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ABSTRACT 

The goal of my research was to better understand the mechanism of plant cold 

acclimation using Arabidopsis thaliana as a model system. Our genetic screening method 

utilizes a line of transgenic Arabidopsi plants harboring the firefly luciferase reporter 

gene {LUC) fused to the RD29A promoter {RD29A-LUC), which contains the cold- and 

osmotic stress-responsive DRE/CRT element and the ABA-responsive ABRE element 

(Ishitani et al., 1997). The RD29A-LUC plants were mutagenized with ethylmethane 

sulfonate and mutants with aberrant luminescence responses were selected from the 

resulting M2 population by luminescence imaging using a cooled CCD camera (Ishitani et 

al., 1997). 

hos2-I (for high expression of osmotically responsive genes) mutant was isolated 

based on enhanced expression of RD29A and other stress genes under low temperature 

treatment (Chapter 2). Enhanced gene expression was observed only in response to cold 

stress, not to osmotic stress or ABA, in hos2 mutants. Compared with the wild-type 

plants, the hos2-lmulant plants are less capable of developing freezing tolerance when 

treated with low non-freezing temperatures, indicating that H0S2 is a negative regulator 

of low temperature signal transduction important for plant cold acclimation. 

Chapter 3 characterized the function of the HOSl gene that was found to encode a 

novel protein with a RD^fG (Really Interesting New Gene) finger motif near the amino 

terminus. The observation that hosi plants are more sensitive to freezing temperatures 

even though they have enhanced expression of CBF transcription factors and of their 
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downstream cold responsive genes suggests that controlling the stability of critical 

proteins in the cell is important in the cellular response to environmental stimuli. 

In contrast to hosl and hos2 mutants, the los2 mutant was identified by its 

reduced expression of the RD29A-LUC transgene under cold treatment but not ABA, salt 

or PEG treatments (Chapter 4). LOS2 is critical for chilling as well as freezing resistance. 

The los2 mutation specifically impairs cold regulated expression of the endogenous 

COR/KIN/RD/LTI genes. The L0S2 gene encodes an enzyme, enolase, which converts 2-

phosphoglycerate to phosphoenolpyruvate in the glycolytic pathway. Several lines of the 

evidence for possible L0S2 function as a transcriptional regulator are presented. 
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CHAPTER 1: OVERVIEW 

1. Introduction 

Abiotic stresses such as low temperature, salinity, drought and osmotic stress 

impair many cellular processes, resulting in various types of injury that affect plant 

growth, development and reproduction. Plants have evolved unique and diverse 

mechanisms to survive and prosper in unfavorable environmental conditions. In contrast 

to the evolutionary adaptation that resulted in genotypically determined traits, some plants 

can achieve stress resistance through acclimation. In this process individual plants 

readjust their cellular homeostasis when exposed to certain stresses. 

Low temperature is one of the major abiotic stresses that restrict the geographical 

distribution of plants. Most plants that originate from tropical and subtropical areas 

suffer cellular injuries caused by temperatures below 10°C. However, temperate plants 

can even tolerate freezing through the process of cold-acclimation (Levitt, 1980). That is, 

treatment with low, nonfreezing temperatures ranging from 12-0°C renders them able to 

survive later freezing temperatures. In the case of rye, temperatures of-5°C can kill a 

plant that is not cold-acclimated, whereas cold-acclimation allows the same plant will 

survive down to -30°C (Thomashow, 1999). However, many important agronomic 

plants, such as maize, tomato, rice, cucumber, sweet potato and cotton, have no ability to 

develop cold-acclimation. Their inability to tolerate freezing stress results in a significant 

loss of agricultural productivity (Bressan et al., 1998). Therefore, elucidation of the cold 
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acclimation process may provide valuable insights for genetic engineering, leading to 

eventual increases in crop productivity. 

Cold acclimation is a complex process that involves significant changes in plant 

morphology, metabolism and gene expression (Guy, 1990; Thomashow, 1999, 2001). 

Many genes were found to be inducible by low temperatures and proposed to have roles 

in freezing tolerance (Thomashow, 1999). Intensive research effort has been devoted to 

the elucidation of the low temperature signal transduction leading to increased COR 

(cold-responsive) gene expression and development of cold acclimation, but many 

questions remain to be answered. First of all, it is not known what kinds of sensors and 

signaling intermediates are involved in low temperature signal transduction. Moreover, 

the fimctions of COR genes are not clear at present, although enhanced expression of the 

entire battery of COR genes seems to be sufficient for the development of freezing 

tolerance (Jagglo-Ottosen et al., 1998; Liu et al., 1998). In this overview, I summarize 

current advances in understanding the roles of molecular components that appear to be 

involved in cold signaling from low temperature signal perception to the regulation of 

COR gene expression. Experimental data from prokaryotes as well as eukaryotes are 

included in this overview. Emphasis will be placed on the regulation mechanisms 

underlying the expression of COR genes. Then, cellular mechanisms protecting against 

cold stress will be summarized only briefly, because this subject is intensively discussed 

in other reviews (Guy et al., 1980, Thomashow, 1999). Detailed information about the 

cold acclimation process is also extensively covered in several excellent reviews (Levitt, 
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1980; Guy et al., 1980; Thomashow, 1999; Shinozaki et al., 2000; Browse et al., 2001; 

Zhu, 2001, Knight et al., 2001). 

2. Low temperature signal transduction 

2-1. Putative low temperature sensors 

To activate cold responsive genes and protect from freezing injury, plant cells 

must recognize a temperature change, then internalize this information for appropriate 

metabolic adjustment. The identification of temperature sensors in plants is a key step in 

understanding the cold acclimation process. It has been suggested that the plasma 

membrane is the primary sensor for temperature change, because low temperatures 

directly decrease membrane fluidity (Murata and Los, 1997). Recently, experimental 

evidence to support this notion was obtained. Orvar et al (2000) investigated whether the 

alteration of membrane fluidity (rigidification) caused by cold stress triggers downstream 

cellular responses leading to the expression of genes specific to cold. In this experiment, 

membrane fluidity was modulated using chemicals. They monitored the expression of a 

cold-specific alfalfa gene, CAS30 (cold-acclimation specific), as an end-point marker of 

cold signal transduction. When the membrane fluidity of cells at 25°C was reduced by 

dimethyl sulfoxide (DMSO), there were increases in the transcript level of the CAS30 

(cold-acclimation specific) gene and freezing tolerance. In contrast, cold acclimation 

after the pre-treatment of cells with a chemical that increases membrane fluidity (benzyl 

alcohol) failed to induce the expression of the CAS30 gene and freezing tolerance (Orvar 
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et al., 2000). These observations suggest that changes in membrane fluidity are closely 

correlated with the regulation of gene expression by cold treatment. 

Changes in membrane fluidity may affect other component(s) residing in or 

interacting with the plasma membrane exposed to cold stress. One such component is a 

membrane-bound histidine kinase that comprises part of a two-component signaling 

system. In a typical two-component signaling system, histidine kinases transduce 

extracellular signals such as chemotactic factors, changes in osmolarity, and nutrient 

deficiency to the cytoplasm via phosphotransferto the cognate response regulator. Their 

functions are well understood in bacteria where it is clear that they act as sensors of 

environmental stresses (Ota and Varshavsky 1993; Maedaet al. 1994). To explore the 

role of histidine kinases as low temperature sensors, Suzuki et al. (2000) employed a 

targeted gene replacement technique on histidine kinases of the cyanobacterium 

Synechocystis PCC6803 and monitored the expression of a reporter, the bacterial 

luciferase gene fused to the promoter of the low temperature inducible desaturase gene 

{(desB) (Suzuki et al., 2000). A total of 43 putative histidine kinases were targeted for 

gene knockout in this study. Of these, Hik33 and Hikl9 turned out to be necessary for 

the induction of the desB gene upon cold stress. Hik33 is a membrane associated 

histidine kinase and Hikl9 is a soluble histidine kinase. A further intriguing question 

raised with this system was which genes are affected by hik33 mutation. Using a DNA 

microarray technique, it was found that the hik33 mutation caused suppression of the 

expression of some cold responsive genes, but not of all of them (Suzuki et al., 2001). 

These results indicate that there must be more unidentified cold sensors that regulate the 
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cold responsive genes in Synechocystis that are unaffected by HIK33. Those cold 

responsive genes could be divided into three groups according to the extent of reduction 

in gene expression by low temperature. The first group, where the regulation of gene 

expression by low temperature was totally diminished by the hik33 mutation, includes 

genes such as ndhD2 (NADH dehydrogenase subunit 4), rpoD (e^° factor of RNA 

polymerase) and several proteins of unknown function (sir1544, sll0144, sll0145 and 

sll0147). The second group, where the regulation of gene expression by low 

temperature was inhibited to a limited extent, consists of genes such as crh (ATP-

dependent RNA helicase) and proteins of unknown function (slr0082, sill 783 and 

slrl852). The last group, where the regulation of gene expression by low temperature 

was not affected at all, contains genes for ribosomal proteins, sufA (iron transport 

protein), apcF (component of phycobilisome core). Genes responsive positively or 

negatively to cold stress revealed in this genomic study may provide direction for cold 

acclimation research in higher plants. Although the mechanisms for activation of these 

histidine kinases in response to cold stress are obscure at present, these data show that 

they play crucial roles in the regulation of the desaturase gene and are critical for 

survival of Synechocystis under cold-stress. It was also reported that a histidine kinase 

{desk) and a DNA binding response regulator {desR), genes of the two-component 

signaling system, are directly responsible for the transcriptional regulation of the A6-

and aj3-desaturase {des) genes in B. subtilis (Aguilar et al., 2001). 

An additional candidate for a cold sensor is a receptor kinase. Numerous studies 

firom yeast, animals and plants show that receptor-like protein kinases are involved in 
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the early step of signal transduction of many different signals (Ma et al., 1993; Stone 

and Walker, 1995). Typical receptor kinases have an extracellular ligand-binding 

domain, a transmembrane domain, and a cytosolic kinase domain. The cytoplasmic 

kinase domain, activated by the binding of ligand to the extracellular domain, affects 

intracellular targets. RPKl containing four domains characteristic of receptor kinases 

RPKl is induced rapidly upon exposing Arabidopsis plants to dehydration, high salt, or 

low temperature (Hong et al., 1997). These results suggest that RPKl is involved in 

transduction of multiple stress signals in plants. However, the target(s) of the RPKl 

protein and the nature of the extracellular ligand(s) are not known. 

2-2. Potential signal-relaying intermediates 

After perceiving a cold signal, plant cells may employ signal-relaying 

intermediates to augment and further regulate downstream cellular responses. Several 

molecular components are implicated to have roles in this category. Most evident is 

calcium. Calcium signaling plays a crucial role in a variety of cellular processes 

including cold signaling (Knight et al., 1991, 1996; Bowler et al., 1994; Sanders et al., 

1999). There is a large body of evidence indicating that the elicitation of a cytosolic 

calcium signal precedes the expression of cold responsive genes and enhancement of 

freezing tolerance. For example, Ca^^ influx occurs in plants within seconds after plants 

are exposed to low temperatures (Knight et al., 1991, 1996; Polisensky and Braam, 1996). 

Blocking Ca^^ influx prevents expression of cold responsive genes and gain of freezing 

tolerance in alfalfa and Arabidopsis (Monroy et al., 1993). In contrast, chemicals that 
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enhance Ca^^ influx, i.e. a Ca^^ channel agonist (Bay K 8644) or ionophore (A23187), 

induce the expression of a CAS (cold-acclimation specific) gene in alfalfa cells at 25°C 

(Monroy and Dhindsa, 1995). The role of calcium in cold acclimation is further 

supported by a report that constitutive expression of the Ca^^/H^ antiporter CAXl 

{Calcium Exchanger I) increased cold-shock sensitivity in Arabidopsis (Hirschi, 1999). It 

is presumed that calcium is deficient in this particular transgenic plant, thus a dampening 

in the cytosolic calcium burst afler cold stress could be one of the reasons for the 

increased chilling sensitivity. These results demonstrate that increased Ca"^ influx is an 

essential step in low temperature signaling during cold acclimation. Recently, it was 

demonstrated that the a cytoskeleton is involved in a part of the cold-induced calcium 

translocation. For instance, an actin microfilament stabilizer was found to diminish Ca^^ 

entry whereas a destabilizer had the opposite effect (Orvar et al., 2000). The data 

indicated that the organization of the cytoskeletal protein affects Ca^^ influx occurring at 

low temperatures Similar re-organization of actin microfilaments had been demonstrated 

to be associated with the cold-induced Ca^^ influx in tobacco (Yamamoto, 1989). 

It is known that Ca^^ mediates intracellular signaling and regulation of gene 

expression through other effector molecules, such as Ca^^-dependent protein kinases 

(CDPKs) and phosphatases. CDPKs are serine-threonine protein kinases, found mostly 

in higher plants, which are induced by cold, drought, and ABA (Knight, et al., 1991; 

Sheen, 1996; Monroy et al., 1995). Recently, OsCDPK? was isolated fi-om rice (Saijo et 

al., 2000). In transgenic rice plants with altered levels of OsCDPK.7 protein, the extent of 

tolerance to cold and salt/drought stresses correlated well with the level of OsCDPK? 
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expression. However, enhanced induction of some of the stress-responsive genes was 

observed only in response to salinity/drought, but not to cold, suggesting that some of the 

downstream pathways are specific to the type of stress. One of the well characterized 

effectors for Ca^^ signaling in animals and yeast is the Ca^Vcalmodulin-dependent protein 

phosphatase calcineurin (Guerini,1997). Calcineurin is a heterodimer composed of a 

regulatory B subunit (CNB) and a catalytic A subunit (CNA). The enzyme is activated 

through interaction with Ca^^-stimulated calmodulin (CaM) and acts as an effector of 

Ca'^ signaling (Klee et al., 1988; Perrino, et al., 1995). In yeast, calcineurin is involved 

in processes of recovery from pheromone arrest and adaptation to high-salt stress (Poor et 

al., 1992; Nakamura et al., 1993; Cardenas et al., 1995; Withee et al., 1997). Recently, it 

has been shown that AtCBL (Arabidopsis thaliana calcineurin B-Hke protein) from 

Arabidopsis is involved in cold stress as well as drought and wounding (Kudla et al., 

1999). AtCBL protein is most similar to mammalian calcineurin B, the regulatory subunit 

of the phosphatase. AtCBL2 and AtCBLS are constitutively expressed under all 

conditions investigated, hi contrast, AtCBL I mRNA levels were strongly increased in 

response to cold as well as drought and wounding. These data suggest that AtCBL 1 may 

act as a regulatory subunit of a plant calcineurin-like activity mediating calcium signaling 

under cold stress conditions. RCIl and RCI2 (Rare Cold-Inducible) genes, showing high 

homology to 14-3-3 proteins, a family of putative kinase regulators, have been identified 

through screening a cDNA library prepared from cold-acclimated etiolated seedlings of 

Arabidopsis with a subtracted probe (Jarillo et al., 1994). These genes are induced rapidly 

by cold stress and the transcript level decreases when plants are returned to room 
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temperature. In contrast to many other cold inducible genes, RCIl and RCI2 genes are 

not induced by ABA or water stress, indicating that these genes may have functions 

specific to cold stress. 

Mitogen-activated protein kinases (MAPK) also hold significant potential in cold 

signaling. MAPK cascades play crucial roles in plant signal transduction pathways such 

as cell division, cell death, hormone response, pathogen defense and abiotic stresses. 

MAPK cascades involve three protein kinases, namely MAPK, MAPK kinase (MAPKK) 

and MAPK kinase kinase (MAPKKK). Whereas the activation of the MAPK pathway is 

mediated by phosphorylation, its inactivation can be caused by dephosphorylation of the 

MAPKs by the dual-specificity phosphatases or tyrosine phosphatases. Although the 

evidence for the function of MAPKs in a cold signaling cascade is still circumstantial, it 

is a likely possibility. For example, AtMPK4 and AtMPK6 were activated by low 

temperature, low humidity, hyper-osmolarity, touch, and wounding in Arabidopsis 

(Ichimura et al., 2000). The function of one of the alfalfa MAP kinases, p44MMK4 

kinase, may relate to responses of drought and cold stresses, since the activity of 

p44MMK4 kinase is increased when taken fi'om plants exposed to these stresses. It 

appears that the increased activity of the p44MMK4 kinase is due to posttranslational 

regulation rather than transcriptional regulation because no changes in p44MMK4 steady 

state protein levels were detected by drought and cold treatments (Jonak, C. et al., 1996). 

On the other hand, the mRNA level of ATMEKKl (Arabidopsis thaliana MAP kinase or 

ERK kinase kinase 1) was increased in response to touch, cold, and salinity stress. These 

results suggest that MAP kinase cascades are involved in the cold stress response, and 
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their regulation can occur not only at the posttranslational level, but also at a 

transcriptional level in plants (Mizoguchi. et al., 1996). 

It seems that the metabolic control of inositol polyphosphates is also important in 

acclimation to cold, as illustrated by the isolation of the hos2-I mutant based on the 

enhanced expression of RD29A and other COR genes under low temperature treatment 

(Lee et al., 1999). In hos2 mutants, enhanced gene expression was observed only in 

response to cold stress, but not to osmotic stress or ABA,. The hos2-l mutation does not 

impair the vernalization response. Compared with wild-type plants, hos2-I mutant plants 

are less capable of developing freezing tolerance when treated with low non-freezing 

temperatures, indicating that HOS2 is a negative regulator of low temperature signal 

transduction important for plant cold acclimation. Interestingly, another mutant, fryJ, 

turned out to be an allele of hos2-l. Positional cloning by Xiong et al (2001) revealed 

that FRY I and H0S2-I encode an inositol polyphosphate 1-phosphatase, which functions 

in the catabolism of the second messenger, inositol 1,4,5-trisphosphate. Whereas hos2-l 

shows the enhanced expression of RD29A-LUC to cold stress only,y^/ responds to cold, 

ABA and NaCl with higher expression of RD29A-LUC. Since fry I is involved in the 

catabolism of inositol polyphosphate, IP3 content was determined in the wild type and 

fry 1-1 seedlings treated with 100 ABA. Significantly higher levels of IP3 were 

detected in the fry 1-1 mutant than in wild type at 0,10 and 30 min after ABA treatment. 

These measurements indicate that the fryl mutation altered the activity of inositol 

polyphosphate phosphatase and impaired IP3 tiunover. Therefore, further studies are 



29 

needed to answer how IP3 metabolism is incorporated in the pathway of low temperature 

signal transduction. 

3. The fine-tuned regulation of cold-responsive gene expression 

A differential screening method employed in 1980 resulted in the identification of 

many genes, called COR (for cold regulated), KIN (for cold induced), LTI (for low 

temperature induced) or RD (for responsive to desication) genes that are inducible by low 

temperature. Most of these genes are also induced by ABA and other abiotic stresses 

such as drought and osmotic stress. It seems that abiotic stress signaling pathways 

constitute a complex, interconnected network (Ishitani et al., 1997). This allows that 

different pathways may achieve the same cellular responses or interact and affect each 

other's outcome for optimal plant development and growth in given environmental 

conditions (Knight and Knight, 2001). On the other hand, specific and inducible 

pathways are also required to produce appropriate responses under particular stress 

conditions. However, it is not clear how these abiotic stress signaling pathways interact 

with each other. 

ABA has been implicated to be responsible for the expression of the COR genes 

under cold stress. For example, the level of endogenous ABA increases transiently after 

low temperature treatment (Chandler al., 1994). Moreover, when applied exogenously, 

ABA can partially substitute for low temperature treatment, rendering an increase in 

freezing tolerance of many plant species without cold acclimation (Chen et al., 1983). 

The role of ABA in cold acclimation was genetically demonstrated by the observation 
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that the aba and abil mutants lack cold acclimation ability. However, the expression of 

most of the COR genes was not affected by the aba and abil mutations. This raised a 

question regarding the function of the COR genes in cold acclimation. It was interpreted 

that the reduced tolerance of the aha and abil mutants to cold stress may be attributed to 

their sickness, since adjustments of cellular metabolism also contribute significantly to 

the process of cold acclimation (Gilmour and Thomashow, 1991). Now it becomes clear 

that multiple signal transduction pathways exist and tight regulation of COR gene 

expression is required for full acclimation of plants to cold (Figure I). 

The identification of cis-elements and transcription factors associated with the 

promoters of the COR genes illustrate that the signal transduction mechanisms leading to 

the enhanced expression of theses genes involve complex pathways. It has been known 

that there are at least two cw-elements, which are ABRE (ABA responsive element) and 

CRT/DRE (C-repeat/dehydration responsive element responsible for stress regulation in 

the promoter regions of COR genes. The ABA-responsive element (ABRE), a conserved 

sequence of PyACGTGGC, was found in the promoters of COR genes (Marcotte et al., 

1989; Mundy et al., 1990). It was demonstrated that the binding of a transcription factor 

with a basic domain/leucine zipper motif onto ABRE confers enhanced expression of 

COR genes (Guiltinan et al., 1990; Oeda et al., 1991). Recently, a novel, cold-inducible 

zinc finger protein, SCOF-1, was isolated from soybean (Kim, et al., 2001). When 

constitutively expressed, SCOF-1 was able to enhance the expression of COR genes and 

confer cold tolerance to non-acclimated transgenic Arabidopsis and tobacco plants. 

Although SCOF-1 is targeted to the nucleus, it doesn't bind directly to either the C-
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repeat/dehydration (CRT/DRE) or the ABA responsive element (ABRE). Instead, in 

vitro experiments showed that SCOF-1 greatly enhanced the DNA binding activity of 

SGBF-1, a soybean G-box binding bZIP transcription factor, to ABRE. Thus, SCOF-1 

may function as a positive regulator of cold responsive gene expression mediated by 

ABRE via protein-protein interaction. In petunia {Petunia hybrida), a zinc-finger protein, 

the ZPT2-2 gene belonging to the EPF gene family, was reported to be induced by cold 

treatment (van Der Krol. et al., 1999). Recent isolation of the DREB2 protein that binds 

to CRT/DRE explains the induction of COR gene expression by drought stress (Liu et al., 

1998). 

CRT/DRE (5'-TACCGACAT-3'), the other cis-element found in the promoter of 

COR genes, has been also implicated in their cold-induced expression (Yamaguchi-

Shinozaki and Shinozaki, 1994). The CBF/DREBl transcription factor that binds to the 

CRT/DRE sequence was identified using a yeast one-hybrid assay with a CRT/DRE 

element. When CBF/DREBl was constitutively expressed in Arabidopsis, it led to the 

constitutive expression of downstream COR genes and enhanced freezing tolerance 

(Jagglo-Ottosen et al., 1998; Liu et al., 1998). This observation suggests that 

CBF/DREBl is a positive regulator of the COR genes and the COR gene products are 

sufficient to confer freezing tolerance (Jagglo-Ottosen et al., 1998; Liu et al., 1998). 

Screening of an Arabidopsis genomic DNA library with the cDNA fi-agment of DREBIA 

as a probe identified DREBIA (=CBF3) and two related genes, DREBIB (= CBFl) and 

DREBIC i=CBF2) (Shinwari. et al, 1998). CBFl, CBF2 and CBF3 proteins are nearly 

identical. CBF/DREBl genes are found in the order DREBIB, DREBIA and DREBIC in 
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an 8.7 kb region of Arabidopsis chromosome 4 (Shinwari. et al, 1998). These genes are 

induced by cold stress, but not by osmotic stress, in leaves and roots. These data indicate 

that CBF/DREB 1 is involved in the cold-specific pathway, contributing positive 

regulation to the expression of cold responsive genes. Overexpression of CBF3 in 

Arabidopsis, like overexpression of CBFl, also results in the increased mRNA levels of 

COR genes and enhances freezing tolerance of nonacclimated plants (Gilmour et al., 

2000). It appears that the functions of CBF/DREB transcription factors are not limited to 

the activation of the expression of COR genes, but are also associated with activation of 

multiple components of the cold acclimation response (Gilmour et al., 2000). 

Specifically the accumulation of proline and soluble sugars, including sucrose, raffinose, 

glucose and fhictose, were observed in CflFi-overexpressing Arabidopsis, indicating 

CBF3 is a regulator of multiple aspects of cold acclimation. Whether CBF3 itself binds 

to the promoters of genes for sugar and proline synthesis remains to be determined. The 

fact that Arabidopsis plants overexpressing CBF3 display an abnormal, prostrate growth 

habit indicates that the cold acclimation process is well managed and triggered only under 

cold stress, otherwise plant development would be defective. On the other hand, the fact 

that the CBF/DREB I gene is also induced by low temperature indicates again that there 

must be other regulators acting upstream of CBF/DREB I during cold acclimation. 

The action of CBF proteins in the induction of cold responsive genes seems to be 

potentiated by other regulatory factors. The isolation of SFR mutants (Sensitive to 

FReezing stress) illustrates this point. The SFR6 mutant showed reduced capacity in cold 

acclimation-induced fi'eezing tolerance associated with the failure in expression of three 
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cold responsive genes, LTI78, C0RI5A and KINl (Knight et al.,l999; Thorlby et al., 

1999). However, SFR6 was not required for the induction of CBFl, CBF2 and CBF3. A 

mutant similar to SFR6 named los2 was identified by our group, (Lee et al., 2002^. The 

los2 mutant was identified by its reduced expression of the RD29A-LUC transgene under 

cold treatment (Lee et al., 2002). It is assumed that los2 has a specific defect in cold 

signaling because los2 plants have normal responses to ABA, salt and PEG. The los2 

plants exhibit the same phenotype as wild type plants in the absence of cold stress, but the 

los2 mutant plants show a wilty phenotype in 2 to 3 days of cold treatment (4°C) under 

light and a cell death phenotype following cold stress for over a month. The los2 plants 

are not chilling sensitive in the dark, although they are impaired in cold responsive gene 

expression in both light and dark. Thus, their chilling sensitivity is a consequence of cold 

and light induced cell death. The L0S2 gene encodes enolase, a protein that converts 2-

phosphoglycerate to phosphoenolpyruvate in the glycolytic pathway. The los2 mutation 

also specifically impairs expression of the endogenous COR genes. However, the 

expression of CBF/DREBl genes in los2 plants is not altered, indicating there must be 

other factors regulating the expression of COR. Deregulated expression of the COR 

genes in los2 plants suggests several possibilities for the function of LOS2/enolase in the 

context of cold signaling. One hypothesis predicts that LOS2/enolase might function as a 

transcriptional factor that regulates COR gene expression. In addition to the observation 

that the L0S2-GFP fusion protein is targeted to the nucleus as well as the cytoplasm, the 

sequence of L0S2 is highly similar to that of MBPl, a c-myc promoter-binding protein 

(Ghosh et al. 1999; Feo et al., 2000). It is hypothesized that L0S2 represses the 
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expression of another negative regulator, which in turn may repress the transcription of 

COR genes. A STZ/ZATIO, TFIIIA/Kruppel-like zinc finger protein, is rapidly and 

transiently induced by cold treatment. Recently, STZ/ZATIO has been shown to repress 

the transactivation of genes through an essential repression motif (Ohta et al. 2001), 

demonstrating that it is indeed a transcriptional repressor. Moreover, our transient 

expression assays revealed that STZ/ZATIO represses RD29A-LUC expression, 

suggesting that it may interact directly with the sequences in the RD29A promoter. These 

data provide the first genetic evidence that LOS/enolase is a positive regulator of the 

RD29A gene, by controlling the expression of STZ/ZATIO which represses the RD29A 

gene. LOS2/enolase and STZ/ZATIO along with other transcription factors such as 

CBFs/DREBls constitute a fine-tuned transcriptional regulatory circuit for optimal 

cellular responses to cold environments. 

Furthermore, Xin and Browse (1998) demonstrated that cold acclimation is not a 

simple, linear signaling pathway by isolating the eskimol (eskJ) mutant in Arabidopsis. 

The enhanced tolerance of the eskl mutant to fi-eezing stress was attributed to the 

elevated concentration of free proline and total sugars (30-fold and 2-fold, respectively). 

The fact that the eskJ mutation didn't affect the expression of COR genes suggests again 

that there are parallel or branched cold signaling pathways to activate different sets of 

cold acclimation responses. 

It seems that the control of protein stability is also important in acclimation to 

cold. This feature was demonstrated by the /lo^/mutation that causes enhanced induction 

of the CBF transcription factors by low temperature as well as that of downstream cold-
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responsive genes, indicating that the HOSl locus is a key negative regulator of low 

temperature-responsive gene transcription (Ishitani et al., 1998; Lee et al., 2001). HOSl 

encodes a novel protein with a RING (Really Interesting New Gene) finger motif near the 

amino terminus and shows ubiquitous expression in all plant tissues. It has been implied 

that a number of RING finger proteins have E3 ubiquitin ligase activities, mediating the 

transfer of ubiquitin to heterologous substrates and/or to the RING finger proteins 

themselves. Low temperature treatment displaces HOSl protein to the nucleus, but 

otherwise it resides in the cytoplasm at normal growth temperatures. HOSl may be 

involved in the degradation of positive regulators for the expression of cold responsive 

genes. Its movement to the nucleus by low temperature treratment suggests that it may be 

involved in degradation of transcription factors. The enhanced level of CBF transcripts in 

hosl plants supports this hypothesis. However, if HOSl functions as an E3 ubiquitin 

ligase, its target(s) remains to be elucidated. The early flowering phenotype of the hosl 

plants correlates with a low level of Flowering Locus C gene expression. This indicates 

that HOSl is also a negative regulator of vernalization. The observation that hosl plants 

are more sensitive to freezing temperatures even though the enhanced expression of cold 

responsive genes is obvious in this plant suggests that controlling the stability of critical 

proteins in the cell is important in the cellular response to environmental stimuli (Lee et 

al., 2001). 

Taken together, these lines of evidence suggest that more transcriptional 

regulators involved in cold signaling remain to be identified. Determining the nature of 

all the plant genes that are responsive to cold stress is of great importance in 
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understanding the cold acclimation process. Recent advances in biotechnology have 

produced many powerful tools for analyzing the changes in the transcription level of 

many genes at once. For example, the cDNA micro-array technique was recently 

employed for global examination of the altered gene expression upon cold stress. 

Approximately 1300 full-length Arabidopsis cDNAs were arrayed to identify drought-

and cold-inducible genes and target genes of DREB1A/CBF3 (Seki, et al., 2001). The 

authors found 44 drought-inducible cDNAs and 19 cold-inducible genes. Thirty and ten 

of which had not been reported as drought- or cold-inducible genes previously. In 

addition, twelve genes were identified as targets of DREB1A/CBF3. These results, when 

combined with genomic sequence information, will be of great use in the future for the 

identification of target genes of stress-related transcription factors and potential cis-acting 

DNA elements. 

4. Cold stress injuries and protection mechanisms 

The types of injuries caused by chilling are quite different from those caused by 

freezing. Chilling injuries are more associated with temporary dysfunction in cellular 

metabolism, including photosynthesis (Raison and Lyons, 1986). The primary target for 

chilling stress is thought to be membranes (Lyons, 1973). Deterioration of membrane 

properties induced by chilling may lead to malfunction of enzymes associated with 

membrane structure, resulting in metabolic imbalance and/or accumulation of toxic 

metabolites such as reactive oxygen species (Raison and Lyons, 1986). On the other 

hand, it seems that freezing injuries are consequences of freeze-induced dehydration. 
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When the temperature drops below the freezing point of the cell sap, ice crystals begin to 

form in the extracellular space first. As ice crystals continue to propagate, the removal of 

water from unfrozen intracellular space creates cellular dehydration. The stability and 

integrity of membranes are important factors to survive freezing stress (Steponkus, 1984). 

Water loss from the intracellular space caused by extracellular freezing is known to evoke 

a phase transition in biological membranes, for example, lamellar to hexagonal-ll phase 

(Sakai and Larcher, 1987). Plant cells have evolved many strategies to prevent 

disintegration of membrane structures and protect from cold stress injuries. To fmd these 

strategies, earlier studies were directed toward identifying phenotypic characteristics 

accounting for the differences between chilling sensitive and resistant plants. 

First, cold resistant plants seem to have different membrane properties. For 

example, comparisons of lipid composition that of leaves from chilling sensitive Vigna 

radiata and chilling resistant Pisum and Triticum aestivum showed that a fraction of 

dipalmitoylphosphatidyldiacylglycerol is largely lacking in chilling resistant plants. This 

observation suggested that differences in membrane phospholipids might account for the 

sensitivity or resistance of plants to cold stress (Raison and Wright, 1983). Moreover, a 

distinct difference was observed in the thermotrophic phase behavior of 

phosphatidylglycerol between the chilling sensitive and resistant plants (Murata and 

Yamaya, 1984). 

Secondly, the unsaturation of membrane fatty acids seems to be required for cold 

protection. A high level of unsaturation will help to prevent excessive membrane rigidity, 

and thus preserve proper cellular metabolism at low temperatures. The thylakoid bilayers 
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of higher plant chloroplasts contain a very high level of unsaturated fatty acids. More 

than 60% of the total fatty acids in leaves of wild-type plants were identified to be 

trienoic acid fatty acids, such as a-linolenic (18:3) or hexadecatrienoic (16:3) acids 

(Routaboul et al., 2000). The importance of lipid unsaturation at low temperature was 

recently illustrated by studies with the Arabidopsis triple mutant,yflt/i-2 fad7-2 fadS, 

which is unable to synthesize!8:3 and 16:3 fatty acids (Routaboul et al., 2000). This 

triple mutant shows chlorosis and deterioration of photosynthetic activity after incubation 

for several weeks at 4°C. This indicates the crucial role of unsaturated fatty acids in 

maintaining photosynthesis and chloroplast structure at low temperatures. 

Thirdly, it has been proposed that increases in the concentrations of soluble 

organic molecules, such as sugars and other osmoprotectants, partly protect membranes 

from injury at low temperatures (Heber and Santarius, 1973: Santarius, 1982, 1987). 

These compounds, and also members of a family of plant proteins called dehydrins or 

"late embryogenesis abundant" (LEA) proteins, often accumulate to high levels in 

response to cold, osmotic stress and ABA. There is good evidence that these proteins aid 

in protection from freezing injury. Efforts have been made to produce abiotic stress-

tolerant crop plants by introducing genes for the enzymes needed for the synthesis of one 

or another of the osmoprotectants. Glycine betaine is an osmoprotectant found in many 

organisms, including bacteria and higher plants. Tobacco {Nicotiana tabacum), a species 

that does not accumulate glycine betaine, was engineered to produce glycine betaine by 

the introduction of choline dehydrogenase and betaine aldehyde dehydrogenase, which 

are required for glycine betaine biosynthesis in E. coli. Increased tolerance to 
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photoinhibition under low temperature conditions in transgenic tobacco lines 

accumulating glycine betaine demonstrates that, indeed, glycine betaine is partly involved 

in the protection of the photosynthetic apparatus (Holmstrom et al., 2000). Moreover, the 

codA gene for choline oxidase from the soil bacterium Arthrobacter globiformis was 

introduced into rice plants (Oryza sativa L.), resulting in a high level of glycine betaine 

accumulation. This line of transgenic rice plants exhibited more tolerance to low-

temperature and salt stress, as measured by inactivation of photosynthesis (Sakamoto et 

al., 1998). 

Dehydrins including LTI29, ERD14, LTI30 and RAB18 exhibit clear differences 

in their accumulation patterns in response to low temperature, ABA and salinity 

(Nylander et al., 2001). Furthermore, immunolocalization with protein-specific 

antibodies showed that the localization of LTI29, ERD14 and RAB18 in stress-treated 

Arabidopsis was not restricted to certain tissues or cell types, whereas LTI30 accumulated 

primarily in vascular tissue and anthers of cold-treated plants (Nylander et al., 2001). 

This showed that functional specialization for the members of this protein family may 

give differences in stress specificity and spatial distribution. 

The cold responsive COR/KIN/RD/LTI genes are known to be important for cold 

acclimation, i.e. cold-induced freezing tolerance (Thomashow, 1999). These genes are 

induced strongly by cold stress. Proteins encoded by COR genes are not enzymes, but are 

suspected to have functions in cold acclimation as cryoprotective proteins or dehydrins 

(Thomashow, 1999). Although the role of COR/KIN/RD/LTI gene products in cold 

acclimation is not clear, there are many lines of evidence showing that these products are 
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necessary for the development of freezing tolerance. For example, overexpression of 

COR J 5A, which encodes a novel chloroplast-targeted protein, increases the freezing 

tolerance of chloroplasts in vivo and in vitro (Artus et al., 1996). Evidence indicates that 

the COR15A protein acts as a cryoprotectant by stabilizing membranes against freezing 

injury (Steponkus et al., 1998). Overexpression of CBFJ and CBF3 in Arabidopsis 

resulted in an increased mRNA level from COR/KIN/RD/LTIgenes and enhances 

freezing tolerance of nonacclimated plants (Gilmour et al., 2000). It appears that the 

functions of CBF/DREB transcription factors are not limited to the activation of the 

expression of COR/KIN/RD/LTI genes, but rather are associated with the activation of 

multiple components of the cold acclimation response (Gilmour et al., 2000). 

5. Conclusions 

Coordinated gene regulation in response to cold stress is required for cold 

acclimation and further development of freezing tolerance in plants. Besides traditional 

breeding programs that have been widely employed to improve crop yield, genetic 

engineering technology should permit manipulation of crop plants for better performance 

in less favorable environments. This could be achieved by targeting genes involved in 

chilling or freezing resistance, for instance. However, it's hard to obtain optimized and 

maximized results just by overexpressing one or two genes without understanding the fiill 

spectrum of mechanisms controlling cold acclimation in plants. This emphasizes the 

importance of research to understand the mechanisms regulating expression of the cold 
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responsive genes and to identify molecular components playing significant roles in the 

cold signaling pathway leading to increased chilling or freezing tolerance. 

Within the past few years, knowledge of plant cold acclimation and molecular 

components involved in this process has significantly increased. In particular, forward 

genetics, which resulted in the identification of a variety of molecular components, 

identified features of the tightly controlled low temperature signal transduction pathway 

leading to increased expression of COR genes and freezing tolerance. As described 

above, a diagram of the cold-signaling pathway is not complete yet. In the future, recent 

advances in the technology of genome-wide gene expression profiling, assisted by cDNA 

microarrays, DNA chips and gene knock-out strategies, such as T-DNA insertion or 

RNAi (RNA interference), will shed light on understanding the process of cold 

acclimation. Since sequencing project of the Arabidopsis genomic DNA has been 

completed, many more genes that are homologous to the signaling components from 

other organisms will be tested for possible functions in plant cold signaling. 

Undoubtedly, more sophisticated screening strategies for mutants with altered phenotypes 

under certain stress conditions will also allow the identification of new genes having 

crucial roles in the process of cold acclimation. 
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Figure 1. Low temperature signaling employs several different pathways. There are 

more pathways leading to increased freezing toleamce. Shown in the figure are part of 

the information in the regulation of cold responsive genes by various molecular 

components, indicating the complexity of the process of cold acclimation. 
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CHAPTER 2: Cold-Regulated Gene Expression and Freezing 

Tolerance in an Arabidopsis thaliana Mutant 

(Chapter 2 - published in The Plant Journal, 1999) 
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INTRODUCTION 

Plants are cessiie organisms and can not avoid harmful environments. Therefore, 

plants have developed unique mechanisms to adapt to continuously changing 

environment. Plant responses to environmental stresses have long occupied the attention 

of humans (Levitt, 1941). Low temperature is one of the most common adverse 

environmental factors affecting plant development and crop productivity. Freezing 

tolerance is a requirement for the winter survival of herbaceous annuals such as 

Arabidopsis thaliana (Hurry et al., 1995; Strand et al., 1997; Fennel et al., 1990). Plants 

from temperate regions can be acclimated to freezing temperatures by pre-treatment with 

low nonfreezing temperatures, a process known as cold acclimation (Guy, 1990). Cold 

acclimation in temperate plants is genetically programmed (Guy, 1990) and numerous 

biochemical and physiological changes occur during this process. For example, changes 

in leaf ultrastructure (Ristic,1993), membrane composition (Lynch and Steponkus, 1987; 

Miquel et al., 1993), protein composition (Raison, 1973), the activities of enzymes, and 

accumulation of sugars and polyamines (Levitt, 1980; Strand et al., 1997) and activation 

of ion channels (Knight et al., 1996) have been correlated with cold acclimation. 

Recently, many studies have been conducted to understand and eventually to 

manipulate cold stress signalling in plants. Abscisic acid (ABA) has long been believed to 

be involved in cold signalling and to have an important role in cold acclimation. Freezing 

tolerance of a wide range of plants was increased after ABA treatment at normal growth 

temperatures and the increase of ABA levels after exposure to low temperature was 
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reported in a number of plant species including Arabidopsis (Chen et al., 1983; 

Mohapatra et a!., 1988; Guy and Haskell, 1988; Lang, et al., 1994). In addition, transient 

cytosolic calcium increases have been reported to play a role in an early step of cold stress 

signalling (Knight et al., 1991; Monroy and Dhindsa, 1995; Knight et al., 1996). 

Recently, two stress responsive genes, RD29A (Yamaguchi-Shinozaki and Shinozaki, 

1993) and KIN2 (Kurkela and Borg-Franck, 1992), were reported to be activated by cyclic 

ADP-ribose which releases calcium from cell organelles (Wu et al., 1997). Nevertheless, 

the mechanisms of low temperature perception and intracellular signalling largely remain 

to be elucidated. 

The expression of many genes are up-regulated by cold stress in plants ( Hajela et 

al., 1990; Kurkela et al., 1990; Nordin et al., 1993; Thomashow, 1994; Guy et al., 1994; 

Dhindsa and Monroy, 1994; Palva et al., 1994). These cold-responsive genes encode 

proteins such as lipid transfer proteins, late-embryogenesis-abundant proteins, alcohol 

dehydrogenase, and translation elongation factors (Nishida and Murata, 1996). We are 

interested in the regulation of cold responsive genes as a way to analyze low temperature 

signalling in plants. Our group has developed a genetic screen for Arabidopsis mutants 

with aberrant gene transcription in response to low temperature (Ishitani et al., 1997). We 

present here the characterization of several mutants (i.e. hos2-l, hos2-2 and hos2-3) 

which deflne an important negative regulator of cold stress signalling. Stress-responsive 

genes are induced to higher levels specifically by low temperature in these mutants. The 

HOS2 locus is also critical for the development of freezing tolerance and the mutant 

plants are impaired in cold acclimation. 
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MATERIALS AND METHODS 

Plant Materials and Growth Conditions 

Ecotype C24 of Arabidopsis thaliana was transformed with the chimeric gene 

RD29A-LUC and the seeds from the selfed progenies of the resulting transgenic plants 

containing homozygous transgene (referred as wild type in this study) were mutagenized 

with ethylmethane sulfonate (Ishitani et al., 1997). M2 seeds were grown on 0.8% agar 

plates containing MS salt (Murashige and Skoog salt base, JRH Biosciences, Lenex, KS) 

under constant white fluorescent light at room temperature. As described by Ishitani et al 

(1997), one-week old seedlings were screened for altered luminescence image in response 

to low temperature, exogenous abscisic acid (ABA), or osmotic stress by using a CCD 

camera video-imaging system. For genetic analysis, leaf number counting, or freezing 

tolerance assays, plants were grown in soil (Metro-Mix 350, Scott-Sierra Horticultural 

Products Co., Marysville, OH) in growth chambers with 16 hr light at 22°C, 8 hr dark at 

18°C and 70% relative humidity. 

Cold Acclimation, Vernalization and Other Stress Treatments 

For mutant screening and primary characterization, low temperature treatment was 

conducted at 0°C for 48 hr in the dark. For detailed characterization RD29A-LUC 

expression in response to low temperature treatment, agar plates with one-week-old 

seedlings of hos2-I and the wild type were placed in an incubator set at the designated 

temperature (± 0.1 °C) for 48 hr as stated in the text. At the completion of the treatment. 



48 

plates were removed from the incubator and luminescence images taken as described in 

Ishitani et al (1997). As longer treatment at -5°C will result in freezing of the agar plates, 

this treatment only lasted for 3 hr and after the treatment, the plate was placed at room 

temperature for I hr to thaw before taking luminescence images. For ABA treatment, 100 

|iM ABA (mixed isomers) in water was sprayed on leaves of the seedlings and 

luminescence images taken 3 hr after the treatment. NaCl treatment was conducted on 3M 

filter paper saturated with MS salt solution that was supplemented with 300 mM NaCl 

and the luminescence images were taken 5 hr after the treatment. 

To determine the vernalization response, seeds of the mutant and wild type plants 

were sown in pot media and the pots were kept at 4°C for 4 weeks. After vernalization, 

the pots were placed in growth chamber till flowering. At the emergence of the first bud, 

the number of rosette and cauline leaves were counted together as total leaf number. 

Freezing Tolerance 

For freezing tolerance assay, seeds of the mutant and wild type plants were sown 

in pot medium and grown for 4 weeks. For cold acclimation treatment, plants at the 

rosette stage were placed in cold room at 4°C under white fluorescent light for 1 week 

before sampling the leaves for freezing tolerance assay. 

Fully developed rosette leaves were used to determine freezing-caused electrolyte 

leakage essentially as described by Sukumaran and Weiser (1972) and Ristic and 

Ashworth (1993). Briefly, for each treatment, one excised leaflet was placed in a test tube 

containing 100 ^1 deionized H2O and the tube was placed in a refrigerated circulator 
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(freezing bath) (Model 1187, VWR Scientific) with temperature set at 0°C. There were 

three replicates for each temperature treatment. The temperature of the bath was 

programmed to decrease to -10°C with 1°C decrement in 30 min.The tubes were removed 

from the bath when the designated temperature was reached and placed immediately on 

ice to allow gradual thawing for 18 hrs. The leaflet was then carefully transferred to 

another tube containing 10 ml deionized water and shaken overnight and the conductivity 

of the solution was measured. The tubes with the leaflets were then autoclaved for 10 min 

at 121°C and after cooling down to room temperature and shaking for 5 hrs, 

conductivities of the solutions were measured again. Percent electrolyte leakage was 

calculated as the percentage of the conductivity before autoclaving over that after 

autoclaving. 

RNA Analysis 

Ten-day-old seedlings grown on MS agar plates were treated with either low 

temperature, NaCl or ABA. Respective treatment conditions were as stated in the text. 

Total RNA from control or stressed plants was extracted as described by Liu and Zhu 

(1997). The P5CS probe was a 1.6-kb cDNA fragment showing sequence identity to the 

P5CS gene reported in Yoshiba et al. (1995). Other probes and hybridization conditions 

are the same as described in Ishitani et al (1998). To quantify the result of RNA gel-blot 

analysis, developed films were scanned and analyzed by ImageQuant software program. 

The results were represented as relative mRNA abundance by dividing each signal level 

with cognate actin level. 
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RESULTS 

Identification of the HOS2 Locus 

Our genetic screen for identifying cold responsive mutants utilizes transgenic 

Arabidopsis thaliana plants expressing the RD29A-LUC transgene. The chimeric RD29A-

LUC gene was constructed by fusing the cold-, osmotic stress- and ABA-responsive 

RD29A promoter with the firefly luciferase coding sequence (Ishitani et al., 1997). One 

such mutant which we designated as hos2-l (for high expression of gsmotically 

responsive genes) was chosen for detailed characterization because preliminary 

experiments indicated that the mutation affects not only RD29A-LUC transgene but also 

the expression of the endogenous RD29A gene. 

Figure 2-1 presents the luminescence images of hos 2-1 and wild type seedlings 

when treated with low temperature, ABA and NaCl. Without stress treatment, neither 

hos2-l nor wild type plants show any expression of the RD29A-LUC transgene (data not 

shown). Substantial luminescence was induced in both hos2-l and wild type plants by 

low temperature, ABA or NaCl treatment. However, the luminescence in response to cold 

stress was much brighter in hos2-l seedlings. Quantitation of the luminescence intensities 

confirmed that RD29A-LUC expression in hos2-I seedlings is specifically hypersensitive 

to cold stress (Figure 2-2A). In response to cold treatment at 0°C for 48 hr, the 

luminescence level in hos2-l seedlings was approximately 10.6 times greater that in wild 

type plants (Figure 2-2A). The luminescence intensities in hos2-l plants are 0.8 and 1.4 
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times, respectively, of those in wild type plants when treated with ABA and NaCl (Figure 

2-2A). 

To determine whether the hos2-l mutation also affects the expression of the 

endogenous RD29A gene, RNA gel blot analysis was carried out on RNA extracted from 

hos2-l and wild type plants that were treated in the same manner as those used for 

luminescence imaging. Figure 2-2B shows that the pattern of endogenous RD29A 

expression was qualitatively similar to the RD29A-LUC transgene, '\.q.RD29A expression 

was specifically hypersensitive to cold stress. In comparison, the control actin gene did 

not show higher expression in hos2-l under any of the treatments (Figure 2-2B). 

The hos 2-1 mutant was backcrossed with the wild type. The resulting Fi plants all 

exhibited the wild type phenotype in RD29A-LUC expression (Table 1). The progeny of 

the selfed Fi segregated approximately 3:1 of wild type over mutant (Table 1). The results 

indicate that hos 2-1 is a recessive mutation in a nuclear gene. Complementation analysis 

showed that hos 2-1 is not allelic to hos 1-1, a previously described Arabidopsis mutant 

(Ishitani et al., 1998) with increased RD29A-HJC expression specifically in response to 

low temperature treatment (Table 1). The complementation tests also revealed two 

additional alleles of the HOS2 locus, i.e. hos2-2 and hos2-3 (Table 1). Like the hos2-l 

mutation, hos2-2 and hos2-3 are recessive and result in increased RD29A-LUC expression 

specifically under cold treatment (data not shown). Because the effect of hos2-2 and 

hos2-3 mutations on RD29A-LUC expression is not as strong as that of hos2-l, only 

backcrossed hos2-l plants were chosen for subsequent characterization. 
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RD29A-LUC Expression during Cold Acclimation and Deacclimation 

To examine the kinetics of RD29A-LUC expression during cold acclimation and 

deacclimation, agar plates containing wild type and mutant plants were treated at 0°C for 

48 hours and then the plates were placed at room temperature.The expression of RD29A-

LUC was examined at various time points during the treatment by luciferase imaging. As 

shown in Figure 2-3A, RD29A-LUC expression in hos2-l plants was higher than in the 

wild type plants throughout the cold treatment. RD29A-LUC expression in both wild type 

and hos2-I plants reached peak levels after 24 hrs of cold treatment. The high levels of 

RD29A-LUC expression in the wild type and hos2-l plants persisted for at least 7 days 

(data not shown). Figures 4A and 4B show that there was no substantial difference in 

RD29A-LUC expression between wild type and hos2-l plants at any time points when 

treated with either 300 mM NaCl or 100 ^M ABA. The results further demonstrate that 

the defect in hos2-l is cold-specific. 

During deacclimation, RD29A-LUC expression decreased rapidly in both wild-

type and hos2-I plants (Figure 2-3B). Twenty four hrs after the plants were taken from 

0°C to room temperature, RD29A-LUC expression dropped to levels before the cold 

treatment (Figure 2-3B). These results indicate that the luciferase activity and its 

transcript are not more stable in hos2-I plants, at least at normal growth temperatures. 

RD29A-LUC Expression in hos2-l at Different Temperatures 

To investigate whether or not hos2-l plants express cold-responsive genes at 

normally non-inducing low temperatures, the mutant and wild type seedlings on the same 
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agar plates were transferred from room temperature (22°C) to 19°C, 10°C, 4°C, 0°C or -

5°C and their RD29A-LUC expression determined by luminescence imaging. Wild type 

plants showed highest expression at -5°C (Figure 2-5). As the treatment temperature 

became higher, the expression decreased gradually and dropped to non-detectable levels 

at 19°C. Maximal RD29A-LUC expression in hos2-l plants occurred at 0°C. At -5°C, the 

expression was slightly lower. RD29A-LUC expression in hos2-l plants also decreased as 

the treatment temperature became higher than 0°C (Figure 2-5). RD29A-LUC expression 

dropped to non-detectable levels at 22°C. The results indicate that cold-responsive gene 

expression in hos2-l mutant plants is also dependent on a downshift in temperature, but 

the expression is higher than in the wild type plants at any low temperature treatment. 

The hos 2-1 Mutation Affects Many Cold-Responsive Genes 

Figure 2-6 shows the time course of steady state mRNA levels for the endogenous 

RD29A gene in hos 2-1 mutant and wild type plants during cold acclimation. Significant 

induction of RD29A transcript in both wild type and the mutant was detected after 12 hr 

or longer cold treatment. hos2-l mutant plants exhibited higher levels of induction 

throughout the cold treatment (Figure 2-6). 

In addition to RD29A, the expression of several other cold-responsive genes were 

investigated in the hos2-I mutant plants. These genes include COR47 (Gilmour et al., 

1992), C0RI5A (Lin and Thomashow, 1992), KINl (Kurkela and Franck, 1990), ADH 

(Jarillo et al., 1993) and P5CS (Delauney et al., 1993). As a control, the expression of the 

actin gene was also determined. The expression levels of the cold responsive genes were 
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quantified and normalized against the actin gene (Figure 2-7). The data show that all of 

the cold responsive genes had higher levels of expression in the hos2-l mutant when 

treated with cold. For all of the genes, greater difference between the mutant and wild 

type was found with longer cold treatment. After 36 hrs of cold treatment, the difference 

ranged from 2.2 to 11 fold depending on the nature of the genes, with C0RJ5A and 

COR47 showing smaller differences. 

The hos 2-1 Mutant Is More Sensitive to Freezing Stress 

Because the hos 2-1 mutation affects low temperature regulation of genes, we 

investigated its effect on the freezing tolerance of Arabidopsis plants using the electrolyte 

leakage test (Sukumaran et al., 1972; Ristic and Ashworth, 1993). Without acclimation 

treatment, hos2-l plants were slightly more sensitive to fireezing stress (Figure 2-8). The 

temperatures causing 50% of total ion leakage (LTso) were approximately -3.7°C and -

4.1°C, respectively, for hos2-I and wild type plants. Since Arabidopsis is known to be 

fully acclimated after 7 days of cold treatment (Ristic and Ashworth, 1993), we tested the 

freezing tolerance of hos 2-1 and wild type plants after 7 days of cold treatment. The cold 

treatment increased freezing tolerance of both wild type and hos2-l plants (Figure 2-8). 

However, the increase was much smaller for hos2-l mutant plants. The LT50 values were 

approximately -5.4°C and -6.8°C, respectively, for cold acclimated hos2-l and wild type 

plants. Therefore, the difference in LT50 between hos2-l and wild type plants increased to 

l.4°C after acclimation. The results show that the hos2-l mutation impairs freezing 

tolerance and cold acclimation. 
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hos 2-1 Mutant Plants Are Capable of Vernallzaion 

The time to flower in Arabidopsis can be influenced by long periods of low 

temperature treatment, a process known as vernalization. We examined the flowering 

time of wild type and hos 2-1 mutant plants before and after four weeks of cold treatment 

in order to analyze their vernalization response. The flowering phenotype was presented 

as the total number of leaves (LN) at first flower anthesis (Chandler et al., 1996). As 

shown in Figure 2-9, the LN value for hos 2-1 plants is nearly the same as that for the 

wild type. Four weeks of cold treatment substantially accelerated flowering for hos2-l as 

well as for the wild type plants (Figure 2-9). After vernalization, the mutant plants 

flowered at about the same time as did the wild type. 

DISCUSSION 

In the last decade, the expression of many plant genes have been shown to be 

regulated by cold stress (Hajela et al., 1990; Kurkela et al., 1990; Nordin et al., 1993; 

Thomashow, 1994; Guy et al., 1994; Dhindsa and Monroy, 1994; Palva et al., 1994). 

However, the signal transduction pathway leading to cold-responsive gene expression is 

poorly understood. In this paper, we present evidence which strongly suggests that H0S2 

is a negative regulator of cold signalling. Recessive mutations in the H0S2 locus enhance 

gene induction specifically under low temperature. Our data indicate that the enhanced 

gene expression is due to increased transcription. 
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The majority of cold-inducible genes are also responsive to regulation by ABA 

and osmotic stress (Lang et al., 1992; Nordin et al., 1993). This does not necessarily mean 

that ABA mediates the expression of these genes in the cold. Firstly, the expression of 

RD29A and several other cold-responsive genes are not impaired in ABA-deficient 

mutants (Gilmour and Thomashow, 1991; Nordin et al., 1993). Secondly, several groups 

have identified a sequence motif (termed DRE or C-repeat) in the promoters of cold-

regulated genes and showed that the element reponds to activation by cold or osmotic 

stress but not by ABA (Yamaguchi-Shinozaki and Shinozaki, 1994; Stockinger et al., 

1997). Therefore, an ABA-independent pathway shared by cold and osmotic stress is 

largely responsible for the cold regulation of these genes. The phenotype of the hos2-l 

mutant plants suggests that the mutations affect the cold-specific portion of this ABA-

independent signalling pathway. 

hos2-l mutant plants exhibited reduced fi-eezing tolerance. This was true for cold 

acclimated as well as non-acclimated hos2-l plants. In fact, cold-acclimation treatment 

augmented the difference in fi-eezing tolerance between hos2-I and the wild type plants. 

Ishitani et al (1998) reported that hosI-1 mutant plants also show enhanced gene 

expression specifically under cold treatment and that the mutation causes reduced 

fi-eezing tolerance without cold acclimation. However, the hosl-1 plants exhibit the same 

level of freezing tolerance as wild type plants after cold acclimation treatment (Ishitani et 

al., 1998). Therefore, it appears that in hosl-1 plants, the enhanced gene induction by 

cold treatment correlates with increased capacity to cold acclimate. But in the hos2-l 

mutant plants, enhanced gene induction in the cold did not bring about an increase in 
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freezing tolerance. Rather, the increase in freezing tolerance after a 7-day cold treatment 

was much less in hos2-I mutant plants than that in the wild type (Figure 2-8). The results 

suggest that the hos2 and hosI mutations may cause enhanced gene induction in the cold 

through very different mechanisms. 

Difference between the hos2 and hosl mutations is also evident when their effects 

on flowering time are compared. The hosl-l mutation accelerates the onset of flowering 

(Ishitani et al., 1998) whereas the hos2 mutations have no substantial effect. Therefore, if 

cold acclimation and vernalization share some common signalling components, the hos2 

mutations may define a branch point between the two responses. The H0S2 locus was 

mapped to chromosome V, approximately 20 cM fi-om the ngal29 (our unpublished 

data). 

Recently, Jaglo-Ottosen et al (1998) and Liu et al (1998) reported that transgenic 

overexpression of the CBFl/DREBl family of transcription factors leads to constitutive 

expression of RD29A and other cold regulated genes in the absence of cold treatment. 

The transgenic plants show enhanced freezing tolerance. Therefore, increased cold-

regulated gene expression appears to correlate with enhanced fi-eezing tolerance. 

However, this correlation does not seem to hold true in the hos2-l mutant plants. The 

explanation for this apparent discrepancy is unclear at this point. One possibility is that 

the HOS2 gene, besides being a negative regulator for cold-responsive gene expression, 

may play a positive role in the regulation of some other cellular changes (e.g. changes in 

membrane composition and sugar metabolism) that contribute to fi-eezing tolerance. 
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Table I. Genetic Analysis of Arabidopsis hos2 mutants 

Crosses Fi F2 

WT Mutant WT Mutant 

WT X hos2-] 20 0 509 169 0.001 

WT X hos2-2 18 0 154 48 0.16 

WT X hos2-3 16 0 153 45 0.5 

hosJ-1 X hos2-l 11 0 

hos2-I X hos2-2 0 20 

hos2-l X hos2-3 0 20 
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nCURE LEGENDS 

Figure 2-1. Luminescence images of hos2-I and the wild-type plants. 

The colour scale on the right shows the luminescence intensity from dark blue (lowest) to 

white (highest). 

(A) Luminescence of the hos2-l (left) and wild-type (right) seedlings after low 

temperature treatment, 0°C for 24 hr. 

(B) Picture of the hos2-l (left) and wild-type (right) seedlings that were imaged in (A). 

(C) Luminescence of the hos2-l (left) and wild-type (right) seedlings after ABA 

treatment, 100 |iM ABA for 3 hr. 

(D) Picture of the hos2-l (left) and wild-type (right) seedlings that were imaged in (C). 

(E) Luminescence of the hos2-l (left) and wild-type (right) seedlings after NaCl 

treatment, 300 mM for 5 hr. 

(F) Picture of the hos2-l (left) and wild-type (right) seedlings on filter paper saturated 

with 300 mM NaCl, which were imaged in (E). 
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Figure 2-2. Comparison between the expression of RD29A-LUC transgene and the 

endogenous RD29A gene. 

(A) RD29A-LUC expression (luminescence intensity) in hos2-l and wild-type plants. 

Data represent the average of 20 individual seedlings. Control: room temperature without 

treatment; Cold: 0°C for 48 hr; ABA: 100 ^iM ABA for 3 hr; NaCl: 300 mM NaCl for 5 

hr; 

(B) Expression of the endogenous RD29A gene in hos2-l and the wild-type plants. 

Plants were treated with low temperature (0°C) for the indicated times; ABA, 100 |iM 

ABA for 3 hr; NaCl and 300 mM NaCl for 5 hr. Ct: room temperature without treatment; 

C: 0°C for 48 hr; A: 100 ^M ABA for 3 hr; N: 300 mM NaCl for 5 hr 
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Figure 2-3. RD29A-LUC expression in hos2-l and the wild-type plants during cold 

acclimation and deacclimation. 

(A) Increase in luminescence intensities with time during cold treatment. 

hos2-l and wild-type plants on the same agar plate were placed at 0°C for cold 

acclimation. At the specified time points, the plants were removed from 0°C, imaged and 

the luminescence intensities quantified. 

(B) Decrease in luminescence intensities with time after cold treatment. 

After 24 hrs at 0°C, the plate was taken out and incubated at room temperature under 

light. Luminescence images were taken at the specified times and intensities were 

quantified. 

Data represent the average of 20 individual seedlings. 
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Figure 2-4. RD29A-LUC expression of hos2-l and the wild-type plants during NaCl and 

ABA treatment. 

hos2-I and wild type plants on the same agar plate were treated with NaCl and ABA. 

ABA: 100 ^M ABA; NaCl: 300 mM NaCl. Luminescence intensities were determined at 

the indicated times. Data represent the average of 20 individual seedlings. 
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Figure 2-5. RD29A-LUC expression in hos2-l and wild-type plants under different 

temperature treatments. 

hos2-l and wild-type plants were planted on the same agar plates and allowed to grow for 

one week under constant lighting at room temperature (22±2°C). The plates were then 

treated at indicated temperature (± 0.1°C) for either 3 hr (-5°C treatment) or 24 hr (all 

other temperature treatments) and luminescence images were taken and the intensities 

quantified (see materials and methods for details). 
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Figure 2-6. Time course of expression of endogenous RD29A gene and other stress-

responsive genes in hos2-l and the wild type plants in response to low temperature 

treatment. 

Plants were treated with low temperature (0°C) for the indicated times. 
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Figure 2-7. Quantitative representation of the data in Figure 6. 

The radiograms were scanned and analyzed using ImageQuant software. 
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Figure 2-8. Leakage of electrolytes in leaves from hos2-l and wild-type plants when 

treated at temperatures below freezing. 

For cold acclimation treatment, plants were incubated at 4°C for 1 week under white 

fluorescent light. 
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Figure 2-9. hos2-l plants are capable of vernalization. 

For vernalization, seeds of hos2-l and the wild type were sown in pot medium and placed 

in cold room (4°C) for 4 weeks before moving to growth chamber under either short day 

or long day conditions. At the appearance of first flower bud, 10-20 plants were counted 

for total leaf numbers. 
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INTRODUCTION 

Plants and other poikilothermic organisms adapt to ambient temperature by 

adjusting membrane fluidity, metabolism and gene expression profiles (Murata and Los, 

1997; Thomashow, 1999). Low temperature is one of the most important environmental 

factors influencing plant distribution, growth, development and survival. Plants from 

temperate regions can increase in freezing tolerance by being exposed to low non-

freezing temperatures, a process known as cold acclimation (Guy, 1990). Low 

temperature-induced gene expression is key to cold acclimation (Guy et al., 1985; 

Thomashow, 1999). For example, induction of lipid desaturase genes may contribute to 

freezing tolerance by altering lipid composition (Gibson et al., 1994). Cold-induced 

molecular chaperones may help prevent protein denaturation during freezing (Anderson et 

al., 1994). Many cold-induced genes encode novel proteins, some of which have been 

shown to discourage the formation of deleterious membrane structures during freezing 

(Steponkus et al., 1998). Ectopic expression of CBF transcription factors have been 

shown to induce a set of cold-responsive genes at warm temperatures and to mimic cold 

acclimation in terms of increases in freezing tolerance (Jaglo-Ottosen et al., 1998; Liu et 

al., 1998). 

Many of the cold-regulated genes can also be induced by ABA or osmotic stress 

treatment (Gilmour et al., 1992; Nordin et al., 1993; Kurkela and Borg-Franck, 1992). 

Low temperature and osmotic stresses appear to have several common features. Freezing 

injury is largely a consequence of freezing-induced dehydration stress. Low non-freezing 
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temperatures can also lead to water stress by impairing water absorption by root and 

water transport to the shoot (Levitt, 1980). The phytohormone ABA is known to play an 

important role in cold acclimation. Treatment with ABA at normal growth temperatures 

increases the freezing tolerance of a wide range of plants (Chen et al, 1983). 

Furthermore, exposure to low temperature transiently increases ABA levels (Chen et al., 

1983). 

Cold-responsive genes such as RD29A (also known as COR78 or LTI78) and 

C0R15A are known to contain two cis-regulatory elements in their promoters, i.e. the 

ABRE and DRE/CRT elements (Yamaguchi-Shinozaki and Shinozaki, 1994; Stockinger 

et al., 1997). The ABRE element is responsive to ABA, whereas the DRE/CRT element 

mediates ABA-independent regulation of gene expression by cold or hyperosmotic stress. 

Transcription factors termed CBFs or DREBs that bind to DRE/CRT are induced early by 

cold or osmotic stress (Stockinger et al., 1996; Liu et al., 1998; Gilmour et al., 1998). 

Constitutive or inducible over-expression of some of the transcription factors lead to 

enhanced expression of downstream cold responsive genes and increased plant tolerance 

to freezing, drought and salt stresses (Jaglo-Ottosen, et al., 1998; Liu et al., 1998; Kasuga 

etal., 1999). 

Besides the CBF transcription factors, other potential cold signal transduction 

components in plants include SFR6, ESKl, HOSl, and HOS2 that are defined by 

Arabidopsis mutations. The molecular identities of these genetic loci await molecular 

cloning. The sfr6 mutation suppresses cold- and ABA-induction of genes with the 

CRT/DRE promoter element (Knight et al., 1999). The eski mutants are constitutively 
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freezing-tolerant but are apparently not affected in the expression of genes with the 

CRT/DRE element, suggesting that ESKl may be involved in a distinct pathway related 

to freezing tolerance (Xin and Browse, 1998). HOSl and HOS2 are both negative 

regulators of cold signaling pathways (Ishitani et al., 1998; Lee et al., 1999). Mutations 

in HOSl or HOS2 lead to enhanced cold induction of genes such as RD29A, C0R15A, 

KINI, and ADH. Without cold acclimation, hosl mutant plants have reduced capacity for 

freezing tolerance. After cold acclimation, hosl plants acquire as much freezing 

tolerance as do wild type plants (Ishitani et al., 1998). 

hosl mutant plants flower considerably earlier, which may be related to 

vernalization, another important plant process regulated by low temperature (Ishitani et 

al., 1998). Vernalization refers to the promotion of flowering by prolonged periods of 

low temperature exposure. The early flowering phenotype of hosl mutant plants appears 

to be a manifestation of constitutive vernalization (Ishitani et al., 1998). This is because 

1) hosl plants have reduced threshold of low temperature activation of cold-responsive 

genes, i.e. "cold signaling" happens even at normal growth temperatures in the mutant 

plants (Ishitani et al., 1998); and 2) non-vemalized hosl mutant plants flower as early as 

vernalized wild type plants (Ishitani et al, 1998). hosl mutant plants can be further 

vernalized by low temperature treatment to flower even earlier. 

To address the mechanisms of cold-regulated gene expression and plant 

development, a necessary step is to determine the molecular nature of the key regulatory 

genes involved. Toward this goal, we report here the map-based cloning and molecular 

analysis oiHOSl, the first such genetic locus involved in cold-regulated plant 
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development and signaling to be characterized at the molecular level. The sequence data 

reveal that HOSI encodes a novel RING finger protein. Studies with HOSl-GFP fusion 

protein show that HOSI displays cold-regulated nucleo-cytoplasmic partitioning, 

suggesting an important role of HOSI in communicating cold-generated signals in the 

cytoplasm to the nucleus to regulate the level of gene transcription. 

MATERIALS AND METHODS 

Plant Materials and Growth Conditions 

Arabidopsis thaliana plants of the C24 ecotype expressing RD29A promoter-

Luciferase (RD29A-LUC) transgene (referred as wild type herein) were obtained by 

Agrobacterium transformation (Ishitani et al., 1997). Methodology of mutant screening 

and characterization were described previously (Ishitani et al., 1997; Ishitani et al., 1998). 

For bioluminescence image analysis, wild type and hosl mutant seeds were surface-

sterilized and sown onto Petri plates containing Murashige and Skoog salts (MS salts) 

supplemented with 3% sucrose and solidified with 0.6% agar. Seedlings were grown at 

23°C with cycles of 16 hr light and 8 hr darkness before stress treatments. For cold 

treatment, one week-old seedlings in agar plate were incubated at 0°C (± 0.1 °C) for 48 hr 

in the dark. For ABA treatment, 100 ^M ABA (mixed isomers) in water was sprayed on 

leaves and the plants were incubated at room temperature (~ 23°C) under light. For NaCl 

or PEG treatment, seedlings were placed on 3M filter paper saturated with MS salt 

solution supplemented with 300 mM NaCl or 30% PEG6000 and incubated under light at 
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room temperature. After indicated times of incubation, bioluminescence images were 

taken as described (Ishitani et al, 1997). 

For measuring flowering time in hosi and the wild-type, plants were grown in 

pots in a growth chamber under the conditions as described above. At the emergence of 

the first flower, the total number of rosette leaves was counted (n=15). 

Positional Cloning 

To generate mapping population for HOSI, hosl mutant plants were crossed to 

wild type Arabidopsis of the Columbia ecotype. A total 586 hosl mutant plants were 

selected from the segregating F2 population based on high luminescence expression of 

RD29A-LUC after cold treatment. Genomic DNA from these plants was extracted and 

analyzed for cosegregation with respect to SSLP (Simple Sequence Length 

Polymorphism) markers. These markers were developed by searching for simple repeat 

sequences with the RepeatMasker program (http://ftp.genome.washington.edu/cgi-

bin/RepeatMasker). Primer pairs covering the repeat regions were designed and used for 

PCR ampliflcation of the genomic fragments from both C24 and Col ecotypes. Those 

that exhibited PCR fragment length polymorphisms were used as markers for mapping. 

Primer pairs for fine mapping of HOSI are as follows. F12L6-F, 5'-

CACGCTTATTCTTAGCCTAG-3'; F12L6-R, 5'-TTGAAAGATCACGCCGGCGA-3'; 

F17A14-F, 5'-GGAGAATGAAAGACCGAATC-3'; F17A14-R, 5'-

TGTAGAGACATGAGAATCT-3'; T28M21-F, 5'-TAGGGGGATATTCAAGTTTG-3'; 

T28M21-R, 5'-AATTTCCCCACTCCACTCCT-3'; T2P4-F, 5'-
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GTATTCGATCTTCTTTAGGT-5'; T2P4-R, 5'-AGGAGTATACGTCCAATTGA-3'; 

T20B5-F, 5'-GAAGAGCAACGCATTACAGT-3'; T20B5-R, 5'-

CTTCATAAATAACGAGGCCT-3'. In addition, nucleotide differences between C24 

and Col ecotype were also identified by direct sequencing of the open reading frames of 

T5I7.2, T5I7.4 and T5I7.14, and were used for fine mapping. 

RNA Analysis 

Fifleen-day-oid seedlings grown on MS agar plates under continuous liglit were 

treated with either low temperature, ABA, NaCl or PEG as described above. Total RNA 

fi'om control or stressed plants was extracted and analyzed as described by Liu and Zhu 

(1997). The RD29A gene-specific probe was from the 3' noncoding region (Liu and Zhu, 

1997). The CBF2 and CBF3 gene-specific probes were generated by PCR with the 

following primer pairs, CBF2-F, 5'-TTCGATTTTTATTTCCATTTTTGG-3'; CBF2-R, 

5'-CCAAACGTCC TTGAGTCT T GAT-3'. CBF3-F, 5'-

TAAAACTCAGATTATTATTTCCATTT-3'; CBF3-R, 5'-

GAGGAGCCACGTAGAGGGCC-3'. FLC gene-specific probe was obtained by PCR 

with the following primer pair: FLC-F, 5'-CCGCTCGAGCTTAGTATCTCCGGCG-3'; 

FLC-R, 5'-GGACTAGTCGCCCTTATCAGCGGA-3'. 6-tubulin gene was amplified by 

PCR with the following primer pair, Tubulin-5', 5'CGTGGATCACAG 

CAATACAGAGCC-3' and Tubulin-3', 5'-CCTCCTGCACTTCCACTTCGTCTTC-3', 

and used for loading control. 
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hosl Mutant Complementation 

For compiementation of hosl mutant plants, T5I7 BAC (bacterial artificial 

chromosome) DNA was digested with Xhol and the fragment corresponding to HOSI 

cloned into the binary vector pCIT20 (Ma, 1992). This and all other constructs described 

in this paper were completely sequenced to ensure that they did not contain PCR errors. 

The construct was transformed into Agrobacterium strain GV3101 by electroporation. 

hosl mutant plants were vacuum-infiltrated with the Agrobacteria containing the HOSI 

complementation construct. Hygromycin-resistant transgenic plants were selected and 

their T2 and T3 progenies subjected to luminescence imaging analysis for RD29A-LUC 

expression in response to cold, ABA and NaCl treatments as described above. 

Analysis of HOSI Promoter-Cr£/5 Expression 

The promoter region (2.78 kb upstream from initiation codon) of the HOSI gene 

was PCR-amplified with the following primer pair; HOSl-GUSFl, 5'-

CGCAAGCTTCTCGAGGTAAGACCGTAGATTCA-3' and HOSIGUS-Rl 5'-

CGGTCTAGACCTAAGACCTGAGCTAAACTAAT-3'. The resulting fragment was 

digested with Hind HI and Xba I and inserted into the pIGl21 binary vector. This HOSI 

promoter-GUS construct was introduced into Agrobacterium strain GV3101 and 

transformed into wild type Arabidopsis. Twenty independent lines of hygromycin-

resistant transgenic plants were obtained. For GUS staining, T2 seedlings grown on MS 

agar plate were incubated with X-Gluc for 12 hrs at 37°C, and then washed 5 times with 

70% (v/v) ethanol at 70°C to remove chlorophyll. 
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Expression and Localization of HOSl-GFP Fusion Protein 

The coding region oiHOSl gene was obtained by reverse transcriptase-PCR using 

the following primers: HOSIBAMHF, 5' 

CGCGGATCCATGGGTTTTGCAGAGCTTAGAGTTAA-3' and HOSIBAMHR, 5'-

CGCGGATCCGCGTTCTTGCTGCGAATCTACGTCTCC-3'. The resulting PGR 

fragment was digested with BamHl and inserted into the binary vector pBIN35S-mGFP4 

downstream of the CaMV 35S promoter. Agrobacterium strain GV3101 containing this 

HOSl-GFP translational fusion was introduced into Arabidopsis (Col ecotype) and 40 

lines of kanamycin-resistant transgenic plants were selected and their T: analyzed for 

GPP expression. To visualize the nucleus, root tissues were stained with propidium 

iodide (1 /ig/ml). Green fluorescence (GFP expression) and red fluorescence (Propidium 

iodide staining) analysis of transgenic plants were performed with a 1024 confocal laser-

scanning microscope (Grebenok et al., 1997). 

HOSl Co-suppression and Analysis 

HOSl cDNA was isolated by reverse-transcriptase-PCR using primers 

HOSIRTFI, 5'-GATCCCGGGGCTCAGGTCTTAGGATTTCTAG-3' and 

HOSIRTRI, 5'-GCTCCCGGGTACCTCTCTCTCTCTTTCTCTATGC-3'. The PGR 

fragment was cloned into the pCR-Bluntll-TOPO vector (Invitrogen) and sequenced. The 

coding sequence of HOSl gene was PCR-amplified from the cDNA with primers 

HOSIOVER-Fl, 5'-CGAGCTCGGCTCAGGTCTTAGGATTTCTAG-3' and 
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HOSIOVER-Rl 5'-CCCCCGGGGGTACCTCTCTCTCTCTTTCTCTATGC-3'. The 

PGR fragment was digested with Sst I and Sma I and inserted into pRTL104 vector 

downstream of the CaMV 35S promoter. The HOSI promoter-GUS fusion was removed 

from the construct by digestion with Sph I and cloned into pCAMBIA 1200. After 

transformation of wild type Arabidopsis plants v'\3i Agrobacterium strain GV3101, 25 

lines of hygromycin-resistant transgenic plants were obtained. Luciferase imaging was 

carried out on the T2 plants. For analysis of the transcription level of HOSI in co-

suppression lines, the following primer pair was used in quantitative RT-PCR: 5'-

ACGGAATGGATGGAGATACT-3' and 5'-AAGAGACTACCCACAGCTGA-3' 

(resulting in a 170 bp PGR fragment). Total RNA from wild type, hosl and #4 -high 

plants was extracted using TRIzol (Gibco BRL) reagent system and 1 jxg of RNA from 

each sample was used for RT-PCR reaction with EZ rTth RNA PGR Kit (PERKIN 

ELMER, part No.N808-0179) according to the manufacturer's instructions. PGR 

products were then separated in 4% agarose gel. As an internal control, ubiqutin gene 

was amplified along with HOSI using the following primer pair, UBQl 1-F, 5'-

GAGGTATGCAGATCTTCGTG-3' and UBQl I-R, 5'-

GTAG ACTCCTTCTGGATGTTG-3'. 

RESULTS 

Expression of Transcription Factor Genes in hosl Mutant Plants 

Transcripts for the CBF/DREBl transcription factors are rapidly induced by low 

temperature treatment (Liu et al., 1998; Gilmour et al., 1998; Medina et al., 1999). These 
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transcription factors in turn activate the expression of downstream COR/RD/KIN genes 

such as COR15A, COR47, RD29A, and KINI. We have shown previously that these 

COR/RD/KIN genes are super-induced by cold in hosi mutant plants (Ishitani et al., 

1998). Northern analysis was carried out to determine whether C5F genes are also super

induced by cold in the hosI mutant. Both CBF2 and CBF3 were found to exhibit 

enhanced cold-induction in hosl mutant plants (Figure 3-1). At 3 hrs after cold 

treatment, CBF2 expression in hosl mutant is approximately 50% higher than in wild 

type plants. Increased CBF2 and CBF3 expression is more pronounced after longer cold 

treatment, e.g. at 6, 12,24 and 48 hrs (Figure 3-1). We did not observe significant cold-

induction of CBFI in either the wild type or hosl mutant (not shown). 

hosl Mutation Reduces Expression of tiie Flowering Locus C Gene 

The Flowering Locus C (FLC) gene that encodes a MADS-box protein is a central 

regulator of flowering induction by vernalization (Sheldon et al., 2000; Michaels and 

Amasino, 1999). The level of FLC determines the extent of the vernalization response in 

the promotion of flowering: the duration of cold treatment correlates with extent of down-

regulation of FLC expression (Sheldon et al., 2000). Because the hosl mutant plants 

flower early (Ishitani et al., 1998) and appear to be constitutively vernalized (Figure 3-

2A), we carried out Northem analysis to determine whether FLC expression is altered in 

the mutant. Consistent with previous studies (Sheldon et al., 2000), FLC transcript level 

is high in wild type C24 plants, but it decreases significantly as the plants become 

vernalized by cold treatments (Figure 2B). Interestingly, hosl mutant plants have a 
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substantially lower level of PLC expression even in the absence of vernalization 

treatment (Figure 3-2B). This lower level of FLC expression correlates with the early 

flowering phenotype of the hosl mutant plants (Figure 3-2A). After 2 weeks of 

vernalization treatment, the FLC level in hosl mutant plants is not reduced. After 4 

weeks of vernalization, the FLC level decreases slightly (Figure 3-2B), as does the 

flowering time (Figure 3-2A). As a control, the tubulin gene transcript levels are not 

different between hosl and the wild type, and are not changed by vernalization (Figure 3-

2B). These results suggest that wild type HOSl is a negative regulator of vernalization 

and that it is required for a high level of FLC expression. 

Positional Cloning of HOSl 

To genetically map hosl, homozygous hosl mutant plants in the C24 ecotype 

were crossed with wild type plants of the Columbia ecotype. The resulting F i plants were 

selfed and homozygous hosl mutant plants were selected from the segregating F2 

population by luciferase imaging after 2-day treatment at 0°C. Surveying of 

representative molecular markers from each of the five Arabidopsis chromosomes located 

hosl to chromosome II. Further analysis showed that hosl is closely linked with the 

SSLP (simple sequence length polymorphism) marker ngal68. Several new SSLP 

markers were developed based on the genomic sequences of BAC clones in the ngal68 

region. Fine mapping using these new markers delimited HOSl to the BAC clone T517 

(Figure 3-3). Candidate open reading frames on T5I7 were sequenced from wild type as 

well as hosl mutant plants. The sequence analysis revealed a single nucleotide 



90 

substitution in the hypothetical T5I7.11 gene in the hosl mutant. This mutation is 

predicted to create a premature stop codon, resulting in a truncated protein. 

To confirm that we have cloned the correct gene, the T5I7.11 sequence including 

2807 bp upstream the predicted ATG start codon, was amplified from wild type plants 

and cloned into the binary vector pCIT20. The construct was introduced into hosl mutant 

plants \'\di Agrobacterium-medxaXQA transformation. Transformants were selected based 

on hygromycin-resistance and the progenies of 2 transformants tested by luciferase 

imaging after 2-day cold treatment. Both hygromycin-resistance and cold-induced 

RD29A-LUC expression segregated in the T2 generation. All hygromycin-resistant plants 

exhibited the wild type phenotype in terms of cold-induced RD29A-LUC expression and 

time to flower. Figures 4A-C show an example of complemented hosl mutant plants in 

the T3 generation. In response to cold treatment, hosl mutant plants exhibited brighter 

luminescence, indicating a higher level of RD29A-LUC expression compared with the 

wild type (Figure 3-4B). In contrast, luminescence intensities from hosl mutant seedlings 

containing the introduced wild type HOSl gene were similar to those in wild type plants 

(Figure 3-4B). Quantitation of the luminescence intensities confirmed that the mutant 

was fully complemented by the wild type HOSl gene (Figure 3-4C). The wild type HOSl 

transgene also rescued all the other phenotypes exhibited by hosl mutant plants, such as 

pale, small leaves and early flowering (data not shown). 
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HOSl Encodes A Novel RING-finger Protein 

The transcribed sequence of the HOSl gene was determined by sequencing 

cDNAs obtained by reverse transcriptase polymerase chain reaction. Comparison of the 

cDNA with the genomic sequence showed that the HOSl gene contains 9 exons and 8 

introns (Figure 3-3B). HOSl is predicted to encode a polypeptide of 915 amino acids, 

with an estimated molecular mass of 104 kDa (Figure 3-5). Database searches revealed 

that HOSl contains a short stretch of amino acids near the amino terminus that are similar 

to the RING-finger domain found in a group of proteins known as lAPs (inhibitor of 

apoptosis) (Figure 3-6) (Miller, 1999). The rest of HOSl does not show significant 

homology to any other sequences in the GenBank database. The hosl mutation, a G to A 

substitution, is predicted to create a premature stop codon that truncates the protein after 

His^^. This suggests that the carboxyl terminal one third of HOSl is functionally 

essential. 

The RING finger is a small zinc-binding domain found in many proteins with 

diverse functions. Recent studies have shown that proteins containing a RING finger may 

act as E3 ubiquitin protein ligases, and that the RJNG finger can interact with E2 

ubiquitin conjugating enzymes, thereby promoting ubiquitination of specific target 

proteins (reviewed in Joazeiro and Weissman, 2000). The RJNG finger motif is defined 

as a series of conserved cysteine and histidine residues: Cys-X2-Cys-X9-39-Cys-Xl-3-

His-X2-3-Cys/His-X2-Cys-X4-48-Cys-X2-Cys, where X can be any amino acid (Saurin 

et al., 1996). The RING finger of HOSl is most similar to that of lAPs, which can be 

classified as a C3HC4 type RING (Miller, 1999). Interestingly, the first Cys in the RING 



92 

finger of HOSl is replaced with Leu (Figure 3-6). RING variants have also been seen in 

other well-known RING finger proteins (Saurin et al., 1996). For example, in mouse 

MDM2 Cys3 is replaced by a Thr residue, while in CARTl, Cys7 is substituted for an 

Asp residue (Saurin et al., 1996). 

HOSl Expression in Arabidopsis Seedlings 

Northern analysis was carried out to examine HOSl transcript abundance in 

Arabidopsis seedlings subjected to various treatments. In wild type plants, HOSl mRNA 

was detected in un-stressed control as well as cold-, ABA-, NaCl- or PEG-treated samples 

(Figiu-e 3-7). HOSl transcript abundance was not substantially influenced by ABA, NaCl 

or PEG treatment. In response to cold treatment, HOSl expression declined quickly and 

transiently. At 30 min after cold treatment, HOSl expression was almost undetectable 

(Figure 3-7). However, by I hr after cold treatment, HOSl expression recovered to pre-

treatment levels. This rapid and transient reduction of HOSl message in response to brief 

cold treatment was consistently observed in independent experiments. After recovery 

from the decline, HOSl expression was then maintained at this level until 2 days after 

cold treatment, before declining again (Figure 3-7). 

Very low levels of HOSl transcript was detected in hosl mutant plants subjected 

to the same treatments as were applied to wild type plants (Figure 3-7). The low level of 

HOSl expression is probably attributed to active degradation of the mutant mRNA, since 

it is known that mRNA surveillance mechanisms degrade transcripts with pre-mature stop 

codons (Hilleren and Parker, 1999). To verify that the stress treatments were appropriate. 
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the RNA blot was also probed with RD29A and CBF2. The results show that the two 

genes were upregulated with the appropriate kinetics, i.e. CBF2 induction occurred earlier 

than RD29A (Figure 3-7), although not as early as the CBF2 induction seen in some other 

experiments (Figure 3-1). The results also confirm that CBF2 as well as RD29A are 

expressed at higher levels in hosl mutant plants under cold treatment. Hybridization with 

a B-tubulin cDNA probe showed RNA loading in stressed and in control un-stressed 

sample lanes (Figure 3-7). 

To examine HOSl expression in various plant tissues, 2.78 kb genomic sequence 

upstream of the HOSJ open reading frame (-2807 to -23 from ATG) was fused with the 

B-glucuronidase reporter gene (GUS) and the resulting construct introduced into wild type 

Arabidopsis plants. GUS expression was observed in all plant tissues examined (Figures 

3-8, A-D). In leaves, the expression was stronger in the vasculature (Figure 3-8C), but 

could be seen in mesophyll tissues as well (Figure 3-8D). Strong expression was 

observed in roots (Figure 8A), with root tips having especially high levels (Figure 3-8B). 

HOSl Accumulates in the Nucleus in Response to Cold Treatment 

Knowledge of the subcellular localization of a protein is crucial to the 

understanding of its cellular function. To determine the subcellular localization of HOSl 

gene product, HOSl cDNA was fused in-frame at its C-terminus with the GFP (Green 

Fluorescence Protein) marker. HOSl-GFP fusion protein was expressed under the CaMV 

35S promoter in transgenic Arabidopsis plants. The subcellular localization of HOSl-

GFP was determined by green fluorescence imaging under a confocal microscope. 
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Without cold treatment, only very faint green fluorescence signals slightly above 

background (i.e. non-transformed plants) could be detected in the majority of cells 

(Figure 3-9A). This suggests that HOSl-GFP was either expressed at a very low level or 

was being rapidly degraded at normal growth temperatures. Occasionally, a few cells 

were found to express a high level of HOSl-GFP. In these cells, the green fluorescence 

was entirely cytoplasmically localized (Figure 3-9A, indicated by arrow). Amazingly, 

when the HOSl-GFP transgenic plants were placed at 0°C for 1-2 days, green 

fluorescence could be seen in structures consistent with the nuclei (Figure 3-9B). To 

verify that the structures emitting green fluorescence were nuclei, the seedling roots were 

stained with propidium iodide. The results show that the green fluorescence-emitting 

organelles were stained with propidium iodide, suggesting that the organelles are indeed 

nuclei (Figure 3-9B, inserts). The occasional cells expressing high levels of cytoplasmic 

HOSl-GFP at normal temperatures also showed strong nuclear HOSl-GFP expression 

after cold treatment (Figures 3-9C and 3-9D). 

The nuclear accumulation of HOSl-GFP ftision protein was clearly visible after 

plants were subjected to 0°C treatment for 20 hrs. Longer cold treatment did not change 

the intensity of the nuclear green fluorescence. After the cold-treated plants were 

returned to normal growth temperatures (18-23°C) for more than 12 hrs, the nuclear green 

fluorescence disappeared, suggesting that the ftision protein moved back to the cytoplasm 

and/or was rapidly degraded. 

To determine whether the cold-induced nuclear accumulation is specific to HOSl-

GFP, we treated transgenic Arabidopsis plants containing a known cytoplasmically 
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localized small acidic ribosomal protein-GFP fusion (line Ql, see Cutler et al., 2000) at 

0°C for 48 hrs. Only cytoplasmically localized green fluorescence was detected in these 

control plants either at 23°C or 0°C (Figures 3-9E and 3-9F). These results show that 

cold treatment does not induce a general non-specific nuclear accumulation of GFP 

fusion proteins. 

Co-suppression of HOSl Expression in Wild Type Plants Mimics hosi Mutant 

Phenotypes 

The HOSl open reading frame was over-expressed in wild type plants under the 

CaMV 35S promoter to determine whether increased HOSl expression would down-

regulate RD29A-LUC regulation and affect plant tolerance to chilling or freezing stress. 

Among 25 independent transgenic plant lines tested in the T2 and T3 generations, none 

showed reduced RD29A-LUC induction by cold treatments compared to wild type (data 

not shown). We also did not find any transgenic lines with altered chilling or freezing 

tolerance. Interestingly, there were 2 transgenic lines that showed higher than wild type 

level RD29A-LUC expression in response to cold treatment. This phenotype segregated 

in the T2 generation, with the high expression to regular expression plants having a ratio 

of approximately 3:1. The RD29A-LUC phenotype of one of the lines, #4, is shown in 

Figures 3-lOA-C. The high expression plants were all found to carry the 35S-HOS1 

transgene according to their hygromycin resistance. 

The increased RD29A-LUC expression in these 35S-HOS1 transgenic lines 

mimics the phenotype of the hosl mutant plants, although the luciferase expression level 
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was not as high as in the mutant (Figure 3-lOC). The strong luminescence phenotype of 

these transgenic lines is probably a result of posttranscriptional co-suppression of HOSl 

expression, since semi-quantitative RT-PCR tests revealed a decreased amount of HOSl 

transcript in the high expression plants derived from the #4 line (Figure 3-lOD). 

DISCUSSION 

Low temperature is an important environmental signal for all living organisms. 

Two well-known plant physiological processes are associated with the low temperature 

cue, i.e. cold acclimation and vernalization. Cold acclimation refers to the phenomenon 

that plants from temperate regions gain freezing tolerance by pre-exposure to low non-

freezing temperatures (Thomashow, 1994; Guy, 1990). Vernalization is a plant-specific 

process whereby prolonged exposure to low temperature accelerates flowering (Chandler 

et al., 1996). HOSl is the only gene known to regulate both cold acclimation and 

vernalization (Ishitani et al., 1998). For cold acclimation, HOSl negatively regulates the 

expression of cold responsive genes that are known to contribute to cold acclimation. 

CBF/DREB transcription factor genes are induced by cold at higher levels in the hosl 

mutant (Figures 3-1 and 3-7). This is probably responsible for higher levels of cold-

induction of RD29A, COR47, CORI5A and KINI in the mutant because these later genes 

are controlled by the CBF/DREB transcription factors (Stockinger et al., 1997; Liu et al., 

1998). However, the hosl mutation seems to also affect genes outside the CBF regulon. 

This is suggested by the effect of hosl mutation on cold-induction of the alcohol 

dehydrogenase gene (Ishitani et al., 1998), which does not appear to be under control of 
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CBF transcription factors since its promoter is not known to contain the DRE/CRT 

element. These observations indicate that HOSI functions early in cold signal 

transduction. An early role of HOSI in cold signaling is consistent with its involvement 

in vernalization, i.e. FLC expression and flowering time control. 

Molecular cloning of HOSI revealed that it encodes a novel protein with a 

modified RING-fmger domain. The RING finger motif was first identified in the human 

Really Interesting New Gene I {RINGI) product (reviewed in Freemont, 2000). Several 

hundred proteins from diverse eukaryotes have been found to contain this motif or its 

variants. RBMG-finger proteins include some of the most important regulators of human 

diseases and various cellular signaling pathways, e.g. BRCAl, a product of a breast 

cancer-associated gene, the protooncogene products Cbl, BMI-1 and PML, the p53 

regulator MDM2 (reviewed in Joazeiro and Weissman, 2000; Jackson et al., 2000; 

Freemont, 2000). However, no specific function was ascribed to the RING finger until 

recently. In the past two years, a number of RING finger proteins have been found to 

have E3 ubiquitin ligase activities, i.e. they mediate the transfer of ubiquitin to 

heterologous substrates and/or to the RING finger protein themselves. The RING finger 

sequence of HOSI is most similar to those found in the family of anti-apoptotic 

molecules in animals known as LAPs (Figure 3-6). LAPs were recently shown to catalyze 

their own ubiquitination and this ubiquitination activity is dependent on the RING 

domain (Yang et al., 2000). 

It is now becoming abundantly clear that the stability of critical regulatory 

proteins in the cell is dynamically controlled in response to environmental or 
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developmental stimuli (Joazeiro and Weissman, 2000). Because protein degradation 

must be highly selective in order for the cell not to cannibalize itself, the substrate 

recognition step mediated by the RING finger E3 ubiquitin ligases is of critical 

importance. The existence of a large number of RING finger proteins may thus reflect 

the need to selectively target many different substrate proteins for degradation. 

No RING finger protein has been previously reported to function in low 

temperature signal transduction. Thus, our results provide the first evidence that a RING 

finger protein is also important in regulating gene transcription and plant development in 

response to cold environments. Future studies will determine whether HOSl can serve as 

an E3 ubiquitin ligase and what types of substrate proteins might be specifically targeted 

by HOS 1 for degradation. Because HOSl negatively regulates CBF transcript levels, it is 

tempting to speculate that HOS 1 might control the turnover of ICE, the proposed inducer 

of CBF expression (Thomashow, 1999). The Arabidopsis COP I is a well-known RING 

finger protein that negatively regulates light responsive gene expression and 

photomorphogenesis (Deng et al., 1992). It has been shown recently that COPl functions 

by controlling the degradation of HY5, a transcription factor that activates light-regulated 

gene expression (Osterlund et al., 2000). 

The analogy with COPl does not stop at the RING finger motif or negative 

regulation of gene transcription. The HOSl and COPl RING finger proteins both exhibit 

nucleo-cytoplasmic partitioning in response to environmental stimuli. COPl is localized 

in the nucleus in the dark and translocates to the cytoplasm in response to light signals 

(von Amim and Deng, 1994). HOSl accumulates in the nucleus in response to cold 
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environments (Figure 3-9). To our knowledge, HOSl represents the first example of 

cold-induced nucleo-cytoplasmic partitioning of proteins. Our findings provide a 

connection between cold-triggered cytoplasmic signaling and nuclear gene transcription. 

Two histidine kinases and a response regulator were recently shown to contribute to cold 

perception and signaling in the cyanobacterium Synechocyctis (Suzuki et al., 2000). It is 

known that the second messenger calcium and protein phosphorylation are involved in 

early events of cold signaling in plant cells (Monroy and Dhindsa, 199S; Knight et al., 

1996; Jonak et al., 1996; Monroy et al., 1998). How these cytoplasmic events relay the 

cold signal to the nucleus where cold-induced gene transcription occurs, is unknown. 

Perhaps the nucleo-cytoplasmic movement of HOSl contributes to the communication 

between the cytoplasm and the nucleus under cold conditions. 

It is a matter of speculation as to the mechanism of the nuclear accumulation of 

HOSl in response to cold treatment. There is a putative nuclear localization sequence in 

HOSl (Figure 3-5). Whether this sequence is required or sufficient for HOSl 

accumulation in the nucleus remains to be determined. It is possible that the nuclear 

translocation of HOSl is triggered by phosphorylation changes in this protein. 

Alternatively, HOSl maybe co-translocated to the nucleus by binding to another protein 

that is destined to accumulate in the nuclear compartment in response to cold treatments. 

It is interesting that HOSl transcript abundance is transiently down-regulated by 

cold shock (Figure 3-7). Since the genetic role of HOSJ is to attenuate cold signaling, 

perhaps the transient down-regulation of HOSl transcript is important to allow cellular 

cold signals to be amplified. Our observation that co-suppression of HOSl mimics hosl 
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mutant phenotypes (Figure 3-10) indicates an inverse correlation between HOSl 

transcript level and the expression of cold-responsive RD29A gene expression. It will be 

of interest to determine whether natural plant variations in the extent of cold acclimation 

and vernalization might be correlated with their expression levels of HOSI or its 

orthologs. 



101 

nCURE LEGENDS 

Figure 3-1. The CBF transcription factor genes are expressed at higher levels in hosl 

mutant plants in response to cold treatments. 

Total RNA (20 ^ig per lane) was isolated from wild type and hosl mutant seedlings 

treated with cold (0°C for the indicated time periods), ABA (100 ^M, 3 hrs), NaCl (300 

mM, 5 hrs) or PEG (30%, 5 hrs). The RNA blot was probed with ^^P-labeled RD29A. 

CBF2, CBF3 and actin cDNA probes. Actin was used as a loading control. 
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Figure 3-2. The early flowering phenotype and reduced expression of the vernalization 

regulator FLC in hosl mutant plants. (A) Flowering time of C24 wild type and hosl 

mutant plants with and without 2 or 4 weeks of vernalization treatment at 0°C. Flowering 

time is indicated by the total number of rosette leaves at time of flower bud emergence. 

Shown are the average and standard deviation (n = 15). (B) FLC expression. Total RNA 

(20 ^ig per lane) was isolated from wild type and hosl mutant seedlings grown in agar 

plates that were incubated at 0°C for 0,2 and 4 weeks. The tubulin gene was used as a 

loading control. 
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Figure 3-3. Positional cloning of the HOSl gene. 

(A) Physical mapping of HOSI. Genetic mapping delimited HOSl to the BAG clone 

T5I7. The hosi mutation was identified by sequencing and comparing all predicted genes 

on this BAG from hosI mutant and wild type plants. (B) Structure of HOSl and the 

position of the hosl mutation. Positions are relative to the initiation codon. Filled boxes 

indicate the open reading frame and lines between boxes indicate introns. The premature 

stop codon created by the hosl mutation is boxed. 
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Figure 3-4. Complementation of hosl mutant by the wild type HOSI gene. Ten day-old 

seedlings of wild type, hosl and homozygous T3 progenies of a hosl plant containing the 

wild type HOSI transgene (designated as hosl-^ HOSI) grown in agar medium were 

incubated at 0°C for 24 hrs before the bioluminescence image was taken. (A) A picture 

of wild type, hosl and T3 progenies oihosl plants containing HOSI complementation 

construct. (B) Bioluminescence image of plants shown in (A). (C) Quantitation of the 

luminescence intensities in (B). 
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Figure 3-5. The HOSl cDNA sequence and the conceptual translational product of its 

longest ORF (GenBank accession number AAB87130). The RING finger domain is 

underlined, while a putative nuclear localization signal is double underlined. 
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Figure 3-6. Alignment of the RING finger domain of HOSl with those of animal lAPs. . 

Amino-acid residues in black indicate identical matches and those in gray indicate 

conserved substitutions. The conserved Cys and His residues of the RING finger are 

indicated by asterisk marks. A missing Cys residue in HOS1 is indicated by a question 

mark. GeneBank accession numbers for various LAPs are as follows: Human LAP, 

AAC83232; Pig LAP, AAC39271; Mouse L\P, AAC42078; Rat lAP, AAG22971; 

HOSl, AAB87130. 
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Figure 3-7. HOSl transcript levels in wild type and hosi mutant plants subjected to 

various stress treatments. 

Three week-old wild type and hosl mutant seedlings were incubated at 0°C for 0, 10 min, 

30 min, 1 hr, 3 hr, 6 hr, 12 hr, 24 hr or 48 hr. Seedlings were also treated with ABA (100 

|iM, 3 hrs) (A), NaCl (300 mM, 5 hrs) (N) and PEG (30%, 5 hrs) (P). Total RNA was 

extracted and 20 jig RNA was loaded into each lane. The blots were hybridized with ^^P-

labeled HOSl, RD29A, CBF2 and B-tubulin cDNA probes. B-tubulin gene was used as a 

loading control. 
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Figure 3-8. Ubiquitous expression of HOSl in Arabidopsis seedlings. 

Fifteen-day-old transgenic plants containing HOSl promoter-GUS construct were 

analyzed for GUS expression. (A) Whole seedling, (B) roots, (C) leaf, and (D) close-up 

of part of a leaf. 
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Figure 3-9. Cold treatment alters HOSl-GFP localization in Arabidopsis seedlings. (A) 

Cytoplasmic localization of HOSl-GFP fusion protein in root cells without cold 

treatment. Ten-day-old T2 seedlings containing HOSl-GFP translational fusion construct 

grown on MS agar plate in the dark were analyzed for GFP expression under confocal 

microscope. Arrow points to a cell with strong cytoplasmic green fluorescence. (B) 

Nuclear localization of HOSl-GFP after cold treatment. Seedlings were incubated at 0°C 

for 48 hrs before GFP analysis. The spots emitting green fluorescence correspond to 

nuclei as conflrmed by propidium iodide staining (red stain in insert). Arrows point to 

nuclei. (C) Those cells expressing strong cytoplasmic GFP at normal growth 

temperatures show strong nuclear GFP after cold treatment. Arrows point to nuclei. (D) 

Cells in (C) were stained with propidium iodide. Arrows point to nuclei. (E) and (F) 

Cytoplasmic GFP localization in the roots of transgenic Arabidopsis expressing an acidic 

ribosomal protein-GFP ftision (Cutler et al., 2000) either before (E) or after 48 hrs of cold 

treatment (F). 
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Figure 3-10. Ectopic expression of HOSl causes silencing of HOSl expression and 

mimics the hosl mutant phenotypes. Ten day-old seedlings of wild type (WT), hosl and 

T2 progenies of a wild type plant containing 35S-HOS1 construct (designated as line #4) 

were incubated at 0°C for 24 hrs before the bioluminescence image was taken. (A) 

Picture of wild-type, hosJ and T2 progenies of transgenic line #4. (B) Bioluminescence 

image of plants in (A). (C) Quantitation of the luminescence intensities in (B). Shown 

are the averages and standard deviations (n = 15). T2 progenies of the #4 line were 

segregated into 2 groups which are designated as #4-high and #4-low, corresponding to 

those exhibiting high expression and low expression of RD29A-LUC, respectively. (D) 

Reduced HOSl transcript abundance in the #4 co-suppression plants, as determined by 

quantitative RT-PCR. 
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INTRODUCTION 

Low temperature is an important environmental factor influencing plant growth 

and development. Some plants can cold acclimate, i.e., their fireezing tolerance can be 

increased by being exposed to low but non-freezing temperatures (Levitt, 1980). Cold-

regulated gene expression is a critical aspect of cold acclimation. Low temperatures 

induce the expression of a diverse array of plant genes, many of which are known as COR 

(for cold regulated), KIN (for cold induced), LTI (for low temperature induced) or RD (for 

responsive to dessication) genes. Some of the gene products have been shown to 

functionally contribute to freezing tolerance. For example, the chloroplastic C0R15A 

protein acts as a cryoprotectant by stablizing membranes against freezing injury 

(Steponkus et al., 1998). 

Substantial progress has been made towards understanding the transcriptional 

regulation of cold-responsive genes. Many of these genes have in their promoters one or 

several copies of the DRE/CRT cis-element, which has the core sequence CCGAC 

(Yamaguchi-Shinozaki and Shinozaki, 1994; Stockinger et al., 1997). A small family of 

transcription factors known as CBFs or DREBIs (Stockinger et al., 1997) binds to this 

element and activates transcription of the downstream COR/RD/KIN/LTI genes. 

Interestingly, the CBF/DREBl genes are themselves induced by low temperatures, and 

this induction is transient and precedes that of downstream cold-regulated genes with the 

D/?£/C^r cis-element (Medina et al., 1999). Therefore, there is a transcriptional cascade 

leading to the expression of the DRE/CRT class of genes under cold stress. Ectopic 
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expression of CBFs/DREBJs in plants turns on downstream cold-responsive genes even 

at warm temperatures (Jagglo-Ottosen et al., 1998). In transgenic Arabidopsis plants 

ectopically expressing CBF3, higher levels of proline and soluble sugars were found, 

which correlates with increased freezing tolerance (Gilmour et al., 2000). 

CBFI physically interacts with a histone acetyltransferase and a putative 

transcriptional adaptor protein (Stockinger et al., 2001). Recently, a negative regulator of 

cold-induced CflF expression was cloned (Lee et al., 2001). This regulator, HOSl, was 

identified in a genetic screen for Arabidopsis mutants with de-regulated RD29A 

expression (Ishitani et al., 1998). In homozygous recessive hosl mutant plants, cold-

induction of RD29A and its upstream regulators, CBFs, is enhanced. HOSJ encodes a 

variant RING-finger that exists in the cytoplasm at warm temperatures but appears in the 

nucleus when plants are incubated in the cold (Lee et al., 2001). Since some RING-finger 

proteins can serve as ubiquitin E3 ligases that help degrade specific target proteins, HOSl 

has been proposed to function by targeting the transcriptional activator of CBFs for 

degradation. 

In order to have a better understanding of cold sensing and signaling in plants, 

more regulatory components need to be identified. We report here the characterization 

and cloning of a mutation, los2, which specifically impairs cold-induced transcript 

accumulation of stress genes. L0S2 is also critical for cold acclimation, and for chilling 

resistance under some conditions. LOS2 encodes an enolase (2-phospho-D-glycerate 

hydrolase, EC 4.2.1.11) that converts 2-phosphoglycerate to phosphoenolpyruvate in the 

glycolytic pathway. In animal cells, part of the enolase protein has been shown to bind to 
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the promoter element of the c-myc gene and to repress c-myc expression (Feo et al., 2000; 

Subramanian et al., 2000). The L0S2 protein can bind to the c-myc promoter as well as 

to the promoter of the zinc finger STZ/ZATIO from Arabidopsis. STZ/ZATIO expression 

is rapidly and transiently induced by cold in wild type plants, and the induction is 

significantly enhanced and prolonged by the los2 mutation. These results suggest that 

LOS2 has a direct regulatory function in controlling gene expression under low 

temperature stress. 
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MATERIALS AND METHODS 

Mutant isolation, luminescence imaging and plant growth 

Mutant screening, procedures for stress treatment and bioluminescence imaging, 

and conditions for growing plants in soil were described previously (Ishitani et al., 1997; 

Lee et al., 2001). 

RNA analysis 

Two-week old wild type and mutant plants grown on standard 0.6% agar medium 

containing Murashige and Skoog salt supplemented with 3% sucrose were treated with 

either low temperature, ABA, NaCl or PEG. Whole seedlings (-0.3 g) were 

homogenized and total RNA was extracted as described (Lee et al., 2001). Gene specific 

DNA probes were as described (Ishitani et al., 1998; Lee et al., 2001). For the A9-

desaturase gene, a full-length cDNA was used as the probe. 

Grafting experiment 

The hypocotyls of one-week-old seedlings grown vertically on MS-agar plates 

were excised with micro-dissecting scissors (Fisher Scientific) under a dissecting 

microscope, and wild type or mutant shoots were carefully placed on top of mutant or 

wild type roots, respectively. The re-connected seedlings were incubated in sealed agar 

plates in order to heal under high humidity. Since the rate of success grafting was very 

low (-5%), a large number of seedlings were used. Successfully grafted seedlings were 

transferred to soil and grown to rosette stage for the examination of chilling sensitivity. 
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Electrolyte leakage and Freezing tolerance assays 

Electrolyte leakage assay was carried out as described (Ishitani et al., 1998). 

Freezing tolerance assay was carried out as described by Xin et al (1998). Briefly, 

seedlings were grown in a standard 0.6 % agar medium for 2 weeks under continuous 

light. Plates with seedlings were placed in a freezing chamber set to -1°C and treated for 

16 h prior to decreasing the temperature at 1°C per hour. Freezing was initiated by the 

addition of ice chips to the plates. Plates were removed at desired temperatures and 

placed at 4''C overnight for thawing. After recovery for 2 days, the number of survived 

plants was scored. For cold acclimation, plates were incubated at 4°C in the dark for 2 

days before the freezing treatment. 

Genetic mapping and cloning of L0S2 

For genetic mapping of the los2 mutation, los2 mutant of the Arabidopsis C24 

ecotype was crossed with wild-type plants of the Columbia ecotype. A total of 4,563 

homozygous los2 mutants were chosen from the segregating Fa population with the 

phenotype of low expression of RD29A-LUC after cold treatment. Genetic mapping was 

carried out as described (Lee et al., 2001). 

For los2 complementation analysis, a genomic fragment containing the enolase 

ORP plus 886 bps of upstream sequence and 1386 bps of downstream sequence was 

digested with EcoRl and Sad and inserted into the binary vector pCAMBLA 1200. The 

resulting plasmid was transferred to los2 mutant via Agrobacterium-medidLieA 
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transformation. Forty-five hygromycin-resistant Ti transformants were selected and 

seedlings of T2 and T3 progenies were subjected to cold treatment and luminescence 

images were taken. In addition, all of the forty-five transgenic los2 plants expressing the 

wild type FlOl 1.16 transgene were exposed to 4°C under light for a week to test the 

complementation of chilling sensitive phenotype of los2 plants. 

For the L0S2-GUS construct, a L0S2 promoter region fi-om -1055 to -1 (relative 

to the ATG start codon) was amplified and inserted into Sal \-Sma 1 sites of the binary 

vector pCAMBIA1391Z. The plasmid was transferred to wild type C24 plants. Twenty-

five hygromycin-resistant TI transformants were selected and seedlings of T2 progenies 

were stained with X-Gluc for 15 h as described (Lee et al., 2001). 

Expression of LOS2-GFP fusion protein 

Wild type L0S2 cDNA was amplified by reverse transcriptase-PCR and inserted 

into the Nco I site of the binary vector pCAMBIA1200/35SP/GFP. Forty lines of 

hygromycin-resistant Ti transformants were selected and their segregating T2 progenies 

were examined for OFF expression (Lee et al., 2001). 

Enoiase activity assay and immunobiot analysis 

The wild type and mutant L0S2 cDNAs were amplified by reverse transcriptase-

PCR and inserted into the Nco I site of the expression vector pET14b. The plasmids were 

transferred to E.coJi cells (BL21 DE3, Codon Plus). Expression of His-LOS2 fusion 

protein was induced by the addition of isopropyl-P-D-thiogalactoside to a final 
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concentration of 1.5 mM. Purification of wild type and mutant His-L0S2 protein was 

performed according to the manufactiu'er's instructions (His-Bind Buffer Kit, Novagen, 

WI, USA). Enoiase activity assay and immunoblot analysis were as described (Van Der 

Straeten et al.,1991). 

DNA binding assay 

Electrophoresis mobility shift assay (EMSA) was carried out as described (Hao et 

al 1998). The following double-stranded oligonucleotides were used for probes and 

competitors in EMS As. Human c-myc: 5'-GGAGGGATCGCGCTGAGTATAAAAGCC 

GGTTTCGG-3' (Ray and Miller 1991), ZATIO: 5'-GGTCTTGACGCGTTAT 

ATAAAATCCGTATTA-3', m-ZATlO: 5' -GGAGGTCATATGGCGCGCCCC 

GAATGCGG-3'. These probes were end-labeled with [a-^^P]dCTP by Klenow fragment 

and purified through a Sephadex G-50 column. The labeled probes were incubated with 

5 jig of purified His-L0S2 fusion protein in IX binding buffer (Hao et al 1998) 

supplemented with 20 pmol poly(dI-dC) for 20 min at room temperature. The resulting 

DNA-protein complexes were resolved by electrophoresis on a 6% polyacrylamide gel in 

0.5X TBE buffer and visualized by autoradiography. For competition experiments, 

unlabeled competitors were incubated with the His-LOS2 fusion protein on ice for 30 min 

prior to adding labeled probes. 
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Transient expression assay 

For reporter gene construct, a fragment containing -646 to - I upstream of 

transcription start site of the RD29A gene was fused transcriptionally to the firefly 

luciferase gene {LUC) (Promega). A plasmid for the expression of STZ/ZATIO was 

constructed as follows. CaMV 35S promoter and GUS reporter gene in pBI221was 

replaced by 2 X CaMV 35S promoter to generate 2 X 35S-Nos. The cDNA for 

STZ/ZATIO was amplified by polymerase chain reaction (PCR) and digested with Sail 

and inserted into Smal and Sail sites of 2 X 35S-Nos. Plasmid DNA was delivered to 

Arabidopsis leaves using particle bombardment (Ohta et al 2001). 

RESULTS 

Identification of the L0S2 locus 

To facilitate genetic dissection of cold signaling, we previously constructed 

Arabidopsis plants that emit bioluminescence in response to cold temperatures. The 

plants express the firefly luciferase reporter gene {LUC) under control of the RD29A 

promoter, which contains the cold- and osmotic stress-responsive DRE/CRTelement and 

the ABA-responsive ABRE element (Ishitani et al., 1997). The RD29A-LUC plants 

(referred herein as wild type) were mutagenized by ethylmethane sulfonate and mutants 

with aberrant luminescence responses were screened from the resulting M2 population by 

luminescence imaging using a cooled CCD camera (Ishitani et al., 1997). 
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One mutant, designated as los2, shows a substantially reduced luminescence 

response specifically under cold stress, and was chosen for detailed characterization. 

Figure 4-1A shows the RD29A-LUC transgene expression phenotype of los2 and wild 

type plants when treated with cold, ABA, NaCl or PEG. Wild type and mutant plants 

were grown on the same agar plate and bioluminescence images were taken after 

respective stress treatments. Without stress treatment, no RD29A-LUC expression was 

detected in either the wild type or los2 plants (data not shown). In response to cold 

treatment for 24 hrs, wild type plants showed strong luminescence emission. In contrast, 

luminescence emission from cold-treated los2 plants was very weak (Figure 4-1 A(b)). 

ABA, NaCl or PEG treatment induced similar levels of luminescence in wild type and 

los2 plants (Figures 4-1 A(c), (e), and (0). These luminescence images indicate that the 

los2 defect in RD29A-LUC expression is specific to cold stress. A quantification of the 

luminescence shows clearly that RD29A-LUC expression in los2 is virtually non-

responsive to cold, but is still fully responsive to ABA, NaCl or PEG. The cold-induced 

luminescence was 9.2 times lower in los2 compared to the wild type (Figure 4-IB). 

To test whether los2 plants display similarly reduced expression of the RD29A-

LUC transgene at different time points of cold treatment, ten-day-old seedlings on agar 

plates were cold-treated for 0,6, 12, 24 or 48 hrs and then used for luminescence 

imaging. As shown in Figure 4-lC, the luminescence intensity of wild type plants 

increased quickly in response to cold treatment, and reached a peak level after 24 hrs of 

cold treatment. In los2 plants, the luminescence intensity was very low throughout the 

time course of cold treatment. 
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To test the dominance of the los2 mutation, Fi plants were obtained by 

backcrossing los2 plants with the wild type. All Fi plants exhibited the wild type 

phenotype of luminescence expression in response to cold treatment (data not shown). 

The F? progeny of the selfed Fi showed an approximately 3:1 segregation for WT/mutant, 

when imaged for luminescence after cold treatment (data not shown). These results 

indicate that los2 is a recessive mutation in a single nuclear gene. 

los2 blocks cold inductioD of COR/KIN/RD/LTI but not CBF genes 

RNA blot analysis was carried out to determine the impact of los2 mutation on the 

transcript levels of stress responsive genes. The endogenous RD29A transcript level was 

greatly induced in the wild type plants but this induction was lower in los2 mutant plants 

(Figure 4-2A). Induction of RD29A transcript by ABA, NaCl or PEG treatment was not 

affected by the los2 mutation (Figure 4-2A). The effect of los2 on the cold-induction of 

endogenous RD29A is less dramatic compared to the effect on RD29A-LUC. This is 

likely because that the RD29A-LUC transgene contains only part of the RD29A promoter 

(a fragment containing -646 to - I upstream of transcription start site), and there may be 

additional unknown regulatory elements in the endogenous RD29A promoter or even in 

the un-translated regions or introns of the endogenous RD29A gene. The difference 

between RD29A-LUC and endogenous RD29A expression levels has also been noticed in 

other mutants such as in hosl (Ishitani et al., 1998). 

In contrast to the reduction of cold activation of RD29A expression, the los2 

mutation virtually blocked the cold induction of luciferase, C0R15A, COR47, KIN, and 
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ADH (alcohol dehydrogenase) genes (Figure 4-2B). As with the induction of RD29A, 

induction of luciferase, C0RI5A, COR47. KIN and ADHhy ABA, NaCl or PEG was not 

significantly affected or not at all affected by the los2 mutation. 

The CBF/DREBl transcription factor genes are induced specifically by cold 

treatment. We compared the expression of one of them, CBF2, in wild type and los2 

plants (Figure 4-2B). The los2 mutation had no effect on the cold regulation of CBF2, 

implying that L0S2 does not function upstream of the CBF genes. 

Membrane fluidity is an important determining factor for cell adaptation to both 

high and low temperature stresses (Levitt, 1980). Plants are known to increase in 

polyunsaturated phospholipids to maintain proper membrane fluidity under cold stress 

(Miquel et al., 1993). We determined the expression of one of the desaturase genes, A 9-

desaturase. The result shows that this desaturase gene expression was highly induced by 

cold stress in the wild type (Figure 2B). The induction was much diminished in los2 

mutant plants, indicating that polyunsaturation of memebrane phospholipids may not 

occur in los2 in response to cold stress. 

The compatible osmolyte, proline, plays an important role in fi-eezing tolerance 

(Delauney et al., 1993). The P5CS gene encodes the rate-limiting enzyme, A'-pyrroline-

5-carboxylate synthetase, in proline biosynthesis. P5CS expression was slightly induced 

by cold treatment, and this induction was not affected by the los2 mutation. Curiously, 

P5CS induction by NaCl appeared to be reduced whereas its induction by PEG was 

enhanced in the los2 mutant (Figure 4-2B). 
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los2 mutant plants are chilling-sensitive in the light but not in the dark 

Unless indicated otherwise, all our cold treatments were carried out in the dark. 

Under the dark cold treatments as well as under normal growth temperatures, los2 plants 

behaved just like the wild type plants, and no visible phenotypic changes could be 

detected. However, when los2 mutant plants were incubated in the cold under light, a 

striking phenotype was observed: the mutant plants wilted. The wilting of los2 plants 

first became visible at the leaf tips after two days at 4°C and under light. After one week, 

the mutant leaves were entirely desiccated but maintained their green color (Figure 4-

3A(b)). With prolonged cold and light exposure, los2 plants became bleached and dead 

(Figure 4-3A(d)). In comparison, the vigor and survival of wild type plants were not 

visibly affected by even prolonged cold and light treatment. 

The wilting of los2 plants in response to cold and light treatment appeared to be a 

result of water deficit because no wilting occurred when the plants were covered with a 

plastic film (data not shown). However, the mutant plants did not lose more water than 

the wild type plants in the cold (in the light) or at normal growth temperatures (data not 

shown). Furthermore, the wilting occurred regardless of the amount of water supplied to 

the roots. We hypothesized that the cold-induced wilty phenotype of los2 plants may be 

caused by impaired water absorption or conduction by the roots. It has been well 

documented that some chilling sensitive plants such as mung bean and tomato experience 

a sharp decrease in root hydraulic conductance and subsequent wilting, when they are 

exposed to chilling temperatures (Markhart et al., 1979; Bagnall et al., 1983). 
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We performed a series of grafting experiments to test the "water 

absorption/conduction" hypothesis. The results show that wilting occurred when the 

grafted plants had los2 shoots, but no wilting occurred when the grafted plants had wild 

type shoots, regardless of the root genotypes (Figure 4-3 A(g)-(j)). Because the wilting 

phenotype has nothing to do with the root genotype, the results clearly reject the "water 

absorption/conduction" hypothesis. 

Since los2 mutant plants show light dependent chilling sensitivity, we performed 

experiments to determine whether the effect of the mutation on cold responsive gene 

expression is also light dependent. Luminescence imaging showed that reduced cold 

induction of RD29A-LUC expression in los2 seedlings occurred in either light or dark 

conditions (data not shown). RNA blot analysis revealed that cold induced expression of 

RD29A. COR15A and COR47 was diminished by the los2 mutation in either light or dark 

conditions (data not shown). In contrast, cold induced CBF2 expression in either light or 

dark conditions was not reduced by the los2 mutation (data not shown). These results 

demonstrate that although los2 plants show light dependent chilling sensitivity, the effect 

of the mutation on cold-responsive gene expression is not dependent on light. 

Chilling-induced cell death and freezing sensitivity in los2 mutant plants 

We attempted to examine the effect of cold acclimation on the freezing tolerance 

of los2 plants. Wild type and los2 plants were treated at 4°C under light for two days, and 

covered with plastic films to avoid the wilting of the mutant. The leaves were then 

excised and subjected to a standard electrolyte leakage assay (Ishitani et al., 1998). As 
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expected, the wild type plants showed an increase in freezing tolerance and a decrease in 

electrolyte leakage, in response to the cold acclimation treatment (Figure 4-4A). 

Surprisingly, los2 leaves showed a dramatic increase in electrolyte leakage after the cold 

acclimation treatment (Figure 4-4A). The results suggest that los2 cell membranes 

became leaky when the mutant plants were exposed to cold and light, consistent with the 

chilling sensitive phenotype. 

The los2 leaves that were treated for 2 days at 4°C under light (under plastic film 

cover to prevent wilting) were examined under transmission electron microscope. Under 

the electron microscope, los2 mesophyll cells were found to have disintegrated cell 

membranes (Figure 4-4B). Membrane blebbing was prevalent in los2 cells. These 

cytological changes indicate that the cold and light treatment induced cell death in los2 

leaves. 

In order to avoid chilling sensitivity during cold acclimation treatment, wild type 

and los2 plants were incubated for two days at 4°C in the dark. The method of Xin and 

Browse (1998) was then used to determine cold-induced freezing tolerance. Without cold 

acclimation treatment, wild type and los2 plants had the same level of freezing tolerance 

(Figure 4-3B). For example, both the wild type and los2 mutant survived -4°C freezing 

but neither survived -8°C freezing (Figure 4-3B). However, after the two-day cold 

acclimation treatment in the dark, wild type plants became substantially more tolerant to 

freezing than los2 plants (Figure 4-3B). Most of the Ios2 plants did not survive freezing 

at -8°C. On the contrary, approximately 81% of the wild type plants survived the -8°C 

freezing. Even after freezing at -10°C, approximately 43.5% of the wild type plants 
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survived (Figure 4-3C). The data indicate that los2 mutant plants are defective in cold 

acclimation. 

Positional cloning reveals that LOS2 encodes an enolase 

To genetically map the L0S2 gene, los2 plants in the C24 ecotype were crossed 

with wild type plants of the Columbia ecotype. The resulting Fi plants were selfed and 

the Fa progenies were planted and grown on MS agar plates for 10 days. Luminescence 

images of plants after 24 hr cold treatment were obtained to select homozygous los2 

plants for genetic mapping. Representative molecular markers that cover five 

Arabidopsis chromosomes were surveyed and the L0S2 gene was located to chromosome 

H. Further mapping positioned LOS2 to the lower arm of chromosome 2, north of 

ngal68. More refined mapping delimited L0S2 to a region covered by 10 BAC clones 

T20F21, Fl 1F19, F9C22, F2H17, FlOl 1, F13K3, TIJ8, T2N18, F3G5 and F13M22 

(Figure 4-5A). For the fine mapping, simple sequence repeats were identified from the 

BAC sequences and polymerase chain reaction (PCR) primer pairs were designed to 

amplify selected repeats to identify SSLP (Simple Sequence Length Polymorphism) 

markers. Also, sequence polymorphisms between Col and C24 ecotypes identified during 

candidate gene sequencing to find a los2 mutation were utilized to develop molecular 

markers (see materials and methods section for detail). In summary, with a total of 4563 

los2 plants, the los2 mutation was delimited to an approximately 28 Kb region between 

the FlOl 1.12 and FlOl 1.20 markers (Figure 4-5A). There are 7 predicted open reading 

fi-ames (ORFs) in this region. All genomic DNA in this region including the 7 ORFs 
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were amplified from the wild type C24 and los2 mutant plants and sequenced. This 

sequence analysis revealed a single G to A mutation in the F1011.16 gene that encodes 

an enolase (Van Der Straeten et al., 1991). The mutation would result in the substitution 

of Gly^^^ by Serine in the los2 mutant. 

To confirm that FlOl 1.16 is the L0S2 gene, the FlOl 1 BAC clone was digested 

with restriction enzymes EcoRX and Sac I, which yielded a 5157 bp fi-agment containing 

the enolase ORE plus 886 bps upstream of ATG and 1386 bps downstream of the stop 

codon. The enolase fragment was cloned into the binary vector pCAMBIA 1200 and 

introduced into los2 mutant plants via Agrobacterium-mediated transformation. Forty-

five hygromycin-resistant individuals were selected, and their T2 and T3 progenies were 

subjected to complementation analysis with luminescence imaging. One representative 

line in the T3 generation was chosen to illustrate its luminescence response to cold 

treatment. The result is presented in Figure 4-5B, which shows that the FlOl 1.16 gene 

complemented the luminescence phenotype of los2 mutant plants. In addition, all of the 

forty-five transgenic los2 plants expressing the wild type FlOl 1.16 transgene were 

exposed to 4°C under light for a week. None of the transgenic plants wilted, proving that 

the FlOl 1.16 gene also complemented the chilling sensitive phenotype of los2 mutant. 

Transcript of the L0S2 gene was constitutively present in Arabidopsis seedlings 

(Figure 4-7A). The transcript level appeared to be slightly up-regulated in response to 

cold treatment. The los2 mutation did not alter this pattern of LOS2 transcript expression 

(Figure 4-7A). We fused the LOS2 promoter region (-1055 to -1 from ATG) to the a-

glucuronidase reporter gene (GUS), and the resulting construct was introduced into wild-
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type Arabidopsis plants. GUS expression was detected in all plant tissues examined 

(Figure 4-7B). The L0S2 protein level was also slightly up-regulated by cold treatments 

(Figure 4-7C). L0S2 protein was present in los2 mutant seedlings, but the level appeared 

to decline after a two-day cold treatment (Figure 4-7C). 

The los2 mutation reduces enolase activity at botii cold and warm temperatures 

Both the wild type and mutant LOS2 open reading frames were expressed in 

bacteria to produce recombinant enolase proteins. In vitro assays carried out at 22°C 

showed that the wild type L0S2 protein had a high enolase activity. In comparison, the 

los2 mutant protein had a significantly reduced activity at 22°C (Figure 4-7D). When the 

assays were carried out at 0°C, both the wild type and mutant proteins displayed much 

lower activities. 

At 22°C, tissue extracts from los2 mutant also had a significantly lower activity 

compared to that from wild type plants (Figure 4-7D). At 0°C, tissue extracts from both 

wild type and los2 mutant plants had low activities, and the difference between the wild 

type and los2 plants was reduced (Figure 4-7D). These results show that L0S2 is indeed 

an enolase, and the los2 mutation disrupts the enolase activity at both warm and cold 

temperatures. Therefore, the los2 mutation is not a cold-sensitive allele of LOS2. The 

fact that los2 tissue extracts had a much lower activity compared to the wild type extracts 

suggests L0S2 as the major contributor to enolase activity in Arabidopsis. 

LOS2-GFP fusion protein is targeted to the nucleus as well as cytoplasm 
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Enolase has been implicated as a multifunctional protein in animals and fungi. 

For example, in human cells, part of the enolase has been identified as MBPl that binds 

to the c-myc promoter and represses c-myc gene expression (Ray and Miller 1991; Ghosh 

et al. 1999a; Feo et al., 2000). MBPl is an alternatively translated form of enolase that 

simply lacks the first 93 amino acid residues (Feo et al., 2000; Subramanian et al., 2000; 

Figure 4-6). As a glycolytic enzyme, enolase is localized in the cytoplasm. As a 

transcription factor, MBPl is localized in the nucleus (Feo et al., 2000). 

To examine the localization of L0S2 protein, the green fluorescence marker 

(GFP) was fused in frame to the C terminus of L0S2, and the fusion protein expressed in 

Arabidopsis plants under the CaMV 35S promoter. Fifteen independent T i lines were 

selected and examined for GFP expression. Undoubtedly, GFP expression was detected 

in the cytoplasm (Figure 4-8A). However, GFP was also clearly detected in the nucleus 

(Figure 4-8A). The nuclear GFP expression was detected at both cold and normal growth 

temperatures (Figure 4-8A). GFP fusion with several truncated versions of L0S2 (e.g. 

starting with Met-93 or Met-187) gave similar localization patterns (data not shown). 

LOS2 binds to the promoter and down-regulates the expression olZATlO, an early 

cold-responsive gene encoding a transcriptional repressor 

Human a-enolase (ENOl) has been shown to bind to c-myc promoter and acts as 

a negative regulator of c-myc gene (Ray and Miller 1991; Ghosh et al. 1999a). 

Comparison of L0S2 and human ENOl sequences revealed that the putative DNA 

binding and repression domains are conserved in L0S2 (Figure 4-6), suggesting that 
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L0S2 may also be capable of binding to certain DNA sequence, perhaps sequences 

similar to the animal c-myc promoter element. To address this possibility, we performed 

electrophoretic mobility shift assay (EMSA) using His-L0S2 ftision protein. As shown 

in Figure 4-8B, several DNA-shifted bands were observed with a DNA probe containing 

the human enolase binding site in the c-myc promoter. The binding of L0S2 to the 

labeled human c-myc probe was competed ofFby unlabeled cold c-myc probe but not by a 

1000-fold excess of poly (dl-dC), indicating specificity of the L0S2-DNA interaction 

(Figure 4-8B). 

Since no c-myc homolog is present in Arabidopsis, other genes might be targets 

for L0S2. The C-terminal region of L0S2 is very similar to that of human enolase 

(Figure 4-6), which serves as a repression domain (Ghosh et al. 1999a). To identify 

possible target genes of L0S2, we surveyed the promoter sequences of Arabidopsis genes 

encoding putative transcriptional repressors. We found that the region from -774 to -748 

upstream of translation initiation site of STZ/ZATIO, which encodes a putative 

transcriptional repressor (Ohta et al., 2001), has similarity with the enolase/MBPl 

binding sequence in the human c-myc promoter (Figure 8D). As shown in Figure 4-8C, 

L0S2 also was capable of binding to this STZ/ZATIO promoter fragment (-775 to -747). 

Competition experiments with mutated STZ/ZATIO ^xovaoXcr fragment confirmed specific 

binding of LOS2 to this sequence. Mutant los2 protein could also bind to the fragment (-

775 to -747) (Figure 4-8C). 

RNA blot analysis showed that STZ/ZATIO expression was rapidly and transiently 

induced by cold stress in the wild type, whereas in los2 mutant, the cold induction was 
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stronger and more sustained (Figure 4-8E). These results suggest that L0S2 negatively 

regulates the expression of STZ/ZATIO by binding to its promoter. 

To examine whether STZ/ZATIO represses the expression of the RD29A gene, 

transient expression assays were performed in Arabidopsis leaves. The RD29A-LUC 

transgene, containing an upstream sequence (-646 to -1 from transcription start site) of 

the RD29A gene fused to a luciferase (LUC) reporter gene was delivered into Arabidopsis 

leaves by particle bombardment. When the effector plasmid containing the STZ/ZATIO 

under the control of Cauliflower Mosaic virus (CaMV) 35S promoter (Figure 4-9A) was 

co-transfected with RD29A-LUC. the LUC activity was reduced to approximately 30% 

(Figure 4-9B). This observation suggests that STZ/ZATIO represses the expression of the 

RD29A gene. 

DISCUSSION 

In the present study, we identified and cloned L0S2, a positive regulator of cold 

responsive gene transcription. We identified the los2 mutant by its reduced expression of 

the RD29A-LUC transgene under cold treatment. Normal responses of los2 plants to 

ABA, salt and PEG indicate that los2 has a specific defect in cold signaling. Besides its 

effect on the RD29A-LUC transgene, los2 also specifically impairs cold regulated 

expression of the endogenous COR/KIN/RD/LTI genes. The COR/KIN/RD/LTI genes are 

regulated by cold through the CRT/DRE element in their promoters (Thomashow, 1999). 

CBF transcription factors bind to the CRT/DRE sequence and activate COR/KIN/RD/LTI 

expression. However, no difference was detected in the expression of CBF genes 
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between wild type and los2 plants (Figure 4-2B). These results suggest that L0S2 has a 

function downstream of the CBF transcription factors or is required directly or indirectly 

for CBF activation of the COR/KIN/RD/LTI genes. The effect of los2 on 

COR/KIN/RD/LTI but not CBF genes is similar to that of sfr6, the only other Arabidopsis 

mutation known to reduce cold induction of genes (Knight et al., 1999). However, the 

effect of sfr6 is not cold specific because the mutation also blocks osmotic stress or ABA 

induction of the COR/KIN/RD/LTI genes (Knight et al., 1999). 

LOS2 is not only critical for freezing tolerance, it is also important for chilling 

resistance. In the light, los2 mutant plants are chilling sensitive. The chilling sensitivity 

is a consequence of cold and light induced cell death. The molecular basis of the induced 

cell death is unclear. It may be caused by metabolic imbalance because the los2 mutation 

disrupts enolase activity. It may also have to do with the defective gene regulaiton in los2 

mutant. As shown in Figure 4-2B, the transcript level of a desaturase gene is induced by 

cold in the wild type but this induction is greatly decreased in los2. Membrane fluidity is 

an important factor for plant survival under cold temperatures (Levitt, 1980). The defect 

in the desaturase gene induction may contribute to the chilling sensitivity of los2 plants. 

Interestingly, los2 plants are not chilling sensitive in the dark, although los2 plants are 

impaired in cold responsive gene expression in both light and dark. These observations 

suggest that the chilling sensitivity of los2 plants in the light may also be related to 

metabolic imbalance caused by photosynthesis. Alternatively, the chilling sensitivity may 

be a manifestation of programmed cell death. A connection between human enolase to 

apoptosis has been demonstrated before. Part of human enolase, MBPl, when transfected 
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into fibroblast cells, caused rapid cell death (Ray, 1995a). The cold-and light-induced 

cell death in los2 mutant plants has some halbnarks of programmed cell death, e.g. cell 

shrinkage, membrane blebbing (Figure 4-4B), nuclear condensation and DNA 

fragmentation (data not shown). Therefore, it is possible that the chilling sensitive 

phenotype of /os2 is a result of programmed cell death caused by the interplay between 

defective gene regulation, and cold and light signals. 

The /os2 mutation was found in an enolase gene that converts 2-phosphoglycerate 

to phosphoenolpyruvate in the glycolytic pathway. This enolase gene was able to 

complement the /os2 mutant phenotypes (Figure 4-5B). LOS2 transcript can be detected 

at normal growth temperatures and cold treatment enhanced transcript accumulation in 

both wild type and /os2 plants. Since a CCGAC core sequence of CRT/DRE is found in 

±e enolase gene promoter, it is possible that CBFl/DREB 1 may regulate the expression 

of enolase under cold stress. 

Interestingly, MBPl, part of a-enolase from human, was shown to be targeted to 

the nucleus and binds to the c-myc promoter (Feo et al., 2000). MBPl binds just 5' to the 

P2 TATA motif and negatively regulates the expression of c-myc by preventing TATA-

binding protein (TBP) from binding to the TATA motif (Ray and Miller 1991). In 

addition to the inhibition of TBP binding, MBPl has active repression domains in both its 

N-terminal and C-terminal regions (Ghosh et al. 1999a; Figure 7). The active repression 

may be partly mediated through interaction with histone deacetyiase (HDAC) (Ghosh et 

al. 1999b). Consistent with these results on c-myc repression, transfection of human 

breast carcinoma cells with the MBPl cDNA inhibits tumor formation (Ray et al. 1995b). 
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We suspected that LOS2/enolase might have a similar function as a transcriptional 

repressor that regulates cold responsive gene expression. We found that the L0S2-GFP 

fusion protein is targeted to the nucleus (Figure 4-8A). bi addition, L0S2 protein can 

bind to the TATA box region of the c-myc promoter. There is no bona fide c-myc 

homolog in Arabidopsis. However, we have identified an Arabidopsis zinc finger gene, 

STZ/ZATIO, which may be a direct target for LOS2/enolase regulation. STZ/ZATIO gene 

promoter contains a region similar to the cw-element in c-myc where MBPl binds. 

Electrophoretic mobility shift assays show that L0S2 protein can bind to this STZ/ZATIO 

promoter element. The sequence of L0S2 is highly conserved with that of human a-

enolase, especially in their C-terminal region that is necessary for active repression 

(Ghosh et al. 1999a; Figure 4-6). We showed that both the wild type and mutant L0S2 

proteins could bind to the sequence of STZ/ZATIO promoter, indicating that mutation 

does not affect binding activity of L0S2. Since the mutation in the los2 allele substitutes 

Gly''^ to Ser that is located nearby the putative repression domain (Ghosh et al. 1999a), 

the mutation likely causes a defect in repression activity. We hypothesize that L0S2 

represses STZ/ZATIO expression, which in turn may repress the transcription of 

COR/KIN/RD/LTI genes. STZ/ZATIO is rapidly and transiently induced by cold treatment, 

suggesting an important role of STZ/ZATIO in controlling genes that are induced more 

slowly by cold (e.g. the COR/KIN/RD/LTI genes). Our finding that STZ/ZATIO 

expression is increased in the los2 mutant plants is consistent with L0S2 having a role in 

repressing 572/Z^r/O transcription. 
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STZ/ZATIO is a TFIHA/Kriippel-like zinc finger protein that has been shown to 

repress the trans-activation of genes through an essential repression motif (Ohta et al. 

2001). STZ/ZATIO is similar to other Zn finger protein such as petunia ZPT2-2 {EPF2-5) 

(Takatsuji and Matsumoto, 1996). Binding experiments have demonstrated that ZPT 2-2 

recognizes similar sequences containing the core sequence, AGT (or ACT in a reverse 

orientation) (Takatsuji and Matsumoto 1996). In the case of ZPT2-2, the target sequence 

consists of a tandem repeat of two AGT, and the spacing between the two AGT 

sequences is important for the ZPT2-2 to distinguish target sequences (Takatsuji and 

Matsumoto, 1996). Interestingly, we found two tandem AGT sequences with appropriate 

spacing between them, firom -554 to -522 upstream of the transcription initiation site in 

the RD29A gene promoter (ACTAGTGTA- N13 -TCTAGTAAG). This suggests that 

RD29A may be one of the direct target genes for STZJZATIO. All the other genes such as 

C0R15A, COR47, KINl and the desaturase that are blocked by the los2 mutation also 

have in their promoters similar tandem AGT repeats. Moreover, our transient expression 

assays revealed that indeed STZ/ZATIO represses RD29A-LUC expression, suggesting 

that STZ/ZATIO may directly interact with the sequences in the RD29A promoter. In 

conclusion, our data provides the first genetic evidence that LOS/enolase is a positive 

regulator of the RD29A gene, by controlling the expression of STZ/ZATIO that represses 

the RD29A gene. Thus, LOS2/enolase and STZ/ZATIO along with other transcription 

factors such as CBFs/DREBls constitute a fine tuned transcriptional regulatory circuitry 

for optimal cellular responses to cold environments. 
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HGURE LEGENDS 

Figure 4-1. The los2 mutation impairs cold-induced luminescence expression. 

(A) Luminescence images of wild-type and los2 plants, (a) Picture of wild-type and los2 

seedlings used for cold or ABA treatment, (b) and (c) Luminescence of wild-type and 

los2 seedlings after low temperature (0°C, 24 hr) or ABA treatment (100 [iM ABA, 3 

hr). (d) Picture of wild-type and los2 seedlings used for NaCI or PEG treatment, (e) and 

(0 Luminescence of wild-type and los2 seedlings after NaCl (300 mM NaCl, 5 hr) or 

PEG treatment (30% PEG 6000, 5 hr). The color scale on the right shows the 

luminescence intensity fi-om dark blue (lowest) to white (highest). 

(B) Luminescence intensity in wild-type and los2 plants under different stresses. Shown 

are the mean values and standard errors from 20 individual seedlings. Stress treatments 

were as described in (A). 

(C) Time course of luminescence expression in wild-type and lo52 plants during cold 

treatment. The wild-type and los2 plants on the same agar plate were incubated at 0°C 

for the indicated time and luminescence images were taken. Shown are the mean values 

and standard errors from 20 individual seedlings. 
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Figure 4-2. los2 blocks cold induction of COR/KIN/RD/LTIhMi not CBF genes 

(A) Endogenous RD29A expression in wild-type and los2 plants under different stress 

treatments. 

(B) The expression of other stress-responsive genes in wild-type and los2 plants. Wild-

type and los2 plants were grown in the same agar plates for 3 weeks under continuous 

light at 22± 2°C. The seedlings were then treated with cold (0°C± 0.1°C for 24 hr), ABA 

(100 i^M for 3hr), NaCl (300 mM for 3 hr) or PEG (30% for 5 hr). Genes for B-tubulin or 

actin were used as loading controls. CT, control; C, Cold; A, ABA; N, NaCl; P, PEG. 
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Figure 4-3. Chilling- and freezing- sensitivity in los2 plants. 

(A) Morphology of wild type and los2 plants without or with cold treatment and grafting 

experiment, (a) Wild type and los2 plants are normal when grown at 22°C. (b) and (d), 

los2 but not wild type plants wilt when incubated under light (20 ^mol/m " s ') at 4°C for 

7 days, (c) and (e), neither los2 nor wild type plants wilt when incubated in the dark at 

4°C for 7 days. (f)-(j), grafting experiment showing that wilting is not caused by los2 

root, (f) Picture of a successfully grafted plant. Circle highlights the graft junction, (g)-

0 ), chilling sensitivity of grafted plants at 4°C. Grafted plants in soil were incubated in 

the cold room for 10 days under continuous light (20 ^imol/m'^ s ') before taking pictures, 

(g) seedling with wild type shoot and los2 root, (h) seedling with los2 shoot and root (i) 

seedling with los2 shoot and wild type root. 0) seedling with wild type shoot and root. 

(B) Morphology of wild-type and los2 plants after freezing stress, without or with cold-

acclimation treatment. 

(C) Quantification of fireezing survival rate for wild-type and los2 plants with cold-

acclimation treatment. 
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Figure 4-4. los2 plants are defective in membrane integrity under light and cold 

treatment. 

(A) Ion leakage assay. Wild type and los2 mutant leaves from 3 week-old plants grown 

in soil were used for the assay. For cold acclimation (CA), plants were incubated at 4°C 

for 2 days under light (20 ^mol/m•^ s ') before the ion leakage assay. Shown are the mean 

values and standard errors from three replicates. 

(B) Protoplast shrinkage and plasma membrane damage revealed by transmission electron 

microscopy. Leaves from wild type (a) and los2 plants (b-f) incubated at 4°C for 2 days 

under light (20 |amol/m'^ s ') were shown. Bar = I jam. CW, cell wall; PM, plasma 

membrane; N, nucleus; CH, chloroplast. Purple arrow indicates broken plasma 

membrane in los2 leaf cells. Yellow arrow indicates membrane blebbing in los2 leaf 

cells. 
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Figure 4-5. Positional cloning of L0S2 and mutant complementation assay. 

(A) Positional cloning. Genetic mapping with SSLP markers positioned LOS2 to the BAC 

clone FlOl 1. Sequence analysis identified a single nucleotide mutation that would result 

in an amino acid sequence change (Gly to Ser) in the open reading frame FlOl 1.16. 

(B) Complementation assay. RD29A-LUC luminescence expression (after 2 day 

treatment at 0°C) is shown for one representative homozygous T3 line {LOS2+los2) 

transformed with a construct containing a wild type FlOl 1.16 gene. Also included in the 

agar plate are wild type and los2 plants as controls. 
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Figure 4-6. Amino acid sequence comparison between LOS2 protein and human a-

enolase. 

In human a-enolase, DNA binding domain is underlined, and transcriptional repression 

domain is double-underlined. Arrow indicates the beginning site of alternative translation 

for c-myc promoter binding protein (MBP-1). 
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Figure 4-7. Gene expression pattern and enolase activity of L0S2 

(A) Expression oiLOS2 gene transcript. Full length L0S2 cDNA was used as a probe. 

Q-tubulin gene was used as a loading control. 

(B) L0S2 promoter::GUS expression. Wild type plants containing L0S2 promoter::GUS 

were stained with X-Gluc for 15 hr and visualized under a microscope. 

(C) Immunoblot analysis. Twenty micrograms of total protein from wild type and los2 

leaves were extracted and fractionated in a 12.5 % SDS-polyacrylamide gel. Shown are 

the gel picture of (a) Coomassie staining and (b) immunodetection with polyclonal anti-

enolase. Molecular size markers are shown on the left. 

(D) Wild type and mutant enolase activity. Shown are the mean values and standard 

errors from three replicates. 
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Figure 4-8. LOS2 subcellular localization and binding to promoter elements. 

L0S2-GFP protein localizes in the nucleus as well as in the cytoplasm and binds 

specifically to the promoter of c-myc and STZ/ZATIO. 

(A) L0S2-GFP fusion protein is localized in the nucleus as well as in the cytoplasm, (a), 

(b) and (c) Confocal images of root tissues expressing LOS2-GFP fusion protein at 22°C 

or 0°C. Arrows point to nuclei, (d) The same root tissue shown in (c) was stained with 

propidium iodide for nuclei. 

(B) Electrophoretic mobility shift assay (EMSA) with the human c-myc promoter DNA 

probe. Cold competitors (poly dl-dC in left panel and c-myc promoter DNA probe in 

right panel) were added to determine specificity of the binding. 

(C) EMSA was carried out with STZ/ZATIO promoter DNA probe in the presence or 

absence of wild type {STZ/ZATIO) or mutated (mSTZ/ZATlO) cold probes as competitors. 

(D) Sequence alignment between human c-myc and Arabidopsis STZ/ZATl0 promoter 

elements included in the probes used in EMSA. 

(E) Expression of STZ/ZATIO in response to cold stress in wild type and los2 plants. 
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Figure 4-9. STZ/ZATIO can repress the expression of RD29A in Arabidopsis leaves. 

(A) Schematic representation of the reporter and effector plasmids used in transient 

expression assays. A portion of RD29A promoter (Black oval) was fused to a firefly 

luciferase. Nos denotes the terminator signal of the gene for nopaline synthase. Q 

indicates translational enhancer of tobacco mosaic virus. 

(B) Relative luciferase activities after transfection with the RD29A-LUC and 2X35S-

STZ/ZATIO. To normalize values obtained after each transfection, pPTRL DNA that 

contained the CaMV 35S promoter and a gene for luciferase fi-om Renilla, was used as 

internal control. Luciferase activity was expressed in arbitrary units relative to the 

activity of Renilla luciferase (as described in Ohta et al, 2001). The values are averages 

of three bombardments, and error bars indicate standard deviations. 
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CHAPTER 5: CONCLUSIONS AND PERSPECTIVES 

Low non-freezing temperatures are known to regulate the expression of many 

plant genes, leading to increased freezing tolerance (Hajela et al., 1990; Kurkela et al., 

1990; Nordin et al., 1993; Thomashow, 1994; Guy et al., 1994; Dhindsa and Monroy, 

1994; Palva et al., 1994). However, the signal transduction pathway leading to cold-

responsive gene expression is poorly understood. To better understand cold signaling 

mechanisms in plants, three Arabidopsis mutants, named hosl, hos2 and los2, which are 

defective in the expression of cold-responsive genes were characterized in this 

dissertation. 

HOS] and H0S2 are negative regulators of cold-responsive gene expression. 

Recently, hos2 mutant was shown to be allelic to fiery I that encodes an inositol 

polyphosphate 1-phosphatase, which functions in the catabolism of inositol 1,4,5-

trisphosphate (IP3). While fiery I mutant shows defect in stress-responsive gene 

expression upon treatments with cold, ABA and high salinity, hos2 mutant exhibits such 

defect only under cold stress. It appears that hos2 is a temperature sensitive allele of 

fiery I, because the enzyme activity of H0S2 protein is greatly reduced under cold and not 

warm temperatures. Since phosphoinositides are known to be involved in many signal 

transduction processes in animal and plant systems, a perturbed inositol metabolism is 

likely the cause of the hos2 mutant phenotypes. 

HOSl encodes a novel protein with a RING finger motif near the amino terminus. 

A RING finger motif is found in many proteins having E3 ubiquitin ligase activities. 
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which mediate the transfer of ubiquitin to heterologous substrates and/or to the RING 

fmger proteins themselves, prior to protein degradation. Since HOSl protein has an 

RING finger motif, it would be important in the future to determine whether HOSl can 

function as an E3 ubiquitin ligase. HOSl and H0S2 proteins function at early steps of 

cold signaling, since the transcript levels of CBFl/DREBl family of transcription factors 

are elevated in these mutants. The elucidation of the regulatory functions of HOSl and 

HOS2 genes will shed light on the understanding of the regulation of cold-responsive 

gene expression. One interesting aspect observed in both hosl and hos2 mutants is that 

these mutants show reduced tolerance to freezing stress even though higher transcript 

levels of cold-responsive genes are achieved in both hosl and hos2 mutants throughout 

the cold treatments. The explanation for this intriguing finding is unclear at this point. 

One possibility is that the HOSl and HOS2 genes, besides being negative regulators for 

cold-responsive gene expression, may play positive roles in the regulation of some other 

cellular processes (e.g. changes in membrane composition and sugar metabolism) that 

contribute to freezing tolerance. I anticipate that identification of all genes whose 

transcript levels are changed in hosl or hos2 mutants under low temperature treatment 

will provide clues to understanding the roles of HOSl and H0S2 genes in cold signaling 

and freezing tolerance. 

In this dissertation, I also presented data that LOS2/enolase is a positive regulator 

of the cold responsive gene expression and may have a function as a transcriptional 

repressor that regulates cold responsive gene expression. Firstly, the L0S2-GFP fusion 

protein is targeted to the nucleus and LOS2 protein can bind to the TATA box region of 
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an Arabidopsis zinc finger gene, STZ/ZATIO, which may be a direct target for 

LOS2/enolase regulation. The mutation in the los2 allele substitutes Gly'^^ to Ser that is 

located nearby the putative repression domain. I hypothesized that L0S2 represses 

STZ/ZATIO expression, which in turn may repress the transcription of COR/KIN/RD/LTI 

genes. The evidence presented in this dissertation strongly suggests that LOS2/enolase 

functions as a transcriptional repressor that regulates cold responsive gene expression. 

On the other hand, LOS2/enolase is also a key enzyme involved in glycolysis. As such, it 

is important to separate the role of LOS2/enolase in cold signaling as a transcriptional 

repressor fi-om its function in glycolysis. To address this question, I tested a mutant 

version of L0S2 with Ser-39 to Ala substitution. It was reported that a Ser-39 to Ala 

mutation virtually abolished the catalytic activity of the yeast enolase (Brewer et al. 1998. 

Biochim Biophys Acta 1383: 351-355). This Ser-39 to Ala mutation appears to be 

outside of the N-terminal DNA repression domain. So it is possible that the Ser-39 to Ala 

mutation in L0S2 may abolish its catalytic activity but may not change its role as a 

transcription factor. When this Ser-39 to Ala mutant version of L0S2 was expressed in 

the los2 mutant plants, it completely rescued the los2 mutant phenotypes. However, 

when the enolase activity of the Ser-39 to Ala mutant of L0S2 was assayed, it was found 

that the mutant protein was still highly active. It appears that it is not possible to separate 

the enolase activity from the transcriptional repression activity of L0S2 at the present 

time, because no mutation is known in any enolases that differentially affect their 

catalytic and regulatory activities. In the future, amino acids in other positions of 

LOS2/enolase may be targeted for mutations and expressed in the Ios2 mutant to test 
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whether the changed versions can rescue the los2 mutant phenotypes. hi addition, it 

would be interesting to examine the function of STZ/ZATIO gene in cold signaling since it 

is induced by cold stress and its transcript level is sustained in the los2 mutant compared 

to that of wild type plants. Construction of RNAi (RNA interference) vector with a 

fragment of STZ/ZATIO gene may result in the reduction of the transcript level of this 

gene. One can address the question whether the expression of cold responsive genes are 

altered in transgenic plants harboring a S7Z/Z(4r/0-RNAi construct. 

hi conclusion, this dissertation suggests that HOSl, HOS2 and LOS2/enolase 

together with the CBF/DREBl transcription factors contribute to a fine tuned 

transcriptional regulatory pathway for cold-responsive gene expression and coordinate 

cellular responses to cold environments. 
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