competing with
them for DNA-binding sites. Despite some similarities to RNA
interference, such as small molecular sizes and some miss-
ing biochemical activities, siPEP/siPROTs are distinct from
siRNAs in that siPEP/siPROTSs do not require any enzymatic
stages for their action (except for the alternative splicing to
generate them). The mechanism of small proteins’ action is
simple and easily predictable, which is useful for the creation
of artificial siPEP/siPROTs for plant biotechnology.

Not only TFs, but also other proteins capable of forming
dimers, e. g., receptors (including membrane), could utilize a
similar mechanism of activity regulation by dimerization with
small peptides/proteins (Fig. 6).

The PEPi/PROTi pathway could reduce the activity of such
receptors. Moreover, the same approach could be applicable
to all dimeric enzymes (e.g. acyl-ACP-thioesterase (Bhat-
tacharjee et al., 2011), which control fatty acid deposition in
seeds). This pathway plays a huge role in plant growth and
developmental processes and responses to biotic and abiotic
stresses as well.

Thus, small interfering peptides and proteins can actively
participate in the regulation of gene expression, for example, in
situations of stress or at different stages of plant development.
Moreover, small interfering peptides and proteins can be used
as a tool for fundamental research on the function of genes
as well as for applied research for permanent or temporary
knockout of genes.
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