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Белковая интерференция  
как механизм регуляции 
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Транскрипционные факторы (ТФ) играют центральную 
роль в регуляционных процессах, связанных с развитием 
растений и их ответом на внешние воздействия. Работа ТФ 
регулируется на каждой стадии из активности. Как прави-
ло, ТФ состоят из трех доменов, необходимых для ДНК-свя-
зывания, димеризации и транскрипционной регуляции. 
Альтернативный сплайсинг позволяет получить множество 
белков с различным составом доменов. Недавние исследо-
вания показали, что в результате альтернативного сплай-
синга некоторых генов, кодирующих ТФ, образуются малые 
пептиды (малые интерферирующие пептиды/белки, siPEP/
siPROT), у которых отсутствует один или несколько доме-
нов и которые негативно регулируют целевой ТФ благода-
ря механизму белковой интерференции (белковая/пептид-
ная интерференция, PEPi/PROTi). Было показано наличие 
альтернативной формы для транскрипционного фактора 
ССА1 Arabidopsis thaliana, которая участвует в регуляции 
ответа на холодовой стресс. Для белка PtFLC обнаружена 
одна из изоформ, которая образуется в результате альтер-
нативного сплайсинга и действует как негативный репрес-
сор, связываясь с полноразмерным ТФ PtFLC и тем самым 
регулируя некоторые стадии развития растения Poncirus 
trifoliata. Для A. thaliana обнаружен ген FLM, образующий 
изоформу FLM-δ, которая работает как доминантный не-
гативный регулятор и стимулирует процесс формирования 
цветка благодаря образованию гетеродимера с транскрип-
ционным фактором SVP. Малые интерферирующие пепти-
ды и белки могут быть активными участниками регуляции 
экспрессии генов, например, при стрессовых воздействиях 
или на разных стадиях развития растения. Более того, не-
большие интерферирующие пептиды и белки могут быть 
использованы в качестве инструмента для фундаменталь-
ных исследований функции генов, а также в прикладных 
исследованиях, например, для временного или постоянно-
го выключения гена. Данный обзор посвящен последним 
исследованиям, связанным с малыми интерферирующими 
пептидами и их ролью в ответе на различные стрессовые 
факторы, а также возможным путям получения малых 
интерферирующих пептидов. 
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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 
CCA1 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-δ 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.

Key words: peptide/protein interference (PEPi/PROTi); 
transcriptional factors; alternative splicing; small interfering 
peptide/protein (siPEP/siPROT); flowering time; circadian clock.
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Abbreviations
AS – Alternative splicing
bHLH – Basic helix-loop-helix transcription factor
CCA1 – CIRCADIAN CLOCK-ASSOCIATED1 protein 
DELLA – domain which is required for GA regulation, 

named after the first five amino acids
DRM1/ARP – Dormancy-associated gene-1/Auxin-repressed 

protein 
EE – Evening Element motif 
ER – Endoplasmic reticulum
FLC – MADS-box protein FLOWERING LOCUS C
FLM – FLOWERING LOCUS M protein 
FRI – FRIGIDA gene
GA – Gibberellin
GAI – Gibberellic acid insensitive protein
GRAS – family of plant-specific proteins, name comes 

be the name of the first three members: GIBBERELLIC 
ACID-INSENSITIVE (GAI), REPRESSOR of GAI (RGA),  
and SCARECROW (SCR)

HDAC – Histone Deacetylases
HD-ZIP III – Class III homeodomain protein “leucine  

zipper” 
HLH – Helix-loop-helix motif
HSP – Heat shock protein
IDD14 – INDERMINATE DOMAIN 14 transcriptional factor 

gene 
IDP – Intrinsically disordered protein 
KDR – Kidari protein
MIF – “Mini zInc Fingers” protein
MTFs – Membrane-associated TFs
NAC – NAM – No Apical Meristem; ATAF – Arabidopsis 

Transcription Activation Factor; CUC – CUp-shaped 
Cotyledon 

PEPi/PROTi – Peptide interference/protein interference 
PHB – Phabulosa, homeobox-leucine zipper protein 

ATHB-14
PHV – Phavoluta protein, homeobox-leucine zipper  

protein ATHB-9
PIFs – Phytochrome-interacting Factors
PsDRM1 – Pisum sativum DRM1 protein
PtFLC – Homolog of FLC in Poncirus trifoliata 
QQS – QUA-QUINE STARCH gene
REV – Revoluta protein
RGA – Repressor of GAI
RIP – Regulated intramembrane proteolysis
RNAi – RNA interference
RUP – Regulated ubiquitin/proteasome-dependent 

processing
SCR – Scarecrow protein
siPEP/siPROT – small interfering peptide/small interfering 

protein
siRNA – small interfering RNA 
STATs – Signal Transducers and Activators of Transcription
SVP – SHORT VEGETATIVE PHASE protein 
TF – Transcriptional factor
ZF – “Zinc Finger” motif
ZHD – ZF-Homeodomain 
ZPRs – Little zipper protein

Plants use different molecular mechanisms to respond to 
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 ubiquitindependent 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 posttranslational 
modifications) using different biochemical ways; for example, 
reversible phosphorylation, or nuclearcytoplasmic 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 membraneassociated 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 
membraneassociated protease or by regulated ubiquitin/
proteasomedependent 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 – CUpshaped 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., NTM1like), integrated into 
the ER (Endoplasmic Reticulum) or plasma membrane by 
the Cterminal transmembrane domain, are released from the 



Protein interference for regulation 
of gene expression in plants

A.O. Vyacheslavova, I.A. Abdeeva 
E.S. Piruzian, S.A. Bruskin

758 Plant geneticsVavilov Journal of Genetics and Breeding • 2018 • 22 • 7

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 et al., 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, PIF5 in a phytochromedependent 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 PIF5 
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 DNArecognition 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” 
(HDZIP IIIs) has been found in A. 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 proteinprotein interactions, but lack the DNA
binding and the Cterminal activation domains. It is supposed 
that ZPR proteins are not functional TFs from the HDZIP IIIs 
family, but are able to form nonfunctional heterodimers with 
HDZIP IIIs TFs, thereby constituting an example of negative 
regulation of TFs (Fig. 3, a) (Wenkel et al., 2007). Generally, 
the HDZIP III TFs regulate vascular development, the activ
ity of the shoot apical meristem and lateral organ patterning 

Fig. 1. A schematic representation of the me chanism 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 core
pressor proteins, which do not possess DNA binding domains 
(see Fig. 1). Corepressor 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, 
gibberellinmediated (GAmediated) 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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(Prigge et al., 2005). It has been shown  
that ZPR3 has specific association with 
the HDZIP III proteins, including 
ATHB15, ATHB8, Phabulosa (PHB), 
Phavoluta (PHV) and Revoluta (REV), 
using the ZIP motif (Kim Y.S. et al., 
2008). Studies of proteinprotein interac
tions and transcriptional activity showed 
that the ZPRHDZIP III heterodimer 
is trans criptionally inactive because it 
does not bind with DNA (Wenkel et al., 
2007). It is still unknown whether the 
ZPRmediated transcriptional control is 
unique only to HDZIP 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 dominantnegative regulation 
of HDZIP 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 
DNAbinding 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 

proteins do not have TF activities by themselves, but regulate the activities of the 
ZFHomeodomain (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 DNAbinding 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 
helixloophelix (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 KDRHFR1 interaction is responsible 
for blue and farred 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  
et al., 2013). 

As a result, 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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Fig. 3. Small plant proteins interact with transcription factors, thereby realizing negative regulation 
of a gene. 
(a) Transcriptional factors from Class III homeodomain proteins “leucine zipper” (HD-ZIP IIIs) 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.

OFF

OFFON

a

b

ON

ZPRsZPRs

ZPRs

ZHD

ZHD

MIFs
MIFs

MIFs

ZIP
ZIP

ZIP

ZIP

ZF

ZF ZF

ZF ZF
ZF

ZF

ZIP

ZF

ZIP

ZIP ZIP

HD-ZIP III

HD-ZIP IIIHD-ZIP III

ZHD



Protein interference for regulation 
of gene expression in plants

A.O. Vyacheslavova, I.A. Abdeeva 
E.S. Piruzian, S.A. Bruskin

760 Plant geneticsVavilov Journal of Genetics and Breeding • 2018 • 22 • 7

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 TFencoding 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: IDD14α, which is a full-sized version of the TF 
and IDD14β – a truncated variant of the TF with a damaged 
DNA-binding domain. It is important that TF IDD14β has a 
functional dimerization domain, which allows the formation 
of nonfunctional heterodimers consisting of truncated and 
the fullsized version of TF IDD14. It has been demonstrated 
that transgenic plants overexpressing IDD14α only, have 
short growth. It is supposed that IDD14α provides the influ
ence on the QUA-QUINE STARCH (QQS) gene, involved in 
starch degradation. For transgenic plants overexpressing the 
IDD14β gene only, the opposite was demonstrated: there was 
significant accumulation of starch in plant cells. Therefore, it 
could be reported that TF IDD14β 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/siPROTmediated 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 rhythm of A. thaliana is CCA1, encoding a 
Mybrelated CCA1 transcription factor. The CCA1 TF partici
pates in plant response to cold stress. It has been shown that 
transgenic plants expressing the CCA1 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 CCA1, it is unknown how decreasing 
temperature influences activity of CCA1. It was shown that 
CCA1 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 (Alabadí et al., 2001). 
CCA1 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 

group of genes belonging to morning phase and enriched of 
unrecognized motifs associated with the function of CCA1. 

Recently (Seo et al., 2012) it was shown that the CCA1 is ca
pable of forming two splice variants: the fullsized functional 
protein CCA1α and a truncated version – CCA1β. CCA1β 
isoform has a fullsized dimerization domain that allows it to 
form homo/heterodimers, but it has no Nterminal MYB motif, 
which is involved in DNA binding. Consequently, CCA1β 
is able to form nonfunctional heterodimers with fullsized 
TF CCA1α 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, CCA1α is liberated 
from CCA1β and forms CCA1α–CCA1α and LHY–CCA1α 
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 (TOC1, 
PRR3, PRR5, PRR7 and PRR9), 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 A. 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 A. 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 MADSbox 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 posttranscriptional 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 nonfunctional heterodimer 
with fullsized 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 
PtFLC5 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 DNAbinding domain, 
but possess deletions of the Cterminal domain in different 
positions. However, the particular mechanism of action of 
PtFLC alternative isoforms is still not clear.
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FLM-β 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 MADSbox family (Song et al., 2012). To date, 
the phenomenon of vernalization in A. 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 
et al., 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-β and FLM-δ. It has been 
shown that FLM-β isoforms predominate in cells of A. thaliana 
after cultivation at 16 °C. However, at 23 °C both isoforms – 
FLM-β and FLM-δ – are produced in approximately the same 
quantities, and at 27 °C FLM-δ 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-β isoform in plant cells delay 
flowering, while existence of only the FLM-δ variant in the 

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-β 
bounds to the regulatory regions of genes controlling flower 
formation (SOC1, ATC, TEM2, 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-δ 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-β protein, which blocks flower 
formation by development of the SVP-FLM-β heterodimer. 
Increasing temperature forces the development of alternative 
protein isoforms – FLM-δ – that replaces the FLM-β isoforms 
in the heterodimer SVP-FLM-β. Therefore, the FLM-δ 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 

Fig. 4. The model of the SVP-FLM-δ and SVP-FLM-β complex. In the case of a low temperature (16  °C), the amount of FLM-β 
proteins totals more than that of the FLM-δ splice isoform. Therefore, SVP could form homo- and heterodimers with TFs SVP 
and FLM-β, respectively. Heterodimer SVP-FLM-β 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-δ – that replace the FLM-β isoforms in the heterodimer SVP-FLM-β.
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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 A. thaliana plants (Tatematsu et 
al., 2005) and kiwifruit (Wood et al., 2013). The light signaling 
mutant, phyb, in Arabidopsis has a reduced, nondeveloping 
buds with a concomitant increase in DRM1/ARP expression 
(Kebrom et al., 2006). Perhaps other members of the DRM1/
ARP family play an important role in response to different 
stress factors such as cold, salt stress, drought, and others.

AtDRM1 and DRM1 of kiwifruit, like many other genes 
involved in response to stress, undergo alternative splicing 
(NerGaon 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 proteinpartner. It is 
interesting to note that many of IDPs in the isolated state create 
a strong connection with proteinpartners. 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 

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 (NerGaon 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 proteinprotein 
interaction for IDPs, these proteins participate in regulating the 
response to abiotic stresses by proteinprotein 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 proteinprotein interaction. Depending on 
other domains (for example, the DNAbinding 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 DNAbinding factors.

The second group includes small proteins with dimeriza
tion and DNAbinding 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, c). It 
was noticed for MIF protein that this group of proteins works 
in the “taking out from the nucleus” pathway. For example, 
nonfunctional heterodimer MIFTF 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 DNAbinding domain, 
but missing the activation (required for transcriptional ac
tivation) and dimerization (for proteinprotein interaction) 
domains would theoretically be able to compete with func
tional monomeric TFs for DNA binding. Moreover, the siPEP/
siPROT with the proteinbinding 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 DNAbinding domain only that form 
the nonfunctional homodimers siPEP/siPROTsiPEP/siPROT, 
would completely block the DNA binding sites for functional 
fullsized 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. 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.
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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 DNAbinding 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/siPROTs 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. acylACPthioesterase (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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