


THESIS

MICHIGAN s

l IIUH//NH/W

A

SITY LIBRARIES

ﬂ/ IL'II/.’!(M il

This is to certify that the

dissertation entitled
STUDIES ON THE REGULATION AND PROTEIN PRODUCTS OF THE CORL5
GENE FAMILY IN ARABIDOPSIS THALIANA

presented by
Kathy Suzanne Wilhelm

has been accepted towards fulfillment
of the requirements for

Ph.D degree in Genetics
M —
Ma]gr px/ fessor

Date July 29, 1996

MSU is an Affirmative Action/Equal Opportunity Institution 0-1271

e ———



LIBRARY
Michigan State
University

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES retum on or before date due.

DATE DUE DATE DUE DATE DUE

MSU Is An Affirmative ActiornVE qual Opportunity institution
c\circ\datedus.pm3-p. 1




STUDIES ON THE REGULATION AND PROTEIN PRODUCTS OF THE COR15
GENE FAMILY IN ARABIDOPSIS THALIANA

By

Kathy Suzanne Wilhelm

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Program in Genetics

1996



ABSTRACT

STUDIES ON THE REGULATION AND PROTEIN PRODUCTS OF THE COR15
GENE FAMILY IN ARABIDOPSIS THALIANA

By
Kathy Wilhelm

During cold acclimation in Arabidopsis thaliana, several families of genes are
induced, but the mechanism(s) by which they are induced remains unknown. A
genomic clone containing the COR15 gene family was isolated for the purpose of
examining the cold-regulation of its promoter. This clone was found to contain
two tandem members of the family, COR15a and COR15b. Their predicted
coding regions are 82% identical and both are transcriptionally regulated by low
temperature. A structural model of the protein encoded by COR15b is proposed.
The promoter of COR15a fused to GUS was then used as a screenable marker in
an attempt to find signal transduction mutants aberrant in the regulation of
COR15a. The only mutants found showed aberrant regulation of the transgene,
but normal induction of the endogenous gene, indicating that the mutations

were not in the desired pathway. Ways to improve the method are discussed.



An examination of the temperature induction profiles of four COR gene families
showed that all are induced between 19 and 16°C, and that message levels
gradually increase as the temperature is lowered and level off at about 8°C. For
COR15a, this profile appears to be promoter-based, since message levels of a
COR15a/GUS promoter fusion gave the same profile as the endogenous gene.
The temperature induction profile was the same whether the temperature was
progressively lowered two or three degrees at a time or was shifted by as much
as 18°C at once, suggesting that the signal involves the temperature per se and
not the change in temperature. Also, mutants deficient in polyunsaturated fatty
acids in the chloroplast or plasma membrane show the same induction profile as
wildtype plants. This fails to support the idea that an alteration in membrane

fluidity may be involved in the induction of COR gene families.



iv

DEDICATION

To the One around Whom my life revolves,
without Whom not a word could have been written,
the King of Kings and Lord of Lords.
May all honor and praise be His in this and in everything I do.



ACKNOWLEDGEMENTS

Thanks are due to my professor, Dr. Mike Thomashow, for providing a
stimulating, amicable research environment and for offering insight and
guidance throughout this project. Ialso appreciate the guidance and challenge I
have received from my guidance committee, Dr. Pam Green, Dr. Ken Poff and
Dr. Steve Triezenberg. I offer many thanks to Dr. Leslie Kuhn for her infectious
enthusiasm and for the expertise in protein modelling that made the model of
COR15bm possible, and to Pappan (Kailla Padmanabhan) for his gracious
assistance in the operation of unix-based computers. I am also grateful to
Michelle Marshall and Bob Gifford who were a tremendous help in screening
thousands of mutagenized plants. Thanks are due to Dave Horvath, for showing
me the ropes when Ienémd the laboratory, to Stokes Baker for working with me
in the analysis of COR15a and for providing the transgenic plants I used in the
mutagenesis experiment, to Leonard Bloksberg for his assistance in analyzing
the plants transgenic for COR15b promoter constructs and to Sarah Gilmour for
her editorial skills and general knowhow around the lab. I am grateful to my
colleagues Eric Stockinger, Kevin O’'Connell, Chentao Lin, Todd Cotter, Dan
Zarka, Nancy Artus, Weiwen Guo, Brett McLarney, Deane Lehman, Ann

Gustafson, Beth Seymour, Kirsten Jaglo-Ottosen, to the many students (graduate



vi
and undergraduate) who have worked in Dr. Thomashow’s laboratory, and to

the members of Dr. Rebecca Grumet’s laboratory for their discussions, assistance
and general friendliness. Finally, I wish to thank my Godbrother, Ralph

Benedetto, for his support, encouragement and editorial assistance.



vii

TABLE OF CONTENTS

Page
LIST OF FIGURES
CHAPTER 1: Literature Review
Introduction 1
Cold -inducible genes 10
Low temperature signal transduction 17
Mutagenesis Strategies 21
Literature cited 23
CHAPTER 2: Screen for mutations in the signal transduction pathway
responsible for induction of COR15a
Summary 34
Introduction 35
Results 38
Discussion 55
Materials and Methods 62

Literature Cited 70



viii
CHAPTER 3: Analysis of a genomic clone containing COR15a and COR15b

Summary

Materials and Methods

Literature Cited

CHAPTER 4: Examination of the low temperature induction profiles of COR

gene families

Summary
Introduction

Results

Materials and Methods

Literature cited

APPENDIX

74

103

116

125

131

132

134

139

145

149

152



LIST OF FIGURES

Figure 2.1 Screen for signal transduction mutants.

Figure 2.2 Test for homozygosity of inserts in line 1,6 using
genomic Southerns.

Figure 2.3 Putative organization of inserts in line 1,6.

Figure 2.4 MUG assay of putative mutants.

Figure 2.5 Variability of MUG assay.

Figure 2.6 Expression of GUS and of COR15 mRNA in putative mutants.

Figure 2.7 Southern analysis of putative mutants
screened at low temperature.

Figure 2.8 Inducibility of putative mutant line 6-8#4.

Figure 2.9 Cosegregation of the mutant phenotype with the locus
thought to contain two linked copies of the reporter construct.

Figure 3.1 Sequence of 4.2 kb of genomic DNA containing COR15a and
COR15b.

Figure 3.2 Alignment of COR15a and COR15b.

Figure 3.3 Predictions of secondary structure and helicity of COR15b.

41

47

49

52

81



x
Figure 3.4 COR15bm modelled as an amphipathic helix.

Figure 3.5 Helical net model of COR15bm.
Figure 3.6 Superimposition of three Class A beta lactamases.

Figure 3.7 Model of the proposed structure of COR15bm.

Figure 3.8 Region of beta lactamase with similarity to COR15am and
COR15bm.

Figure 3.9 Comparison of the regulation of COR15a and COR15b.
Figure 3.10 Comparison of the promoters of COR15a and COR15b.
Figure 3.11 Regulation of COR15b promoter constructs.

Figure 3.12 Genomic organization of COR gene families.

Figure 4.1 Two methods of lowering the temperature.

Figure 4.2 First temperature shift experiment.

Figure 4.3 Second temperature shift experiment.

100

102

114

135

136

138



Chapter 1:

Literature Review

Introduction

In late summer or early autumn in northern climes, the cry goes forth “There’s
going to be a frost tonight! Cover your tomatoes!” No one worries about
protecting their carrots or columbine. These plants and many others survive not
only the light frost, but even the subzero weather of deep winter without
intervention. What is the difference? Why do snowdrops and crocuses come up
through the snow and bloom successfully, while cherry blossoms are sterilized

by an ill-timed frost?

While the emphasis of this work is on an examination of gene regulation in
Arabidopsis thaliana in response to low temperature, it is worthwhile to place this
within the larger context of what happens in plants exposed to low temperature.
The questions presented can only be partially answered. A brief examination of
the literature quickly reveals their complexity. The response of a given plant to

low temperature depends on the organ, the stage of growth, the amount of light,
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the humidity, the temperature, the time spent at low temperature (Raison and

Orr, 1990), the rate of cooling (Minorsky, 1989) the plant’s climate of origin and
whether the plant has been hardened.

With respect to low temperature, plants fall into two major classes that
correspond to their climate of origin. Those from tropical or subtropical
climates, like tomatoes and cucurbits, are chilling-sensitive. There is substantial
variability in the susceptibility of chilling-sensitive plants, but when
temperatures drop below a threshold level (about 10°C for moet chilling-
sensitive species), they suffer damage ranging from loss of vigor to death. Of the
many physiological changes that occur at low temperature, the main causes of
injury in chilling-sensitive plants appear to be dehydration from a drop in root
pressure (Minorsky, 1985) and the failure of stomata to close (Patterson and
Reid, 1990), the production of toxic oxygen species due to impaired
photosynthesis and respiration (Purvis and Shewfelt, 1993), and the increased
permeability of cellular membranes (Murata, 1990). Which low temperature
response(s) is primary and which is secondary is not yet completely clear,
although Lyons (1973) and Raison (1973) propose that a low temperature-
induced change in the physical state of membranes in chilling-sensitive plants
leads to the other symptoms observed. Minorsky (1985) suggests that increases
in cytosolic calcium levels might be responsible for the symptoms of chilling

injury. Subsequent studies with transgenic Nicotiana plumbaginifolia, a chilling-
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sensitive plant, have shown that cold shock to 0 or 5°C does cause a transient

increase in the intracellular calcium concentration (Knight et al., 1991).
However, a shock to 10°C, a temperature at which many chilling sensitive plants
are susceptible to growth inhibition or damage, did not cause an increase in

intracellular calcium in these experiments (Knight et. al., 1991).

It is also known that many chilling-sensitive plants can become more resistant to
chilling temperatures if they are chill- or drought-hardened, and that most show

delayed injury when chilled at 100% relative humidity (Wilson, 1979).

Plants of temperate or arctic origin are chilling-tolerant, although certain organs
or stages of life may be chilling-sensitive (Bramlage and Meir, 1990). Being
poikilothermic organisms, they have little opportunity to avoid low temperature,
so resistant plants must either tolerate or be insensitive to its numerous effects.
With respect to the water stress associated with chilling injury, Markhart (1986)
has shown that when detopped roots of bean (sensitive) and spinach (resistant)
were chilled, the bean lost 90% of its root conductance while the spinach lost
80%. Within eight hours, the bean had only recovered to 30% of its original
capacity, while the spinach was up to 70%. Thus, the most severe water stress in
spinach was transient. Long-term water stress was avoided. Resistant plants
may also avoid the damage caused by toxic oxygen species. Purvis and Shewfelt
(1993) report that “cold-resistant cultivars and chilling-resistant tissues generally

develop a greater potential for respiratory electron flux through the alternative
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pathway than do cold sensitive cultivars and tissues.” Electrons directed

through the alternative pathway are not available to create toxic oxygen species.
Finally, differences in the composition of cellular membranes may allow
resistant plants to avoid membrane permeability. A high proportion of
saturated phosphatidylglycerol (PG) and sulfoquinovosyldiacylglycerol (SQDG),
glycerolipide with phase transition temperatures above 30°C, is well correlated
with chilling-sensitivity (Murata and Nishida, 1990).

Work with Arabidopsis mutants deficient in membrane fatty acid lipid
unsaturation has also suggested that membrane composition affects chilling
tolerance. Wildtype Arabidopsis is not injured by low temperature, although its
growth rate declines considerably and it has a higher content of chlorophyll
when grown at 5°C (Hugly and Somerville, 1992). While several fad mutants are
morphologically indistinguishable from wildtype plants at either normal growth
temperatures or under chilling stress, fuadB (fad5) and fadC (fad6) grown at 5°C
have a reduced growth rate and chlorophyll content compared to wildtype
Arabidopsis grown at 5°C. Leaves that develop at 5°C in these two mutants are
chlorotic (Hugly and Somerville, 1992). A third fad mutant, fad2-2, develops
necrotic lesions and eventually dies if maintained at 6°C for longer than ten days
(Miquel et al., 1993).
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While the molecular mechanisms behind the differences between chilling

sensitive and chilling-resistant plants are still under investigation, Murata and
colleagues have shown that a glycerol-3-phosphate acyltransferase isolated from
pea and spinach, which are chilling resistant, preferentially acylated the
unsaturated fatty acid 18:1 to the su-1 position of glycerol 3-phosphate. The
same enzyme isolated from chilling-sensitive squash hardly discriminated
between unsaturated 18:1 and saturated 16:0 (Murata and Nishida, 1990). They
then transformed tobacco with the glycerol-3-phosphate acyltransferase gene
isolated from squash, a more chilling-sensitive plant than tobacco, or Arabidopsis,
which is chilling tolerant, and found that the tobacco plants transformed with
the squash enzyme had lower levels of cis-unsaturated fatty acids in PG and
were more chilling-sensitive than wildtype tobacco. The opposite was true of
tobacco transformed with the Arabidopsis gene (Murata et al., 1992). Thus it has
been shown directly and in vivo that the selectivity of a single enzyme can affect
membrane composition and alter chilling tolerance. It remains to be learned

why and how this is so.

It has also been noted that tobacco plants overexpressing chloroplastic Cu/Zn
superoxide dismutase (SOD) from pea are less sensitive to chilling injury than
wildtype tobacco (Gupta et al., 1993). Whether SOD from chilling-resistant pea

is superior to tobacco isoforms under low temperature conditions or whether the
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simple overexpression of SOD caused this lessening of susceptibility is not
known.

Some chilling-resistant species are also freezing-tolerant, many of them able to
increase in freezing tolerance in response to low nonfreezing temperatures.
Plants damaged due to freezing typically appear flaccid and water-soaked,
suggesting that freezing injury is mainly due to the compromise of cell
membrane integrity. Depending on the nature of the freeze and on the
properties of the cells involved, this may be manifested as intracellular ice
formation; as expansion-induced lysis, which is caused by the inability of the
thawing cell to properly rehydrate; or as the loss of osmotic responsiveness
(Steponkus, 1964).

Kendall et al. (1989) suggest that membrane disruption may be due to free
radicals produced during freezing, since they could detect free radical
production during the freezing of winter wheat, and acclimated plants were
more resistant to applied free radi;ah as well as to freezing than nonacclimated
plants. Also, the constitutive expression of an extra superoxide dismutase in
alfalfa resulted in one transgenic line that had both greater resistance to a free
radical-producing herbicide and enhanced freezing tolerance (McKersie et al,,

1993).
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Intracellular ice formation, whether it be due to intracellular nucleation or to

penetration of the cell by an external ice crystal, is generally believed to be
instantly lethal unless the rates of freezing and thawing are rapid enough that
the ice crystals are very fine (Sakai and Sugawara, 1978). The intact plasma
membrane is thought to be an effective barrier to seeding by extracellular ice
(Chambers and ﬁale, 1932), and the work of Steponkus and Dowgert (1983)
suggests that intracellular seeding may be a result of an alteration of the plasma
membrane, since mechanical failure of the plasmalemma can be observed prior

to intracellular ice formation.

Movre commonly, ice formation is extracellular. The solute concentration of the
apoplast is lower than that of the cytoplasm, with the result being that the
cytoplasm has a greater freezing point depression (Guy, 1990). Once the
extracellular water begins to freeze, however, the water potential outside the cell
decreases. Ice has a lower water potential than water at the same temperature
and solutes excluded from the growing ice crystal lower the apoplastic water
potential further, so water diffuses out of the cell (Thomashow, 1994). Thus the
cell suffers from dehydration as well as from the temperature itself. Plants
frozen to -10°C lose more than 90% of their osmotically active water (Steponkus
and Lunch, 1989). When the cells are rehydrated, water moves back into the cell,
and if the cells are unable to accommodate the influx, “expansion-induced lysis”
is the result (Steponkus, 1984).
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Loes of osmotic responsiveness occurs after nonacclimated protoplasts are frozen

below -5°C, but can be mimicked by osmotic dehydration in the absence of ice
formation. This loss is associated with changes in the ultrastructure of the
plasma membrane, including lamellar to hexagonal-II phase transitions
(Steponkus and Lynch, 1989), in which lipids are reoriented. Instead of forming
a bilayer, the lipids are arranged in long cylinders with their polar head groups

in an aqueous core (Steponkus, 1984).

An increase in freezing tolerance, therefore, acquired in a process commonly
referred to as “cold acclimation,” must prepare the cell for avoidance or
tolerance of dehydration and rapid rehydration, the formation of intracellular
ice, and the loss of cemotic responsiveness. This being the case, it makes sense
that drought-hardening, which can cause an increase in chilling tolerance of
chilling-sensitive plants, can also bring about an increase in freezing tolerance in
chilling-resistant cabbage (Cox and Levitt, 1976), spinach (Guy et al., 1992),

wheat and rye (Siminovitch and Cloutier, 1983).

It has been seen that protoplasts isolated from cold acclimated plants experience
intracellular ice formation at lower temperatures than those from nonacclimated
plants (Dowgert and Steponkus, 1983). It has also been observed that
protoplasts isolated from cold acclimated rye, unlike those from nonacclimated

rye, were not susceptible to expansion-induced lysis after having been frozen to
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-5°C (Steponkus, 1984). Finally, protoplasts isolated from acclimated rye become

ocsmotically unresponsive at much lower temperatures than those from
nonacclimated rye, and even then, they undergo different membrane phase
transitions than do their nonacclimated counterparts (Fujikawa and Steponkus,
1990). This difference in membrane phase transitions during freezing has been
confirmed in studies using leaf sections taken from acclimated or nonacclimated
rye (Webb and Steponkus, 1993). Thus, the avoidance of intracellular ice
formation and of loss of csmotic responsiveness and the tolerance of rapid

rehydration appear to be operative in frozen acclimated plants.

The physical properties of the tolerance of the dehydration and rehydration in
acclimated plants have been clarified by Steponkus and colleagues (Steponkus,
1984). They demonstrated that protoplasts isolated from nonacclimated rye ferm
endocytotic vesicles which bud off from the plasma membrane as the cells shrink
during freeze-induced dehydration. Upon thawing, rehydration results in
intolerable osmotic pressure because the vesicles are not reincorporated into the
membrane and the protoplasts burst. Protoplasts from acclimated rye, however,
form exocytotic extrusions as they dehydrate. These extrusions remain in
association with the membrane so that when the cells regain water, the
extrusions are reincorporated into the membrane and the cells do not lyse. It has
also been shown that a change in lipid composition is sufficient to favor either

endocytotic vesiculation or exocytotic extrusions (Steponkus and Lynch, 1989).
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Indeed, the membrane composition of Arebidopsis is such that even protoplasts

isolated from nonacclimated plants are resistant to expansion-induced lysis
(Umera et al.,, 1995). Whether whole plant cells behave in this manner remains

to be seen.

The process of cold acclimation, by which these changes are brought about,
involves many physiological alterations. The lipid composition of cellular
membranes changes (Lynch and Steponkus, 1987, Umera et al., 1995), resulting
in the differences in membrane response to freezing already described. There
are increased levels of sugars, soluble proteins, proline and other organic acids
(Sakai and Larcher, 1987). These may be involved in ameliorating the effects of
freeze-induced dehydration and/or in reducing its severity. New isozymes are
formed (Guy, 1990) and changes in the expression of a modest number of genes

are seen (Thomashow, 1993).

Cold-inducible genes

While the overall pattern of gene expression in plants exposed to low
temperature does not drastically change (Gilmour et al., 1988), still, quite a
number of COR (cold regulated) genes have been identified from numerous
plants. For the sake of brevity, and because the plant examined in this work is

resistant to chilling damage, only genes induced in chilling-tolerant plants will
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be considered here. The functions of some low temperature-inducible genes

have been demonstrated experimentally or inferred based on sequence

comparisons with genes of known identity.

The usefulness of some of the genes found to be induced at low temperatures is
readily explainable. Increased levels of sucrose synthetase in wheat (Newsted et
al., 1991, Marana et al., 1990 and Crespi et al., 1991) and of phosphoenolpyruvte
carboxykinase in rapeseed (Saez-Vasquez et al., 1995) may be involved in the
increase in soluble sugar content thought to ameliorate the dehydration stress
imposed on frozen cells. The accumulation of extensin mRNA in acclimated pea
seedlings is thought to lead to a buildup of the extensin protein, which may
protect cell walls from collapse under the extreme dehydration pressures caused
by freezing (Weiser et al., 1990). This protein contains a large portion of the
hydroxyproline in the cell, and levels of hydroxyproline in cell walls increased
during the same period that mRNA levels of extensin increased, suggesting that
extensin was being incorporated into cell walls and enhancing their rigidity
(Weiser et al., 1990). Antifreeze proteins found at increased levels in acclimated
winter rye could help prevent recrystallization of extracellular ice, during which
crystals large enough to cause physical damage to tissues and cells could form
(Hon et al,, 1995). Lipid transfer proteins induced in acclimated barley could
play a role in the alteration of lipid content seen in cell membranes at low

temperature (Hughes et al., 1992, White et al., 1994).
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With respect to general metabolism, heat shock proteins and heat shock cognate

proteins found in acclimated Brassica napus (Krishna et al., 1995) or spinach
(Neven et al,, 1992, Li et al., 1994, Anderson et al., 1994) may be involved in
protacting proteins from low temperature denaturation or in helping proteins to
refold. Alcohol dehydrogenase induced at low temperature is thought to play a
role in the shift to anaerobic metabolism that occurs when respiration in
inhibited (Jarillo et al., 1993). Phenylalanine ammonia-lyase and chalcone
synthase, enzymes involved in the production of anthocyanins, are also induced
by exposure to low temperature (Levya et al., 1995). Anthocyanins are believed
to act as light-screening pigments (Levya et al., 1995) and may help decrease the

amount of toxic oxygen species produced by cold-impaired photosynthesis.

The induction of genes that could be involved in the regulation of translation or
in signal transduction pathways active at low temperature was also observed. In
barley, a translation elongation factor 1a is inducible in cold-treated plants
(Dunn et al., 1993). In addition, several protein kinases, including a novel
protein kinase in wheat (Holappa and Walker-Simmons, 1995), two calcium-
dependent protein kinases in alfalfa (Monroy and Dhindsa, 1995), a mitogen-
activated protein kinase kinase kinase in Arabidopsis (Mizoguchi et al., 1996) and
twomwi&highuﬁuemesimﬂaﬂtyhﬁboeomakpmtem%kimm,lhoin
Arabidopsis (Mizoguchi et al., 1995), are inducible by low temperature. Finally,

two genes showing high identity with 14-3-3 proteins show low temperature
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inducibility in Araebidopsis (Jarillo et al., 1994). Thought to be involved in the

regulation of protein kinases, 14-3-3 proteins are likely to be involved in signal
transduction. One member of the family has been found to be part of the protein
complex that binds to the g-box promoter element in Arabidopsis (Lu et al., 1992).
This supports the idea that 14-3-3 proteins may have a role in gene regulation in
plants.

The purpose of a few other identified cold-responsive genes in low temperature
acclimation or metabolism is less obvious. In Arabidopsis, message levels of one
member of the B-tubulin gene family increase while levels of four other
members of the family decrease and still others remain the same (Chu et al,,
1993). Low temperature does affect the integrity of microtubules (Pihakaski-
Maunsbach and Puhakainen, 1995), but their role in cold tolerance is still
unknown. Also in Arabidopsis, Williams et al. (1994) have found a potential thiol
protease is induced in the cold. They suggest that it may be involved in the
degradation of proteins denatured by low temperature, in the degradation of
storage proteins to alter the osmotic potential of the cell or in the stress-induced
proteolytic activation of enzymes. Another low temperature-inducible gene
which may assist in osmotic adjustment is the 70 kd subunit of tonoplast

ATPase, which has been isolated from winter Brassica napus (Orr et al., 1995).
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In addition to these genes of known or predicted identity, there are many with

little or no sequence identity to genes of known function. These include HVA1
(Sutton et al., 1992), bit101, bit1015, bit63, bit49, bit410, bit14, bit411, bit801 (Dunn
et al., 1994), COR14 (Crosatti et al., 1995), Dhnl and Dhn2 (van Zee et al., 1995)
from barley, cor39/Wcs120 from wheat (Guo et al., 1992, Houde et al., 1992), and
possibly pBGA12, pBGAS56, pBGAS5 and pBGA25 from bromegrass (Lee and
Chen, 1993). In leguminous plants, ELIP from green pea (Adamska and
Kloppstech, 1994), GAB-8 and GAB-9 from chick pea (Coloradé etal, 1994),
cas15 (Monroy et al., 1993a), cas18 (Wolfraim et al., 1993) and msa CIC
(Cutonguayeta.l., 1994) from alfalfa have been found to be responsive to low
temperature. In spinach, the gene or genes encoding CAP85 show cold-
inducibility (Neven et al., 1993). Low temperature-responsive genes in crucifers
include BN19, BN26, BN115 (Weretilnyk et al., 1993), BnC24A, BnC24B (Saez-
Vasquez et al., 1993), BN28 (Boothe et al., 1995) and btg-26 (Stroehr et al., 1995)
from Brassica napus, and rab18 (Lang et al., 1992), Iti30 (Welin et al., 1994), kin1
(Kurkela and Franck, 1990), COR6.6/kin2 (Gilmour et al., 1992, Kurkela and
Borg-Franck, 1992), COR15a (Lin and Thomashow, 1992), COR15b (Wilhelm and
Thomashow, 1993), COR47 (Gilmour et al., 1992), 1ti45/1ti29 (Welin et al., 1994,
Welin et al., 1995), COR78/rd29A/1ti78 (Horvath et al., 1993, Yamaguchi-
Shinozaki and Shinozaki, 1993, Nordin et al., 1993) and rd29B/1ti65 (Yamaguchi-
Shinozaki and Shinozaki, 1993, Nordin et al., 1993) from Arebidopsis. Many of

the genes listed show sequence similarity to dehydrins or late embryogenesis
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abundant genes, which are prevalent in plants during conditions of water stress,

but the functions of these genes are still a matter of speculation.

Work done with the COR gene families of Arabidopsis has shown that the known
members of families COR6.6 (kin1 and COR6.6), COR15 (COR15a and COR15b),
COR47 (COR47 and Uti45/1ti29 ) and COR78 (COR78/rd29A/1i78 and
rd29B/1ti65) are all inducible by low temperature (Thomashow, 1994). The
mRNA levels of the gene families remain high as long as plants are kept at low
temperature, declining to control levels within eight hours of deacclimation
(Hajela ot al., 1990). At least one member of each family is induced by drought
stress and by the exogenous application of abscisic acid (ABA), but none
respond to heat shock. All are very hydrophilic and remain soluble upon

Of these Arabidopsis COR genes, the most is known about COR15a. Promoter
deletion studies have shown that its expression is regulated at the promoter level
by low temperature, drought and ABA and suggest that the promoter elements
responsible for this regulation are located between -305 and -78, relative to the
start of transcription (Baker et al., 1994). Indeed, an element found in this
region, CCGAC, contains the five core bases of the DRE, an element from the
COR78/rd29A/ 1ti78 promoter identified as being sufficient for cold and drought

inducibility (Yamaguchi-Shinozaki and Shinozaki, 1994). Expression of COR15a
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at low temperature is found in most tissues of the plant, except for the roots and

ovaries. There is also constitutive expression of a COR15a/GUS promoter fusion

construct in anthers (Baker et al., 1994).

The protein encoded by COR15a, COR154, is targeted to the chloroplast. This
might be expected from its expression pattern, since it is mainly found in green
tissues. In the process of import into the chloroplast, COR15a is cleaved from its
original molecular weight of 14.7 kd to the 9.4 kd mature form, COR15am (Lin
and Thomashow, 1992). The mature form of the protein is acidic, w:th aplof4.6
(Gilmour et al., 1996). The function of COR15am within the chloroplast is not
yet known, but it has recently been shown that transgenic plants carrying the
COR154 coding region driven by a constitutive promoter, which express COR15a
at normal growth temperatures, show increased freezing tolerance. The
efficiency of photosystem II was less sensitive to freezing, as measured by the
Fv/Fm ratio, than in non-transgenic controls or in transgenic plants containing
an unrelated coding region, and protoplast survival was enhanced (Artus et al.,
in preparation). The mechanism for this increased freezing tolerance has yet to
be elucidated.
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Low temperature signal transduction

Among the many questions yet to be answered is that regarding the mechanism
by which cold-regulated genes are induced. Nor is it clear that any or all cold-
regulated genes are induced by the same signal. Mantyla et al. (1995) have
shown that in mutants deficient in or insensitive to ABA, RAB18 (the protein
product of reb18) is no longer cold-inducible, while LTI78 (the protein encoded
by 14i78/ COR78) is responsive to low temperature, suggesting that the low
temperature induction of RAB18 requires the presence of ABA, while that of

LTI78 does not.

Given the many changes that occur within the cell upon exposure to low
temperature, there are many possible signals. A signal cascade could be
initiated by a change in water potential, by an increase in the amount of reactive
oxygen species within the cell, by the conformational change of a cold-sensitive
protein, by an alteration in the properties of cellular membranes or by some
other cellular consequence of low temperature. The signal could be as simple as
a single protein that is both sensor and transcriptional activator, as is true of
sterol regulatory element-binding protein 1 (SREBP-1) in mammals (Wang et al,,
1994) or as complex as a multi-component, branched cascade. Membrane
fluidity appears to be instrumental in the induction of the low temperature-

responsive gene desA from the cyanobacterium Synechocystis PCC6803. This gene
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is responsive to a change in temperature of greater than five degrees Celsius (Los

et al,, 1993), but is also responsive to palladium-catalyzed hydrogenation of the
plasma membrane (Vigh etal, 1993). Whether membrane fluidity or any
membrane-localized low temperature response alters the expression of COR

genes in plants is still unknown.

Other factors that may play a role in signal transduction include the levels of
ABA, the intracellular calcium concentration and the phosphorylation state of
proteins. ABA has been implicated in the process of acclimation because ABA
levels rise in response to low temperature in potato (Chen et al., 1983), winter
wheat (Lalk and Dorffling, 1985) and spinach (Guy and Haskell, 1988) and
because exogenous application of ABA can cause increased freezing tolerance in
potato (Chen et al., 1979), alfalfa (Mohapatra et al. 1989), Arabidopsis (Lang et al.,
1988), and in cell suspension cultures of winter wheat, winter rye and
bromegrass (Chen and Gusta, 1983), while some of the ABA mutants of
Arabidopsis are impaired in freezing tolerance (Heino et al., 1990, Gilmour and
Thomashow, 1991). As was mentioned earlier, ABA appears to be needed for
the cold-regulation of RAB18, but not LTI78 (Mantyla et al., 1995). Thus, it
seems to be required for some, but not all, of the changes that occur during low

temperature.
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Calcium has been implicated in low temperature metabolism in a number of

ways. In onion, tension-dependent activity of calcium-selective cation co-
channels increased as the temperature was lowered from 25°C to 6°C (Ding and
Pickard, 1993). A transient increase in cytosolic calcium levels was seen in
tobacco (Nicotiana plumbaginifolia) (Knight et al., 1991) and in Arabidopsis (Knight
et al., 1996) in response to cold shock. In tobacco, the cold shock temperature
had to be 5°C or lower for the increase in calcium levels to be detectable (Knight
et al., 1991), while Arabidopsis was only tested using ice water for the cold shock
(Knight et al., 1996). A calcium influx was also seen in alfalfa below 15°C
(Monroy and Dhindsa, 1995). That calcium levels may actually be involved in
the alteration of gene expression is suggested by work done in chick pea and
alfalfa (Colorado et al., 1994, Monroy and Dhindsa, 1995). In chick pea, genes
that are responsive to low temperature, heat shock, ABA and the osmotic stress
applied by NaCl or polyethylene glycol (PEG) were also up-regulated in the
presence of 0.5 mM CaCl: (Colorado et al., 1994). More extensive experiments
performed with alfalfa cell suspension cultures examined the inducibility of
cas15 and cas18, which are inducible by low temperature, but not by ABA, heat
shock, water stress (imposed by a solution of PEG-6000) or wounding
(Mohapatra et al., 1989). Inhibitors which blocked the influx of external calcium
also inhibited the induction of the cas genes at low temperature, while the
addition of a calcium ionophore or a calcium channel agonist resulted in cas gene

induction at 25°C (Monroy and Dhindsa, 1995).
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Cascades of phosphorylation and dephosphorylation reactions are a common

theme in signal transduction in animals and are becoming common in the plant
literature as pathways are being unraveled (Raghuram and Sopory, 1995, Ecker,
1995, Zhou et al., 1995). The role of protein phosphorylation in low temperature
gene regulation is inferred from the low temperature inducibility of the
numerous kinases already mentioned as well as from cold-induced changes in

phosphoryhﬁbn patterns seen in alfalfa (Monroy et al., 1993b).

Two principle approaches have been used in studying the molecular biology of
signal transduction pathways. One can study a promoter and its elements,
determine what acts upon those promoter elements, what interacts with that
factor and so on backward through the pathway. Alternatively, mutations can
be mduced and plants l;l\at show aberrant expression of the gene or genes of
interest can be characterized. This approach can reveal members of the pathway
in any order. The first approach in studying the pathway regulating COR15a
has already borne some fruit. A promoter element necessary and sufficient for
low temperature induction of COR78, the DRE or dehydration-responsive
element, has been defined (Yamaguchi-Shinozaki and Shinozaki, 1994) and an
element containing the core CCGAC of the DRE is found in the region believed
to be responsible for cold-regulation of CORISA (Baker et al., 1994). In Brassica
napus this same DRE-like element, CCGAC, has been shown by transient

expression studies to be required for cold induction of BN115 (Jiang et al., 1996).
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Furthermore, a protein capable of binding to this element has been isolated from

Arabidopeis (Stockinger et al., in preparation). Whether this protein is actually
involved in the activation of COR15a or any of the other COR genes in vivo

awaits further study.

Mutagenesis Strategies

When using mutants to examine low temperature signal transduction in a plant
that can cold acclimate, there are two main strategies. Plants can be
mutagenized and screened or selected looking for increased freezing tolerance
without acclimation or for frost-sensitivity despite acclimation or they can be
screened or selected more directly for the induction or lack of induction of COR
genes. The first method has the advantage of a readily observable phenotype,
but may result in mutants in a number of processes unrelated or tangentially
related to signal transduction.

Using gene expression as the phenotype of inherést requires more setup, and
could still yield mutants not directly involved in the pathway, but is a more
direct approach to the question. In order to identify mutants in the regulation of
a gene whose expression has no obvious morphological phenotype, the promoter

of the gene of interest is fused to the coding region of a reporter gene and plants
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carrying this construct are mutagenized and screened or selected based on the

expression of the reporter.

Variations of this approach have been used several times with varying results.
Takahashi et al. (1992) fused the promoter of the HSP18.2 gene to the gene
encoding beta-glucuronidase (GUS) and screened using a 4-methyl umbelliferyl
glucuronide (MUG) assay. Two of the mutants isolated showed a large
reduction in GUS activity, but only a small reduction in the endogenous
transcript, while the mutation in the third acted as a dominant trans-suppresser
of the introduced gene without affecting the endogenous gene. When Brusslan
et al. (1993) fused the cab140 promoter to fms2, the protein product of which
converts nontoxic naphthalene acetamide into toxic naphthalene acetic acid, their
selection resulted in a mutant which had reduced levels of both the endogenous
and the introduced gene, but not of any other phytochrome-regulated genes, nor
could the phenotype be genetically separated from the T-DNA insert. From this
they infer that the lowered levels of mRNA are a result of co-suppression caused

by a mutation in the introduced gene.

Susek et al. (1993) employed two reporters in their construct, putting the CAB3
promoter in front of both the GUS gene and the gene for hygromycin resistance.
They selected for hygromycin resistance and then checked the putative mutants

for GUS activity to make sure the mutation wasn’t in the transgene. This
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resulted in the isolation of at least three genes necessary for coupling the

expression of some nuclear genes to the functional state of the chloroplast. The
Dong laboratory used the promoter of the Arabidopsis B-1,3-glucuronidase fused
to the GUS coding region and their screen gave them both a mutant that is
nonresponsive to inducers of systemic acquired resistance (SAR) (Cao et al.,

1994) and one that leads to constitutive expression of SAR (Bowling et al., 1994).

While mutants were recovered with a screen and with the use of only one
reporter, the development of a selection would allow a greater number of
nutants to be tested with less time and energy, and the use of a second reporter
does facilitate the identification of false positives. Given this information, it
should be feasible to design and implement a mutagenesis appmh for isolating
genes involved in the signal trandsuction pathway responsible for the induction
of cold-regulated genes.
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Chapter 2

Screen for mutations in the signal transduction pathway
responsible for induction of COR15a

Summary

In preparation for gene regulation studies at the promoter level, a genomic clone
containing COR15a, a gene inducible by low temperature, drought and abscisic
acid (ABA) and encoding a chloroplast-targeted protein, was isolated.
Approximately one kilobase of the COR15a promoter was then taken from this
clone and fused to the coding region of beta-glucuronidase (GUS) in order to
find elements of the signal transduction pathway responsible for the induction of
COR15a. Transgenic plants carrying this construct were mutagenized and
screened for the altered expression of GUS activity in warm-grown or cold-
treated plants. Plants detectably altered in GUS expression were found in both
screens. Some of these plants do not contain the transgene, while others appear
to have a mutation that oﬁly affects the transgene. None show altered
expression of endogenous COR15a, and hence do not carry mutations in the
signal transduction pathway responsible for the induction of COR15a. Means of

improving the mutagenesis str;hegy are discussed.
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Introduction

Plants, being stationary poikilotherms, require that a series of physiological
changes occur when the temperature becomes too low for optimal growth. Of
those plants that are able to withstand chilling temperatures, some are also able
$0 achieve an increased level of freezing tolerance after exposure to low non-
freezing temperatures in a process known as cold acclimation (Levitt, 1980).
Among the many metabolic dﬁeraﬁom that occur during this process are

changes in gene expression (Thomashow, 1994).

In Arabidopsés thaliana, a plant that is able to cold acclimate (Gilmour et al., 1988),
the mRNA levels of a number of COR (cold-regulated) genes have been found to
increase dramatically during low temperature treatment (Thomashow, 1993). A
subset of the genes induced at low temperature, including members of gene
families COR78, COR47, COR15 and COR6.6 have a number of properties in
common. The message levels of these genes remain high as long as plants are
maintained at low temperature, but decrease rapidly when the plants are
returned to normal growth temperatures (Thomashow, 1994). They are also
induced by water stress and/or by the exogenous application of abscisic acid
(ABA), but not by heat shock. Finally, the proteins encoded by these genes
remain soluble upon boiling, a property that is thought to be a consequence of

their high hydrophilicity (Hajela et al., 1990).
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The mechanism by which COR genes are regulated is of interest for practical as
well as purely academic reasons. A program using genetic engineering to alter
plant freezing tolerance must take into account the regulation of the genes
involved as well as the properties of the genes themselves. At the start of this
work, nothing was known about cis- or trans-acting elements involved in the
induction of any member of the four COR gene families. When experiments
analyzing the regulation of the COR genes were initiated, nuclear run-on assays
indicated that only the COR15 gene family was regulated primarily at the
transcriptional level (Hajela et al., 1990). Thus, it was chosen for promoter

analysis experiments.

A genomic clone containing COR15a was isolated and promoter deletion
analysis was performed. In this analysis, the COR15a promoter was found to be
inducible by low temperature, drought and exogenously applied ABA (Baker et
al., 1994). A mutagenesis approach designed to identify proteins involved in a
signal transduction pathway that activates transcription of COR15a was also
undertaken. Because there is no easily detectable phenotype specific for the
induction of COR15a, one of the constructs used in the promoter deletion
analysis, which contained approximately one kilobase of the COR15a promoter
fused to the GUS coding region, was used as a screenable marker. The
expression of GUS from this construct should mimic expression of the

endogenous COR15a gene in transgenic plants.
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Mutational analyses of reporter gene fusions of this type have been successfully

used to examine the signals responsible for the induction of genes responsive to
heat-shock (Takahashi et al., 1992), to systemic acquired resistance (Bowling et
al., 1994 and Cao et al,, 1994), and to chloroplast development (Susek et al., 1993)
although the identities of the mutated genes have yet to be reported. A screen
using the csb140 promoter fused to tms2 yielded, unexpectedly, a cosuppressed

mutant (Brusslan et al. 1993).

It was hoped that mutants obtained could be used to determine whether all the
COR genes were controlled by a common pathway, to see if mutants altered in
their response to one of the inducing stimuli would also be altered in their
response to the others, to estimate how many steps were in the pathway and
ultimately to clone the genes involved. In the end, however, the experiment
only suggested ways to improve the screen, as no plants with mutations in the
signal transduction pathway involved in the induction of COR15a were -



Results

Isolation of a genomic clone encoding COR15a

A genomic library of Arabidopsis DNA in \EMBL3 was screened using pHH67
(Hajela, 1990), a cDNA corresponding to COR15a, as a probe. A phage
containing an insert of approximately 12 kilobases of DNA, with the 5’ end of
COR15a located approximately 3 kilobases from one end, was isolated. The

insert DNA from this phage was subcloned into pUC19 and was further

manipulated in that form.

Deletion studies (Baker et al., 1994) demonstrated that the COR15a promoter is
responsive to low temperature, drought and exogenously applied abscisic acid
(ABA).

Mutagenesis strategy

Because there is no recognized phenotype for the induction of COR15a, a system
was devised to facilitate a screen for mutants that were altered in the signal
transduction pathway responsible for the induction of this gene (Figure 2.1).
The promoter of COR15a fused to the coding region of GUS was introduced into
plants for use as a screenable marker. Transgenic plants that expressed the

reporter gene, GUS, at a cold temperature (4°C), but not at normal growth
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Figure 2.1 Screen for signal transduction mutants. A construct consisting of the
promoter of COR15a, the coding region of GUS and a NOS terminator was
introduced into Arsbidopsis. A transgenic line that strongly expressed GUS at
low temperature but not at normal growth temperatures and was homozygous
for the transgenic insert was EMS mutagenized and screened using a MUG
assay. Plants kept at normal growth temperatures were then screened for GUS
expression and cold-treated plants were tested for the lack of GUS expression.
Contrary to depiction, plants were screened after about three weeks of growth,
at which point they were not yet flowering.
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temperature (22°C), were EMS (ethyl methane sulfonate) mutagenized and
screened at 22°C, looking for those with elevated expression, or at 4°C, looking
for decreased expression.

Although cold induction is the response of interest, alteration of the expression
of this promoter could also be due to a mutation in the signal(s) initiated by

drought or ABA, since the COR15a promoter is also responsive to these stresses.

Preparation of transgenic reporter lines, mutagenesis and screening

A line of transgenic plants containing approximately one kilobase of the COR15a
promoter (the -900/+78 fragment described by Baker et al., 1994) fused to the
GUS coding region of pBI 101.2 (Jefferson et l., 1987) was selected because of its
strong cold-inducible expression of GUS as tested by histochemical analysis. It
has been shown that this construct is also inducible by drought and by
exogenously applied ABA (Baker et al., 1994). The R3 generation (the third
generation after negenération of the transgenic plants) was tested for
homozygosity first on Kanamycin plates and then by genomic Southerns done
on eleven individual plants (Figure 2.2). Further genomic Southern analysis of
this line (referred to as 1,6) suggests that there are three inserts at two loci and
that the two linked inserts are inverted with respect to each other (Figure 2.3). It
was hoped that having more than one insert would prevent the isolation of cis

knockout mutations in the transgene, since it should be less likely for multiple
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Figure 2.2 Test for homozygosity of inserts in line 1,6, using genomic Southerns. A line
of transgenic plants containing a -900 to +78 COR15a promoter fragment fused to the
GUS coding region was tested for homozygosity of the insert(s). Preparations of
genomic DNA from 11 individual R3 plants of genic line 1,6 were digested with Sna
BI, which cuts once within the inserted DNA, and with Bam HI, which does not cut
within the insert, to determine if the previous generation (R2) of line 1,6 was

h gous for the ic insert.
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Figure 2.3 Putative organization of inserts in line 1,6. Genomic DNA isolated
from transgenic line 1,6 was digested with enzymes EcoRI (E), HindIII (H), PstI
(P) and Sacl (S) and probed for the GUS (uidA) or Kan coding regions. The
autoradiograms are shown to the right and the putative genomic arrangement is
diagrammed at the left. The three bands in the Sacl digest suggest that there are
three copies of the insert, and the GUS band shared between the Hind III and Pst
I digests could be due to two copies of the transgene inserted tail to tail. The
insert thought to be separate from the two linked inserts is shown four times.
once for each restriction enzyme. All four enzymes are shown at once on the
diagram of the two adjoining inserts.



43

inserts to be mutated at once. However, it also provides more targets for cis-
acting mutations that might increase expression in the warm. Genetic analysis of
a croes between this line and nontransgenic Arabidopsis (ecotype Columbia) gave
ratios consistent with the presence of two GUS-expressing loci (6 noninducible
plants out of 100 tested in F2 population a6), although only one locus conferred
Kanamycin resistance (120 resistant to 41 sensitive, 83 resistant to 26 sensl;tive
and 62 resistant to 36 sensitive, in F2 populations a2, a3 and a6 respectively).
This suggests that the insert(s) at one of the transgenic loci no longer has a

functional gene for kanamycin resistance.

Seeds of line 1,6 were then mutagenized with EMS and planted in 12 flats.

Insect damage (principally due to thrips and aphids) severely limited the M2
(second mutant generation) seed production of this and of the subsequent round
of mutagenesis. M2 seed was harvested in bulk from each flat, resulting in 12
pools of seed. An estimated 6,560 seeds were planted on plates containing DAP
(2,6~diaminopurine) to test the effectiveness of mutagenesis. Plants homozygous
fanemuhﬁmintheaplgemareabletogrowinthepmeofDAP,
so0 the number of resistant plants provides a measure of the effectiveness of
mutagenesis (Moffatt and Somerville, 1988). Four resistant plants were
observed, demonstrating that the phenotype of a single recessive mutation was

detectable in about one out of 1,600 plants. Later, more seed was mutagenized
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in the same manner and 12 more pools were generated. The DAP test was not

performed on this mutagenized seed.

Seed from each pool was planted in pots that were divided into quarters.

Leaves of individual plants from each quadrant were clipped and placed into a

2 mM methylumbelliferyl glucuronide (MUG) solution in microtiter plate wells
(Figure 2.4). Quadrants that contained a leaf of mutant phenotype (GUS
expression at normal growth temperatures or a lack of GUS expression 4°C) were
then rescreened and each plant was marked with a numbered toothpick. About
half of the pots of plants were screened in the cold room and the other half in the

growth chamber at standard growth conditions.

Putative mutants recovered

In the first round of screening, approximately 26 strong and 54 weak putative
mutants in the warm screen and 36 strong and 67 weak putative mutants in the
cold screen were selected and allowed to set seed. The next generation (M3) of
the strong putative mutants was tested. Six of those selected in the warm screen
(6-8#1w, 6-8#4w, 6-8#10w, 6-8#15w, 18#6w and 13-7#1w) and one of those
selected in the cold screen (3-2#4c) again showed the mutant phenotype. The
weak putative mutants were also tested, but none of those isolated in the warm
screen displayed the mutant phenotype in the second generation. The twelve

putative mutants from the cold screen that still showed a weak mutant
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1,6 36-1#6c 38-1#6c 3-2#4c 20-8#3c w 18#6w 4-11#3w 6-8#4w

Figure 2.4 MUG assay of putative mutants. Two columns of microtiter
plate wells are shown for each line of plants, with nonmutagenized 1,6
serving as the control. Leaves in the wells in the top half of the plate were
clipped from warm-grown plants (W, 22°C), while those in the bottom half
of the plate were taken from cold-grown plants (C, 2.5°C).
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phesotype were not studied further because the variability of their phenotype

made confirmation and characterization difficult. Initial testing of the non-
mutagenized reporter transgenic had made it appear that the warm and cold
response of the MUG assay was clear, but substantial variability was seen during
screening, even in the controls, making it difficult to identify true mutants. The
reason for this variability is not known, although it has been seen that different
leaves from the same plant can give different levels of expression of the reporter
gene (Figure 2.5). The number of false positives was decreased in later screening
by retesting the putative mutants a week or two after the initial screen, although

the improvement was not quantified.

A second round of screening turned up three putative mutants that expressed
GUS at normal growth temperatures and three that did not express GUS at low
temperature. Of these, two of those that express GUS at normal growth
temperatures (6-10#14w and 4-11#3w) and one of those that does not express
GUS at low temperature (20-8#3c) were still positive in the next generation. Two
more plants that did not express GUS at low temperature (36-1c and 38-1c) were
confirmed from yet a third round of screening. In all, approximately 13,000
plants were screened. Approximately 39 lines of putative mutants that do not
express GUS at low temperature and 9 putative mutants that express GUS at

normal growth temperatures remain to be tested at the M3 generation.



1.6 1.6 x18#6w F2a6

Figure 2.5 Variability of MUG assay. Four leaves from each of 12 warm-grown plants
from the cross 1,6x18#6w (F2 generation, population a6) were screened for MUG
activity. The identity of these plants is included for the sake of completeness, but is not
important for the observation that different leaves from the same plant give different
results in the MUG assay. Leaves from the twelve plants are shown in twelve rows, with
the leaf number being indicated at the top of the microtiter plate. Leaf number does not
correspond to the position of the leaf on the plant. Columns of nonmutagenized 1,6
grown at standard temperatures (W) and at 2.5°C (C) are included for comparison.
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In order to determine whether lines which still showed the mutant phenotype in

the M3 generation were affected in a signal transduction pathway responsible

for inducing COR15a, northern blots of each were probed with GUS and COR15.

In all cases, the endogenous COR15 message of the plants selected as mutants
was indistinguishable from that of the nonmutagenized transgenic control
(Figure 2.6), except for line 13-7#1w, which was later found to contain a CaMV
35S promoter fragment (data not shown), and thus was not derived from the
original transgenic line. Line 13-7#1w was not studied further. In the figure
shown, it appears as though the endogenous COR15 message may be elevated
over background for line 18#6w, but this was not reproducible. However, the
GUS message was elevated in plants selected as expressing GUS at normal
growth temperatures (4-11#3w, 6-8#1w, 6-8#4w, 6-8#10w, 6-8#15w, 6-10¥#14w,
13-7#1w and 18#6w) and was not detectable in plants chosen as not expressing
GUS at low temperature (3-2#4c, 20-8#3c, 36-1c and 38-1¢). In genomic Southern
analysis, the latter were found to not contain the reporter (Figure 2.7), so they
were not studied further. It seems unlikely that all three inserts of the transgene
would have been deleted by EMS mutagenesis, suggesting that these may be
contaminants. Indeed, a subsequent genomic Southern of line 38-1c showed
that it contained an extra copy of the COR15a coding region indistinguishable

from a CaMV 355/COR15a sense transgenic used in the lab (data not shown).
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Figure 2.6 Expression of GUS and of COR15 mRNA in putative mutants.
Samples of warm- (W) and cold- (C) grown nonmutagenized 1,6 are included as
controls on each blot. Lines chosen as having increased GUS activity at 22°C
(normal growth temperature) were grown at 22°C for this experiment. These are

shown at the top of the page. Lines which did not have GUS activity at low
temperatures (2.5°C) were grown at 2.5°C for this experiment and are shown at

the bottom.
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Figure 2.7 Southern analysis of putative mutants screened at low temperature.
Duplicate blots of EcoRI-cut genomic DNA were probed for COR15 and for GUS
sequences. RLD is an untransformed control, which should only contain COR15
sequences; 1,6 is the nonmutagenized transgenic control, which should contain
GUS as well as COR15 sequences; and the other four lines are putative mutants
that were chosen for their lack of GUS expression at low temperature. These
were expected to contain both GUS and COR15 sequences. Both endogenous
copies of COR15 are contained within a single EcoRI fragment, while the
introduced copies of the transgene contain GUS on an EcoRI fragment internal to
the insert (see Figure 2.3).
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It was also noted that the GUS message produced by line 6-8#4w (selected as

expressing GUS at normal growth temperatures) was still responsive to low
temperature, drought and ABA treatment, and that the signal was lowered by
incubation in water, as is true with the nonmutagenized control (Figure 2.8).
Line 6-8#4w may be slightly less responsive to drought than1,6. Lines 6-8#1w,
6-8#10w, 6-8#15w and 6-10#14w were not included in this or subsequent
analyses because they are from the same pool of M2 seed as line 6-8#4w and are
likely to be siblings of it. There has been no detected difference among these

five putative mutants.

M analysis of putative mutants

Because the mutations did not appear to be in the signal transduction pathway,
and because cis-acting elements in the COR15a promoter are only partially
understood, it was of interest to determine whether any of the mutations that
caused elevated levels of GUS message in warm-grown plants were in the
introduced gene. If 30, and if the mutation was not in the GUS coding region,
isolation and examination of the altered genes might give some insight into the
function of COR15a promoter elements. If not, then the mutation would have to
be in a gene that affected the introduced gene and not endogenous COR1S5,
perhaps influencing the stability of the GUS message. Should such be the case,
more care would have to be taken to avoid or quickly detect such mutations in

subsequent mutagenesis attempts.
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Figure 2.8 Inducibility of putative mutant line 6-8#4w. Plants of
nonmutagenized 1,6 and putative mutant line 6-8#4w were grown under normal
conditions (22°C, W), soaked in water (S), soaked in 100 uM ABA (A), drought-
stressed (D) or cold-stressed (2.5°C, C). See materials and methods for details.
The RNA was probed for GUS and for COR15 messages.

1,6 6-8#4w
CLiC
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Theﬁnto&pinfhhamlyshwubdeﬁamimwhetherﬂemuhntphenotype
co-segregated with the introduced genes, and if so, with which locus. Lines
4-11#3w, 18#6w and 6-8#4w were crossed to the non-mutagenized neporter line
and to nontransgenic Arabidopsis, ecotype Columbu The F1 Waﬁon of each
cross demonstrated the mutant GUS phenotype, and in the F2 generation, each
putative mutant segregated at about 3 bright to 1 dark, indicating that the
mutation was dominant. Southerns were done on individual bright plants of
crosses between Columbia and lines 18#6w, 4-11#3w and 6-8#4w, 'and in each
case, when there was only one locus represented, it was the one expected to
contain the two linked transgenes (data shown for 4-11#3w in Figure 2.9). The
elevenlimohownshouldbeenoughfor%%_conﬁdemeoﬂinhge(né

Materials and Methods for details).

This co-segregation of the mutant phenotype with the transgenes was consistent
with the idea that the mutation is either in the introduced gene or is linked to it,
although nothing can be said regarding how tight the linkage is. It also
supported the conclusion that the mutation is not in the signal transduction
pathway and further suggested that it is also not in an unlinked gene that affects

GUS stability.

Preliminary attempts to isolate the locus believed to contain the mutation were

unsuccessful. Assuming that this locus does contain two copies of the transgene,
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Figure 2.9 Cosegregation of the mutant phenotype with the locus thought to
contain two linked copies of the reporter construct. Wildtype Arabidopsis,
ecotype RLD, was crossed as the female parent to putative mutant line 4-11#3w.
Genomic Southerns were performed on Pstl-cut DNA isolated from 11 individual
F2 plants which had shown the mutant phenotype by the MUG assay. This
digest (see Figure 2.3) separates two loci containing the transgene, with the
upper band being that thought to contain a single insert and the lower band
thought to contain two linked copies of the transgene. The blots were probed for
the GUS coding region. Nonmutagenized line 1,6 is shown at left as the control.
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both would need to be sequenced, and the possibility does still exist that the

mutation is in the GUS coding region. For these reasons, it was determined that

resources could be more effectively invested in less risky projects.

Test for polyploidy

One possible explanation for the lack of recessive mutations was that the original
transgenic line may have become tetraploid during the tissue culture stage
(Negrutiu et al., 1975) of the transformation process, thus making recessive
mutations unobservable. However, if this were the case, the crosses of 1,6 to
mnhmgaﬁchaﬁdop&isshouldhaveprodumd aborted seed in the F2
generation because of the high amount of nondisjunction expected when a
tetraploid and diploid are crossed. The F2 seed of this cross was wildtype in
appearance and germinated normally, demonstrating that the transgenic was not
tetraploid (data not shown).

Discussion

In the examination of COR gene regulation, a genomic clone was needed so that
promoter analyses could be conducted. A cDNA corresponding to the coding
region of COR15a was used to isolate from a genomic library a clone that

contained about 3kb of sequence 5 of COR15a and 8 to 10kb 3’. Deletion



56
analysis of the COR15a promoter found on this clone demonstrated that this

promoter is inducible by low temperature, drought and ABA (Baker et al., 1994).

In an attempt 10 isolate mutants altered in the signal transduction pathway
responsible for the induction of low temperature-responsive genes, plants
containing the COR15a promoter fused to the GUS coding region were selected,
EMS-mutagenized and screened for altered GUS expression. Approximately
6,000 plants were screened at normal growth temperatures and another 6,000 at
4°C and a large number of putative mutants was isolated. While these numbers
are by no means exhaustive, growing mutant seed on DAP had My shown
that one recessive mutation in the apt gene could be found in about 1,600 plants.
In other systems, a screen looking for mutants in the signal transduction
pathway for heat-shock inducible genes yielded about one mutant per 5,000
plants screened (Takahashi et al., 1992), and in other screens done using reporter
constructs, one mutation was found in 2,000 or fewer plants screened (Cao et al,,
1994, Bowling et al., 1994 and Brusslan et al., 1993). Practically, no more plants
were screened because the available resources went into characterizing the

mutants isolated, which turned out to be false positives.

Of those screened, only 8 (9.6%) of the initial putative mutants from the warm
screen and 4 (3.7%) of the initial putative mutants from the cold screen still

looked mutant in the next generation, indicating that the screen allowed for a
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large percentage of false positives. The substantial variability seen during
screening, even in the controls, may be due to the stability of the GUS protein
(efferson, 1987) coupled with a sensitivity of the COR15a promoter to leaf to
leaf variation in microenvironments. Testing a second leaf after the plant had a
chance to grow for another week or two did eliminate a number of false

positives more quickly than waiting to test the next generation.

Of the putative mutants that came through secondary screening, none were
found to contain a mutation in the signal transduction pathway responsible for
the induction of COR15a. Putative mutants screened at low temperature hnd
either suffered deletion of all three copies of the transgene or, as was
demonstrably true with line 38-1c, were contaminants, while those screened at
normal growth temperatures only exhibited the mutant phenotype with regard
to the transgene, and hence do not affect the signal transduction pathway of

interest.

Sime.themuhntphmotypeofﬂ\elinawhichexpmo GUS at normal growth
temperatures cosegregates with the locus thought to contain the two linked
transgenes, the mutation must be either in one of the inserts or in a linked gene
that affects the expression of GUS, but not of COR15 message. The former seems
move likely, especially in line 6-8#4w, which shows the strongest phenotype and

is still responsive to low temperature, drought, ABA and to suppression by
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submergence in water. lkml8#6wand4—11#3wmsﬁllinducible_by low
temperature (data not shown), but the results from the water-soak test were less
conclusive because the GUS expression of these lines is so weak at the normal
growth temperature. This alteration in expression without loss of inducibility
suggests that the mutation may be in the introduced COR15a promoter. Cloning
this transgene from any of the three lines known to carry independent
mutations, but particularly from line 6-8#4w, and determining what the
mutation is might give insight into the function of cis-acting promoter elements.
However, it has currently been determined that direct experiments fusing
promoter elements to reporter genes are a more efficient way to study cis-acting
elements, particularly because there is no way of knowing which of the two
inserts thought to reside at this mutant locus might be responsible for the
phenotype and because it is still possible that the mutation is within the coding

region of GUS or is only linked to the locus.

There are a number of measures that could be taken in setting up a new attempt
to find plants mutant in the signal transduction pathway responsible for
inducing COR15a in order to improve the chances of finding the desired
mutants. To reduce the amount of contamination, flowering plants should be
kept in a separate chamber from those newly planted and, where possible, there
should be an easily observable phenotype associated with the transgenic line

used for mutagenesis which is unrelated to expression of COR15a or the
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transgene 30 that contaminants can be recognized and discarded with a

minimum amount of effort.

In order t0 make mutations in the transgene more readily identifiable, the
original reperter construct could be redesigned to include a second reporter also
fused to the COR15a promoter. This way, another relatively rapid test could be
done on each putative mutant to see if the second reporter also demonstrated the
mutant phenotype rather than waiting for a generation or two to get @u@
material for RNA isolation. Since mutations that appear to be in the locus
containing the linked inserts were found in at least one out of 2,000 plants
screened (counting the five mutants isolated from mutant pool 6 as a single
mutation event), it might also be wise to select a transgenic line containing only
one predictable insert, thus reducing the complexity of the system. The presence
of the second reporter would obviate the need for a second insert to weed out

null cis-mutations.

In light of the observed variability of GUS expression, it might also be wise to
use the histochemical stain on several pot-grown plants of the transgenic lines
propoeedformeinmutagemsistoseeifsomelinesshowmonvarhbﬂityfrom

leaf to leaf than others.
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Experiments in progress to tease apart the functions of various cis-acting
elements may make it possible to design a construct that is only inducible by low
femperature, thus making it more likely that the screen or selection will yield
mutations related to low temperature induction and not to water relations. The

promoter for COR15b may in fact only be responsive to low temperature (see
Chaptar 3).

Finally, the use of a selectable rather than a screenable reporter should make
identification of mutants easier and should make the testing of a much larger
number of plants possible. Resistance to an herbicide or antibiotic, such as
BASTA (Bouchez et al., 1993), kanamycin (Valvekens et al., 1988) or hygromycin
(Susek et al., 1993) could be used to select for plants that allow expression from
the COR15a promoter under warm conditiomA and genes encoding proteins that
convert a nontoxic substrate to a toxic substance, such as those for
indoleacetamide hydrolase (Klee et al., 1987), nitrate reductase (Numume etal.,
1991), or cytosine deaminase (Perera et al., 1993) could be used to select plants
that do not have expression from the COR15a promoter at low temperature. For
this low temperature screen, it would be advantageous to test the induction of
the non-mutagenized reporter construct at varying temperatures, since the plants
grow very slowly at 2°C and sensitivity to toxic compounds is often seen best
after growth has occurred in their presence. It has been shown (see Chapter 4)

that COR15a expression is increased above that in warm-grown controls even at



R



61
16°C, and that its expression is at or near its maximum at 8°C, so it should be
possible to find a temperature at which expression is strong, and growth is not
prohibitively slow.

It is possible that no mutants were found because the expression of COR15a is
Recessary during some stage of the life cycle of Arabidopsis. This view is
consistent with the finding that staining was found in anthers of warm-grown
plants containing the same construct as 1,6 (Baker et al., 1994). It was hoped that
the use of EMS, rather than a mutagen that caused larger deletions, might allow
some leaky mutations that would show alteration of expression without being
lethal. Unfortunately, the variability of the screen led to focus on plants with
strong phenotypes because the weaker ones were simply too hard to follow.
Thus, steps taken to reduce the variability of the screen or selection take on

added importance.

Further work could be directed toward rescreening the 39 lines of putative down
in the cold mutants and 9 putative up in the warm mutants that remain to be
tested at the M3 generation. This should, however, be secondary to the
preparation of new reporter constructs for use in starting over because a new
construct enabling a selection and the elimination of cis mutations should allow a

more efficient identification of relevant mutations.
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Materials and Methods

Library screening

The A. thaliana (ecotype Columbia) genomic library used to screen for COR15a
genomic clones was a gift from Harry Klee (University of Florida). It was
prepared by ligating a Sau 3Al partial digest of genomic DNA into the Bam HI
site of lambda EMBL3 (Sambrook et al., 1989). The library was screened with
pHH67 (Hajela et al., 1990), a cDNA representing COR15a, using standard |
methods (Sambrook et al., 1989). One of the recombinant phage that hybridized
with pHH67, L67g, was characterized further. The Arabidopsis insert DNA was
cut out as a Sal I fragment (Sal I sites flank the insert in the multiple cloning site
of AEMBL3) and ligated into the Sal I site of pUC19 (Yaniséh-Perron et al., 1985)
to make plasmid p67gk. A 1.8 kb Bgl Il fragment, which contains the coding
region of COR15a and approximately 1 kb of 3’ sequence, was subcloned into the

Bam HI site of pBluescript (SK-) to make pBlueé67.

Analysis of kanamycin resistance

Seeds were surface sterilized with 30% bleach/5% Triton X-100, washed with
sterile water five times and plated on GM Mh with Kanamycin. GM media
was made up of 0.05% 2-[N-morpholino]ethane sulfonic acid (MES), 0.8%

phytagar and 1 bag/1 of GibcoBRL Gamborg’s B-5 Medium with sucrose. The
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PH was adjusted t0 5.7 with 1 M KOH and 50 mg/1 Kanamycin was added after

auteclaving. Seeds were plated in a sterile manner by drawing 100 pul of the
seed /water mixture into a 1 ml pipetman tip, removing the tip from the
pipetman and gently touching the tip to the surface of the agar to deposit seeds.
Seeds were then separated using the same tip. The plates were wrapped with
two pieces of Parafilm® and plants were grown at a light intensity of about 100
uEs'm2, a 16-hour photoperiod and temperatures of 23°C to 27°C for a week or
until resistant plants (green) were differentiable from sensitive phnt;s (white or

yellow).

Histochemical analysis of GUS expression |

Plate-grown seedlings were tested for cold-inducible expression of GUS using
histochemical staining (Jefferson, 1987). Leaves of plants that had remained at
growth conditions or that had been given an overnight treatment at 2°C were
excised and incubated at 37°C overnight in a solution containing 100 mM
sodium phosphate pH 7.0, 10 mM EDTA, 0.1% (v/v) Triton X-100, 2 mM 5-
bromo-4-chloro-3-indolyl-B-D-glucopyranoside (X-gluc), 1 mM K,Fe(CN) and
1 mM KsFe(CN)s. Chlorophyll was removed by soaking the plant material

overnight in 50% (v/v) EtOH. The tissue was then stored in 70% (v/v) EtOH.



Mutagenesis and screening

Mutagenesis was done essentially as described (Haughn and Somerville, 1986).
For each round of mutagenesis, approximately 25,000 (500 mg) seeds of
Arabidopsis thaliana L. (Heyn.) transgenic line 1,6 were placed in 100 mils of a
0.3% solution of EMS (ethyl methanesulfonate), left in a fume hood at room
temperature for 8 hours and swirled occasionally. Seeds were then washed with
reverse csmosis water 10 to 15 times, suspended in 0.1% phytagar and planted
by pipeting the seed/agar suspension onto 21 flats of soil (about 1 seed per
square cm). The M1 plants of the first round of mutagenesis were grown under
fluorescent lights on a shelving unit at ambient conditions, while those of the
second round were grown in a greenhouse. In both places, thrips and aphids
infested the plants, limiting seed production. Safer™ insecticidal soap was used
on the plants on the shelving unit and Dycarb and Orthene (applied by licensed
personnel) were used on the plants in the greenhouse. The M2 seed that was
produced was pooled by flat and planted out in pots that were divided into
quadrants. Seedlings (approximately two weeks old) were screened for aberrant
GUS expression. Plants screened in the warm were left in the chambers where
they were grown, while those screened in the cold were moved to a 2°C cold
room overnight initially, but for four days when it was recognized that longer
cold treatment reduced the variability of the MUG screen. A scalpel was used to
cut a leaf piece from each plant and forceps were used to place each piece in

250 pl of a solution containing 2 mM MUG (methylumbelliferyl glucuronide),
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50 mM sodium phosphate pH 7.0 and 0.05% Triton X-100 in a microtiter plate
well. Tl\ele waere then incubated at 37°C overnight the first few times, but
subsequently 4-6 hours for more sensitive detection, and viewed on a UV
lightbox. The microtiter plates were divided into quadrants like the.pots, and
when a positive well was detected, the plants in the appropriate ﬁuadrant were
flagged with numbered toothpicks and another leaf piece was tested. Once a
putative mutant or mutants had been had been identified, all the other plants in
that pot were removed and the putative mutant(s) was allowed to set seed. The
identification system used lists the number of the pool, followed by a dash and
the number of times seed had been planted from the pool, the quadrant in which
the putative mutant had been found, the number of the putative mutant and
finally “w” for the warm screened plants or “c” for those screened in the cold.
As more work was done with a given mutant line, the designation was

sometimes shortened for ease of use.

Plant growth and stress treatment

Arabidopsis thaliana (L.) Heyn. ecotype RLD or Columbia was grown in
controlled environment chambers at 22°C with a 24 hour photoperiod (about 120
umol m2 s1) as previously described (Gilmour et al., 1988). Humidity was not
controlled. After about three weeks of growth, plants were either harvested or
subjected to one of several stress treatments. Plants were cold-acclimated by

placing pots in a 2°C cold room under constant cool-white fluorescent light (45-
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55 pmol m-2s?) for four days. Drought stress was administered by excising the
shoots from the pots, placing them on 15 csa Whatman No. 1 filter paper in
ISOuxISnmphsﬁcpehiphtawithﬂ\elidsopenforﬁminuu. The lids
were then placed on the plates and plants were incubated for four to six hours
under fluorescent lights (about 50 umol m-2s1). Water loss was calculated by
dividing the weight of the drought-stressed plants by their initial fresh weight
and multiplying by 100. MbotﬁomlS% to 23% of their initial weight. The
ABA treatment consisted of placing excised plants into a 150 mm x 15 mm petri
plate with 75 ml reverse osmosis water supplemented with 100 uM ABA (mixed
isomers, Sigma) and one drop (10-20 ul) Tween-20 (polyoxyethylene-sorbitan
monolaurate 20, Sigma), covering them with a piece of 15 cm Whatman No. 1
filter paper to keep them submerged, placing the lid on the plate and incubating
them for 4 to 6 hours under fluorescent lights (about 50 pmol m-2s1). Water-

aonked plants underwent this same treatment, except that the ABA was omitted.

RNA extractioa and fractionation

Total RNA was extracted essentially as described (Gilmour et al., 1988) with a
few modifications. Frozen pulverized tissue was extracted with equal volumes
of phenol/chloroform/isopropyl alcohol (25/24/1, v/v/v) and extraction buffer
(1% (w/v) triisopropylnaphthelene sulfonic acid, 6% (w/v) p-aminosalicylic

acid, 100 uM Tris-HCl pH 7.6, 50 mM EGTA, 125 mM NaCl, 1%SDS, 10 mM
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DTT) on ice. This was further homogenized in the tube using a Tekmar®
Tissumizer, centrifuged (10,000 rpm in an SA600 rotor), and the supernatant
extracted again with phenol/ chloroform/isopropyl alcohol. This second set of
tubes and all subsequent tubes and solutions except ethanol were made free of
RNase by treatment with DEPC (Sambrook et al., 1989). Nucleic acids were
precipitated with cold 95% ethanol, resuspended in 1 ml double-distilled water,
transferred to a microfuge tube and precipitated on ice for an hour with 1/4
volume 10 M LiCl. The pellets were precipitated again with 95% EtOH and

resuspended in 200 ul water. The ODxo was measured to estimate the

concentration of RNA.

For fractionation, RNA (5 to 40 ug) was dried down, resuspended in
formaldehyde loading buffer containing EtBr (about 100 ng/ml), incubated at
68°C for 10-15 minutes and fractionated on denaturing formaldehyde agarose
gels (Sambrook et al., 1989). The RNA was then transferred (Sambrook et al.,
1989) to Magna NT membranes (MSI) using 10x SSPE made according to
instructions provided by Schleicher and‘Schuell. This recipe for SSPE is slightly
different from that described by Sambrook et al. (1989), and is what was used as
SSPE in all experiments. RNA wu. UV cross-linked (Stratalinker, Stratagene) to

the filters.



Naosthern hybridizations

For standard northern hybridizations, blots were prehybridized, hybridized and
washed in a Robbins Scientific Model 400 hybridization oven according to
standard methods (Ausubel et al., 1967) with some modifications. Blots were
incubated with prehybridization solution, which is made up of 50% formamide,
5x SSPE, 50 mM potassium phosphate pH 8, 5x Denhardt’s solution (1x is

0.02% w/v ficoll, 0.02% w/v polyvinylﬁynolidone, 0.02% w/v bovine serum
albumin), 0.5% SDS, 100 ug/ml sheared, denatured fish sperm DNA, at 42°C for
three hours % overnight and in hybridization solution (50% formamide, 5x SSPE,
50 mM potassium phosphate pH 6.5, 1x Denhardt’s solution, 0.5% SDS, 5%
dextran sulfate, 100 pg/ml sheared denatured fish sperm DNA) at 42°C
overnight. Blots were rinsed and then given two 30-minute washes at room
temperature in 2x SSPE/0.5% SDS, then washed two to three times, for 15

minutes each time, with 0.1x SSPE/0.5% SDS at 50C.

Probes were made from gel-isolated fragments labeled with 2P by random
priming (Feinberg and Vogelstein, 1983). An Eco RI fragment from pHH67 was
used to visualize COR15 message and a Sac I/ Hind 11l fragment from pBI101.3

(Jefferson, 1987) served as a GUS probe.
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Plant genomic DNA extraction and Southern analysis

Genomic DNA extraction for the analysis of the transgenes in 1,6 and for
analysis of putative mutants was done as described by Rogers and Bendich
(1988) except that the mixture of plant tissue and extraction buffer was incubated
at 68+C for 30 minutes before chloroform extraction and the CTAB
(hexadecyltrimethylammonium bromide) precipitation was left in the
refrigerator until flocculant precipitate was seen. |

Total Arabidopeis DNA or plasmid DNA was digested with various restriction
enzymes and fractionated by agarose gel electrophoresis (Sambrook et al., 1989)
using TAE (40 mM Tris-acetate, 1 mM EDTA). The DNA was then transferred
(Sambrook et al., 1989) to Magna NT membranes (MSI) using 10x SSPE. The

DNA was UV cross-linked (Stratalinker, Stratagene) to the-ﬁlhen.

Southern blots were prehybridized and hybridized in a Robbins Scientific Model
400 hybridization oven using the nonfat dry milk method of Johnson et al.,
(1984) and washed using standard conditions (Sambrook et al., 1989), except that
all washes were done with 0.1% SDS/0.1x SSC. Gel-isolated fragments labeled
with 2P by random priming (Feinberg and Vogelstein, 1983) were used as
probes. A Sac I/Hind 1II fragment of pBI101.3 was used to detect GUS inserts, a

Bam HI/Pst 1 fragment of pCIB710 (Rothstein et al., 1987) was used as a probe
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for the CaMV 35S promoter and an Ew RI fragment of pHH67 was used to

visualize COR15a and COR15b sequences.

The binomial distribution N!/m!ne! (p)™ (q9)*2=x was used to determine how
many samples of putative mutantline&ll#Sw_dwuldhemhd to give a 95%
probability that there is no segregation from the locus thought to contain the
linked inserts. Nilthetohlnumberofampla,mnndn; are the number of
times co-segregation and the lack of co-segregation are seen, respectively,

p is the proportion of the time the lack of a band is expected from a segregating
parent (1/4) and q is the proportion of the time a band should be seen from a
segregating parent (3/4). The percent chance of not seeing segregation when
there really was some is x. The exclamation mark denotes the factorial of the
number preceeding it. The equation was solved for n; after i had been set to
zero and x had been set to 5% or less. This yielded an n; of eleven. Since m; is

zero, that means N is also eleven and eleven samples must be tested.
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Chapter 3:

Analysis of a genomic clone containing COR15a and COR15b

Summary

In order to facilitate the interpretation of studies of the regulation and protein
analysis of the cold-regulated gene COR15, experiments were carried out to
determine whether it was a member of a small gene family. Initial genomic
Southerns of Arebidopsis had shown that COR15 was either a single gene or a
member of a small gene family (Hajela RK, Horvath DP, Gilmour SJ,
Thomashow MF, 1990, Plant Physiol. 93:1246-1252) and further genomic
Southern analysis indicated that there was a second gene which hybridized to a
cDNA corresponding to COR15. A genomic clone containing COR15 was found
to also contain this second member of the COR15 gene family, which was then
named COR15b. COR15 was renamed COR15a. The two genes are in the same
relative 5’ to 3’ orientation and their predicted coding regions are 82% identical
at the nucleic acid sequence level. COR15a and the protein predicted to be

encoded by COR15b were compared to each other and a model for their

74
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secondary and tertiary structure is proposed. COR15b is inducible by low

temperature and possibly by ABA, but not by drought. Gene fusion experiments

indicate that this lack of drought inducibility is most likely promoter-based.

Introduction

Arabidopsis thaliana is able to increase in freezing tolerance at low, nonfreezing
temperatures in a process known as cold acclimation (Gilmour et al., 1988).

During this process, numerous genes are induced, including a gene known at the
beginning of this work as COR15 (Hajela et al., 1990). COR15 mRNA is
inducible by drought stress and by the exogenous application of abscisic acid as
well as by low temperature, but not by heat shock. In vitro translation
experiments showed that COR15 encodes a 15 kDa polypeptide, COR15, which
is cleaved to 9.4 kDa upon import into chloroplasts. The mature form of COR15,
COR15m, is acidic, with a pI of 4.6, and is very hydrophilic. COR15m remains
soluble upon boiling, a property thought to be a consequence of this high

hydrophilicity (Lin and Thomashow, 1992).

A genomic clone containing COR15 was isolated in preparation for gene
regulation studies (see Chapter 2). Approximately 3 kb of the COR15 promoter

was identified in this clone and subsequent promoter deletion analysis showed
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that the cold- drought- and ABA- inducibility of COR15 is promoter-based

(Baker et al., 1994).

In the analysis of COR15, the question of whether it was a single gene or a
member of a small gene family was raised. COR6.6 and COR78 had been found
to be members of small gene families (Kurkela and Borg-Frank, 1992 and
Yamaguchi-Shinozaki and Shinozaki, 1993) and an extra band found on
westerns when examining the translated product of COR15 might be explained
by the presence of two related genes. Initial analysis using two restriction
enzymes gave a simple pattern, suggesting that COR15 was either a single gene
or was a member of a small gene family (Hajela et al., 1990). The restriction map
of the genomic clone isolated allowed for a more efficient detailed analysis, so
more genomic Southerns were performed, and evidence was found for the

presence of a second gene.

The genomic clone already isolated containing COR15 was found to also contain
this second gene, so COR15 was renamed COR15a and the second gene was
designated COR15b. This chapter describes the sequencing of 4.2 kb of this
clone, analysis of COR15b sequence, a knowledge-based model of the protein it

encodes, and analysis of COR15b inducibility.



Results

Identification of COR15b and sequence comparison with the coding region of
COR15a

Southern analysis of Arabidopsis (ecotypes Columbia and RLD) genomic DNA
was performed under conditions of high and low stringency to look for the
presence of a second gene. A cDNA clone of COR15, pHH67 (Hajela, 1990), was
used as a probe. Four restriction enzymes (Scal, HindIlIl, Ncol and EcoRI) were
chosen to give a predictable banding pattern, based on a restriction map of the
genomic clone. Indeed, in both ecotypes faint bands were seen in addition to the
expected bands on the low stringency blot for three of the four enzymes used
(data not shown). The absence of extra bands with the fourth enzyme, EcoR],
which should give the largest fragment containing COR15, suggested that both
genes might be contained within this fragment, and thus both be present on the
genomic clone already isolated (see Chapter 2). Closer examination of
preliminary sequence about one kilobase downstream of COR15 did reveal
identity with the promoter of COR15. This second gene was designated

COR15b, and the original gene renamed COR15a.

Further sequence analysis was carried out. The sequence of approximately 4.2
kilobases, beginning about one kilobase upstream of the start of transcription for
COR15a and extending 448 bases past the stop codon of COR15b is shown

(Figure 3.1). The region of the genomic clone that corresponded to cDNAs of
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Figure 3.1 Sequence of a 4.2 kb region of genomic DNA containing COR15a and
COR15b. Nencoding sequences, including promoter regions, introns and 3’
nontranslated regions are shown in small letters, while all translated sequences
are in uppercase. The arrows show the start of transcription for each gene.
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COR15a was only sequenced on one strand, since it exactly matched the

sequence of the cDNA clones. This confirmed that the intron found in one of the
c¢DNA clones (pHH71.1) is the only one present in COR15a and that there are no
other differences between the cDNA and genomic versions of COR15a. The rest
of the sequencing was done on both strands. The two genes are separated by
less than one kilobase of DNA and are in the same relative 5’ to 3’ direction
(Figure 3.1). The transcriptional start site of COR15a was determined by primer
extension (Baker et al., 1994), while that of COR15b is predicted based on
comparison to that of COR15a and on the consensus sequence found at
tranacriptional start sites (Joshi, 1987). The location of the intron of COR15a is
known based en comparison to the sequence of the cDNA clone pLCT10A (Lin
and Thomashow, 1992), while the intron of COR15b is predicted based on
sequence comparison to COR15a and on consensus sequences found at
intron/exon boundaries (Brown, 1986). The predicted coding regions and

introns are, respectively, 82% and 57% identical at the nucleic acid level.

Analysis of the protein predicted to be encoded by COR15b and comparison
with COR15a

The polypeptide predicted to be encoded by COR15b, designated COR15b, is
77% identical and 82% similar in amino acid sequence to COR15a and both have
four degenerate 13 amino acid repeats (Figure 3.2). Like COR15a, which is
known to be targeted to chloroplasts (Lin and Thomashow, 1992), the N-terminal

sequence of COR15b has features typical of chloroplast transit peptides (Gavel
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COR15b 1 MAMSLSGAVLSGMGSSFHNVGAKQSGVGTVRVGRKSELVVVAQRKKSLIYA*V 52
CORl5a 1 ....f..... T..a....-8..... sf.a....q.Tqf...s...... s .o *A 51

53 KSDGNILDDLNEATKKASDFVTDKTKEALADGEKTKDYIVEKTIEANETATEE 105
52 Q@icccecesetccescsctcsesesocncsnsnns a...V...ns.taD.Lgk. 104

106 AKKALDYVTEKGKEAGNKAAEFVEGKAEEAKNATKS 141
105 .e..Aa..e...... L A....g...d... 139

Figure 3.2 Alignment of COR15a and COR15b. Identical, biochemically similar
and different amino acids are indicated by dots, capital and lower-case letters,
respectively. The consensus cleavage site sequence for chloroplast transit
peptides (Joshi, 1987) is double-underlined, with the predicted site of cleavage
being indicated by an asterisk. The four copies of the 13 amino acid repeat are
underlined. One gap, indicated by a dash, was introduced to optimize the
alignment.
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and voa Heijne, 1990). It has a high serine/threonine content (18%), only one

acidic residue (Glu), and a sequence beginning at amino acid 49, IYAV, that
resembles the loosely defined chloroplast signal sequence cleavage site V/I-X-
A/C-A (Gavel and von Heijne, 1990). While the final valine of COR15b’s
predicted cleavage site is absent from the consensus, it is found in a number of
the sequences from which the consensus was derived. Finally, there is an
arginine residue eight amino acids before this putative cleavage site, as would be
expected. Itis, however, also possible that COR15b may be targeted to
mitochondria, since mitochondrial transit peptides have much in common with
chloroplast transit peptides (Soll and Alefsen, 1993). The predicted molecular
weight of the mature COR15b protein, if it is targeted and processed, is 9.6 kDa,
compared to 9.4 kDa for the mature form of COR15a (Lin and Thomashow,

1992). Both are quite acidic, each with a predicted pl of 4.6.

Proteins similar to COR15

The BLAST algorithm tblastn (Altschul et al., 1990; bhsﬂmﬁ.nlﬁ.nmgov) was
used to search nonredundant dah&m, including GenBank (Release 92,
December 15, 1995) and the EMBL data library (Release 45.0), for sequencen
similar to the predicted mature COR15b polypeptide (COR15bm). The putative
mature forms of BN115, BN19 and BN26 from Brassica napus (accession numbers
U14665, S68879 and S68727, respectively; Weretilnyk et al. 1993) and of a Brassics

oleracea cold responsive mRNA (accession number U16751; Jo H, Lee C, and
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Sohn U, unpublished data) show amino acid sequence identity of 72.2, 68.9, 66.7

and 70%, respectively, with COR15b. The other genes with the highest sequence
identity identified by this search are Group 3 late embryogenesis abundant
(LEA) proteins isolated from birch (accession number Z18891; Puupponen-
Pimia et al., 1993), Arabidopsis (accession number D64140; Yang H, Saitou T,
Harada H and Kamada H, unpublished data), soybean (accession number
U02966; Chow T, Hsing YC, Chen Z, unpublished data, and accession number
222872; Hsing et al., 1996, In press), carrot (accession number X16131; Franz et
al., 1989) and wheat (accession number M72395; Curry and Walker-Simmons,
1993). These have 20 to 40% amino acid sequence identity to COR15b, primarily
in repeat regions characteristic of Group 3 LEA’s (Dure, 1993), which align with
the degenerate repeats of COR15a and COR15b. Neither the structure nor the

function is known for any of these proteins

Modelling of COR15 structure

COR15bm also shows similarity to COR15am when structural modelling is done.
The secondary structures of both COR15am and COR15bm are predicted by
PHDsec (Figure 3.3A) to be primarily alpha-helical with short loops at each
terminus and two potential turns or unstructured regions separating helices
(Rost and Sander, 1993 and Rost and Sander, 1994). This method aligns the
sequence of interest with similar sequences from the SWISSPROT database and

uses this alignment to develop a prediction of secondary structure using the
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AA VKSDGNILDDLNEATKRASDFVTDKTKEALADGEKTKDY IVEKTI EANETAT EEAKKALD
sec LLL.HHHHHHHHHHHHHHHHHHHHHHHHHHH....... HHHHHHHHHHHHHHHHHHHHHH
prob 999279999999988989999999989999744412238999999988899999999999
AA WTEKGKEAGNREREFVEGRAEEARNATRS
sec HHH...HHHHHHHHHHHHHHHHHHH. .LLL
prob 997434768999999999986687533889
B
AA VKSDGNITBBINEATKKAS DFVTDKTKEALADGEKTKDY TVERTI EANETATEEARKALD
sec LLLLLLL..HHHHHHHHH.. .HHHHHHHHHH. .. .000000vo.. L....HHHHHHHHHH
prob 999998643799999877221579999999912241212212232541318999999999
AA FVTEKGKEAGNKAAEFVEGKAEEAKNATKS
sec HHHHHH....HHHHHHHH..HHHHH. .LLL
prob 999998134268999997215589822699
C
L ] Alpha helix
0—3 Beta sheet
) Turn
D
—_— ) — J Alpha helix
- Beta sheet
D — Turn

Figure 3.3 Predictions of the secondary structure of COR15bm. A. PHDsec
secondary structure prediction based on alignment of COR15bm with proteins
found in a search of the SWISSPROT database. B. PHDsec secondary structure
prediction based on alignment of COR15bm with COR15am and the predicted
mature forms of BN115, BN19 and BN26. For the PHDsec predictions, amino
acid sequence (AA), secondary structure prediction (sec) and probability (prob)
are shown. PHD predicts loops (L), helices (H) and beta sheets (E, for extended),
with 1 being the lowest and 9 the highest probability of accuracy. Dots show
where the prediction is uncertain. Lines over PHDsec predictions denote helices
predicted by knowledge-based modelling using beta-lactamase from Bacillus
licheniformis. C. Secondary structure prediction based on the algorithm of
Garnier and Robson. D. Secondary structure prediction based on the algorithm
of Chou and Fasman. For the Garnier-Robson prediction and Chou-Fasman
predictions, open boxes indicate the presence of the structural feature and lines
indicate its absence.
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profile neural network method (Rost and Sander, 1993). A neural network is

essentially a system of artificial intelligence which can be trained in pattern
recognition (Rost and Sander, 1993). The variables which are optimized during
training are internal to the program, so the criteria on which the prediction are
based are not available for examination. However, it is known that the amount
of sequence conservation in the aligned sequences aids PHDsec in predicting
secondary structure. This prediction method is rated at an expected 72.1%
average accuracy for the three states of helix, strand and loop (Rost and Sander,
1993). When the same program used proteins known to be highly similar to
COR15bm in its alignment, namely COR15am and the predicted mature forms of
BN115, BN26 and BN19, the prediction was still highly helical with loops at both

ends, but had more regions of uncertain structure (Figure 3.3B).

Prior modelling using the less accurate algorithms of Garnier and Robson
(Figure 3.3C) (Garnier et al., 1978) and Chou and Fasman (1978) (Figure 3.3D)
had predicted the high helicity, but only the method of Chou and Fasman had
predicted turns separating helices. It was not expected that COR15m would
form a single long helix, since this is unusual for a soluble protein and has only
been observed in calcium-binding and fiber-forming proteins (observation from
protein structural analysis by LA Kuhn and JA Tainer). When COR15bm is
modelled as a single helix in helical wheel format (Schiffer and Edmundson,
1967), it is notably amphipathic (Figure 3.4). One side of the helix is notably

enriched in hydrophobic amino acids, while the other is highly hydrophilic.



Figure 3.4 COR15bm modeled as an amphipathic helix. Single letter codes of

the amino acids are shown. Hydrophobic residues (A, L, I, V and F) are shown
as filled circles, polar residues (S, T, G, N and Y) are shaded and charged
residues (D, E and K) are white.
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Helical net modelling (Dunnill, 1968) further reveals potential ion pairs (Figure

3.5) that may be involved in stabilizing the helix or helices (Marqusee and
Baldwin, 1987).

In the process of predicting the secondary structure of COR15am and COR15bm,
PHDeec compared them to the proteins in the SWISSPROT database and
reported 21 and 12 proteins that showed moderate to low levels of amino acid
identity with COR15am and COR15bm, respectively (see Appendix). The
protein with the highest sequence identity to COR15am was the class A beta-
lactamase from Bacillus cereus (Madgwick and Waley, 1987), which had 28%
identity and 38% similarity over 89 residues (this calculation is independent of
that provided by PHDsec). Two short gaps, consisting of residues 36-39 and
residues 64-70, were introduced into beta-lactamase to optimize the alignment.

COR15bm is 23% identical and 34% similar to B. cereus beta-lactamase.

PHDthreader was also used to analyze CORlsm and COR15bm. This program
combines the secondary structure and solvent accessibility predicted by PHDsec
and PHDacc (a solvent accessibility prediction program which also uses a neural
network) with amino acid identity of a given protein into a string of information
that utilizes 120 characters (20 amino acids multiplied by three secondary
structure states and two states of solvent accessibility). This string of

information is then compared with the corresponding string of amino acid
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Figure 3.5 Helical net model of COR15bm. Single letter codes of the amino
acids are used. Positively charged residues are shown as black circles and
negatively charges residues are shaded. Hydrophobic and polar residues are
white. The proximity to each other of positively and negatively charged
residues on successive turns of the helix may allow intrahelical electrostatic
interactions. This could stabilize the helical conformation.
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identity, secondary structure and solvent accessibility calculated from each of

450 nonredundant proteins of known fertiary structure in order to look for
potential remote homologs (proteins with similar tertiary structure, but no
significant sequence similarity to the protein of interest) (Rost 1995a and Rost
1995b). PHDthreader returned an alignment of 20 potential remote homologs of
known structure for COR15am and for COR15bm (see Appendix). For both
COR15am and COR15bm, the aligned protein with the highest sequence
similarity was apolipophorin III from the African locust Locusts migratoria
(Breiter et al., 1991). However, the sequence identity of apolipophorin III with
COR15am is only 22% and with COR15bm is 16%, and there is one five-residue
gap in the alignment. Two other factors discouraged use of apolipophorin IIl in
modelling. One was the low reliability of the threader technique. The method is
only rated at 30% accuracy and the information on threading given at the world
wide web site that carries PHDthreader warns that predictions will likely be
wrong. The second was that the location of the region of apolipophorin III that
is similar to the entirety of COR15am and of COR15bm maps to three out of five
helices that form a helical bundle. - Apolipophorin is 67 and 66 residues longer
than COR15am and COR15bm, respectively. The absence of the other two

helices is likely to affect the way the prohéin folds.
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Of the reported proteins with similarity to COR15am and COR15bm for which
the three-dimensional, atomic resolution structure is known, beta-lactamase was

the most similar, making it the best candidate for knowledge-based modelling.

It has been shown that proteins having greater than or equal to 25% identity over
an 80 residue stretch are likely to have greater than 70% tertiary structure
identity (Sander and Schneider, 1991), although the gap opening penalty of 3.0
and gap elongation penalty of 0.1 neduce the effective identities of COR15am
and COR15bm with B. cereus beta-lactamase to 20.9% and 16.9% respectively.
Furthermore, COR15am and COR15bm are expected to have essentially the same
structure, based on their 77% amino acid sequence identity with no gaps or
insertions. In a study of the relationship between sequence identity and
structural similarity for 51 proteins (Hilbert et al., 1993), it was found that the
alpha carbons of proteins with 77% sequence identity will superimpose to within
0.5 A RMSD (root mean squared deviation). In other words, the structures of
COR15am and COR15bm should overlap. This means that it should be

reasonable to model COR15bm, as well as COR15am, on beta-lactamase.

Because the sequence identity between COR15am and beta-lactamase was on the
border of Sander and Schneider’s threshold (1991) of 25% identity over 80 amino
acids, modelling was continued with caution with the understanding that the

resulting structure could be evaluated for reasonableness based the following



91
four criteria. First, does the modelled structure correspond with the PHDsec

secondary structure prediction? Second, are the majority of hydrophobic
residues buried and hydrophilic residues exposed? Third, are insertions in
COR15bm relative to beta-lactamase located in loop or turn regions of the
surface rather than in the middle of helices? Finally, does the model comprise a

compact globular subdomain of beta-lactamase rather than extended, poorly

packed segments of secondary structure?

Because the three-dimensional structure of the beta-lactamase from B. cereus is
not available, and there are several structures available for other class A beta-
lactamases, the structural conservation among these class A beta-lactamases was
evaluated. The three-dimensional structures of Class A beta-lactamases from
Stapliylococcus aureus (1blc, Chen and Herzberg, 1992) and Bacillus hdmuﬁrrms
(4blm, Knox and Moews, 1991), were acquired from Protein Data Bank (Abola et
al., 1987). When these structures and the structure of the class A beta-lactamase
from Escherichia coli (Strynadka et al., 1992) were superimposed using the protein
modelling program Insightll (version 95.0), they were seen to have very similar
structures (Figure 3.6). Some of the helices are at slightly different angles and

some loop regions vary slightly, but the overall structure is the same.

In quantification of this similarity, the class A beta-lactamases from S. aureus and

E. coli are 24.2% identical, but have an RMSD of the alpha carbons of only 1.6 A
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Figure 3.6 Superimposition of three Class A beta lactamases. The structures of
Class A beta lact: isolated from Staphy aureus (yellow ribbon),
Escherichia coli (blue ribbon) and Bacillus licheniformis (pink ribbon) were
superimposed using Insight II (version 95.0).
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Those from S. aureus and B. licheniformis are 36.7% identical with an RMSD of

1.4A,Mﬂ\onﬁom5.wliand3.ﬁdwmﬁrmism28.9% identical with an
RMSD of 0.7 A. Sander and Schneider (1991) use an RMSD of 2.5 A as their
upper limit for acceptable structural similarity, so these numbers are well within
this limit. Thus, while other class A beta-lactamases may have slight differences
in the angles of helices or loops, they are highly likely to have the same
secondary structures and tertiary fold as the beta-lactamase from B. cereus. This
high level of structural similarity among beta-lactamases, given the moderate
sequence identity, also supports the idea ﬂutthestructunéfﬂteCORlSm
proteins may be quite similar to that of beta-lactamase, despite the moderately

low sequence identity.

ClauAbeh-hctamuaofknowns&nchmweuﬂmevdmbdforM
sequence similarity with COR15am and COR15bm. The beta-lactamase from
Bacillus licheniformis (Knox and Moews, 1991) had the highest identity with both
COR15m proteins, having 15% identity and 29% similarity to COR15am and
i6% identity and 28% similarity to COR15bm, so it was chosen for use in

modelling COR15bm.

Using Insightll, the side chains of B. licheniformis which varied in the alignment
with COR15bm were swapped for the corresponding COR15bm side chains. The

rest of the beta-lactamase polypeptide not analogous with COR15bm was then
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deleted from the COR15bmn model. The resulting protein is comprised of a

three helix bundle which has a stretch of relatively unstructured amino acids
(Figure 3.7). Themhwkrmhulwvmmmoaddsofﬁnmodd&vebeen
omitted, since they form a helix in beta-lactamase, but are strongly predicted to
be a loop in secondary structure analyses of COR15am and COR15bm. These
residues are in a region of no identity between the two proteins and, if they were
modelled as an amphipathic helix, its hydrophobic residues would be exposed
to the solution, which would be thermodynamically unlikely. It is more likely to
be a loop region that packs its two hydrophobic residues against the

hydrophobic regions of the protein.

The model was then evaluated according to the criteria previously proposed.
First, the placement of helices in this model is similar, although not identical, to
the PHDsec prediction which utilized a provided alignment of COR15am and
the predicted mature forms of BN115, BN19 and BN26 (see bars over PHDsec
predictions in Figure 3.3). The high sequence identity of the proteins used in
this prediction should increase its accuracy over that of the prediction based on
proteins of lower identity found in the SWISSPROT database. Second,
hydrophobic residues are generally buried in the structure, while hydrophilic
residues are surface-exposed. Third, residues that are inserted in COR15bm
relative to beta-lactamase occur in surface-exposed loops (see Figure 3.7) and are

thus not likely to have a major effect on the overall structure. Based on



Figure 3.7 Model of the proposed structure of COR15bm. Shown is the ribbon
of residues B78-B151 of the beta lactamase from B. licheniformis. The sidechains
of the B. licheniformis protein have been replaced by the sidechains from
COR15bm, starting with COR15bm residue 8 (Ile) and ending with residue 90
(Ser). Two yellow arrows at the center of the picture identify sites where
residues of COR15bm were looped out of the alignment, and thus out of the
model. The arrow on the left marks the point where residues 36-39 of COR15bm
were omitted, and the arrow on the right shows where residues 64-70 were left
out. Sidechains are colored according to their properties. Acidic residues (D
and E) are red, basic residues (K) are blue, polar residues (S, T, G, N and Y) are
magenta and hydrophobic residues (A, L, I, V and F) are green.




9%
comparisons with the effects of insertions in other proteins, these insertions

would likely extend the loop lengths or possibly extend the helix lengths (Heinz
et al, 1993). Finally, it can be seen that the modelled region corresponds to a

single, compact subdomain of the beta-lactamase protein (Figure 3.8).

It is likely, however, that the sidechains are somewhat more tightly packed in
the actual protein, since the modelled COR15bm has a surface loop formed by
the mainchain in which the sidechains are less tightly packed in the modelled
COR15bm than in beta-lactamase. This results in there being a tunnel through
the periphery of the modelled COR15bm, while there is no tunnel through the

corresponding loop of beta-lactamase.

Regulation of COR15a and COR15b mRNA

The finding that there are two very similar members of the COR15 family led to
the question of why the duﬁlication migitt be beneficial. Are the two genes
redundant or might one be present at a different time or place than the other? In
order to examine the inducibility of COR15a and COR15b individually,
oligonucleotides complementary to a divergent region of the 3’ end of COR15a
and COR15b were synthesized. Once the hybridization conditions at which
these probes were specific had been empirically determined, they were used on
northern blots prepared from plants exposed to low temperature, drought or

ABA (Figure 3.9A). Both genes were induced by low temperature and treatment



Figure 3.8 Region of beta lactamase with similarity to COR15am and COR15bm.
Shown is a ribbon depiction of beta lactamase from B. licheniformis with the
region that has amino acid sequence similarity with COR15am and COR15bm
colored yellow.
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Figure 3.9 Comparison of the regulation of COR15a and COR15b. A. RNA from
warm- (W), cold- (C), drought- (D) and ABA- (A) treated plants was fractionated
on duplicate gels and blotted. Each blot was probed with a gene specific probe
for COR15a or COR15b. B. Five drought-treated (D) RNA samples with cold (C)
and warm (W) controls. Again, duplicate blots were prepared and each was
hybridized with a probe specific for COR15a or COR15b.
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with ABA. However, only COR15a was notably responsive to drought. This

result was confirmed with five more drought samples (Figure 3.9B). Induction
was observed when they were probed with COR15a, but not with COR15b.
There were low levels of COR15b transcript detectable in one of the drought
unplu, but these were comparable to transcript levels seen in some warm
control samples probed with COR15b. No transcript was detected in these same
warm control samples probed with COR15a, so COR15b appears to have a low

background level of expression at 22°C.

In light of this difference in regulation, a comparison of the promoters of
COR15a and COR15b raises some questions (Figure 3.10). Both contain at least
one g-box, an element that has been found in plant genes responding to a variety
of environmental stresses (Daugherty et al., 1994), and at least one DRE-like
element. The DRE has been shown to be involved in both cold- and drought-
regulated induction (Yamaguchi-Shinozaki and Shinozaki, 1994). Finally, a 14-
base sequence, designated the ”ﬂ’ repeat” is found twice in the bromoter of
COR15b and once in the promoter of COR15a. It is not known if this repeat
affects inducibility. It has already been demonstrated that the drought-
inducibility of COR15a is promoter-based (Baker et al., 1994). Is the same true of
COR15b? If so, why does the DRE-like element not cause drought inducibility?

This second question, while important, is beyond the scope of this study.
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Figure 3.10 Comparison of the promoters of COR15a and COR15b. Dots
represent identical bases and dashes mark gaps introduced for optimal

alignment. Promoter elements are bold and indicated by an overline or
underline for COR15a and COR15b, respectively. The start of transcription is
indicated by an arrow, and the capitalized ATG is the translation start codon.
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As an initial assessment of whether the COR15b promoter is low temperature or

droﬁght-respomive, two constructs were prepared and introduced into
Arabidopsis. A 1,744 base pair fragment, including the COR15b promoter and
part of the COR15b coding region (—1212 to +535 relative to the start of
transcription), and a 300 base pair fragment of the COR15b promoter (-226 to
+75) were each fused to the coding region of GUS to create 101.BS and 101Nla3,
respectively. Construct 101.1BS was intended to be a translational fusion, but
sequencing revealed that there had been a two base pair deletion during the

cloning process, so the COR15b and GUS messages are out of frame.

Northern analysis of three lines of plants transgenic for 101.1BS revealed that the
introduced gene is strongly responsive to low temperature, but not to drought
(Figure 3.11). This demonstrates that induction by low temperature and the lack
of drought inducibility are controlled by the promoter, the first exon, the intron
or some combination of these. Two of the three lines of 101Nla3 tested showed
the same responsiveness to low temperature and lack of drought-inducibility,
but the third showed slight drought induction (Figure 3.11). The reason for this

is unclear.
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Figure 3.11 Regulation of COR15b promoter constructs. 101.1BS consists of a
large fragment of the COR15b promoter (-1212 to +535 relative to the start of
transcription) fused to the GUS coding region, and 101Nla3 is the smaller
COR15b promoter fragment (-226 to +75 relative to transcription start) fused to
GUS. Blots of three lines of each are shown here, probed for both GUS and
endogenous COR15. Plants were grown at warm (normal) conditions (22°C, W),
drought-stressed (D), treated with ABA (A), or cold-treated (2.5°C, C).
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Discussion

Analysis of genomic Southerns of Arabidopsis has revealed that COR15 is a gene
family. Southern and sequence analysis of a genomic clone containing COR15a
has further shown that the second member of this family is situated less than

1 kb downstream of the first. If there are other members of this family, their
sequences are $00 highly divergent for them to be detected with the pHH67
(Hajela, 1990) probe at low stringency. Sequence analysis and comparison then
indicated that these two members of the family share many characteristics. They
share high sequence identity, are in the same orientation, are predicted to have
anintroninthesamephce,aM&epmhimmdedbybo&apﬂrbhvea
chloroplast signal peptide, to be about the same size, and to have the same pl

and structure.

The roles of all of the COR proteins in the response to low temperature are
currently unclear. It has been shown that warm-grown plants expressing
transgenic COR15a are less susceptible to freezing damage, as measured by
chlorophyll fluorescence and by protoplast survival, than are wildtype plants,
but the mechanism for this protection is unknown. COR15am and COR15bm
show high amino acid sequence identity with. the predicted mature forms of
BN115, BN19 and BN26 from Brassica napus (Weretilnyk et al., 1993), with the

predicted protein product of a cold-responsive Brassica oleracea mRNA
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(accession number U16751; Jo H, Lee C and Sohn U, unpublished data) and low

identity with repeat regions characteristic of Group 3 LEA proteins (Dure, 1993).
Within group 3 LEA proteins, there are two subclasses. The degenerate repeats
of COR15b show greater similarity _\Qithﬂnrepeab of group 3 LEA (I) (Dure,
1998), but COR15b is acidic, as are proteins classified as group 3 LEA (II) (Curry
and Walker-Simmons, 1993). Unfortunately, neither structure nor function is

known for any of these groups of proteins.

In analyzing the function of a protein, it would be helpful to have a model of its
structure, 30 as to know which residues could be positioned to interact with a
substrate, a solvent or another member of a complex. Specific residues could
then be mutagenized to determine which are required for activity, and
comparisons to proteins of similar structure could be made. It is also helpful to
know the structure so that mutants can be designed to not disrupt protein
folding. Mutations are typically more permissible at the solvent-exposed surface
and more likely to relate to protein function than residues buried in the protein
core. Also, mutations, including insertions and deletions, are typically only
allowed in turn- or loop- forming regions, rather than within secondary

structures.

Three secondary structure prediction programs have all indicated that COR15am

and COR15bm are highly helical. In the process of making these predictions, it
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was discovered that part of a protein of known structure, a subdomain of beta-

lactamase, aligned with COR15am with high enough amino acid sequence
identity to suggest the use of a knowledge-based modelling approach in

developing a model for COR15bm tertiary structure.

The model was constructed with particular caution because the sequence
identity between COR15am or COR15bm and beta-lactamase is at the lower limit
for knowledge-based modelling (Sander and Schnieder, 1991) and because it
would be unexpected for COR15am or COR15bm to function in antibiotic
cleavage, as does beta-lactamase. However, the model does agree with the
secondary structure prediction of PHDsec and does conform to the features of
known protein structures. Namely, hydrophobic residues are buried and
hydrophilic residues are exposed to the solvent. The two insertions occurring in
COR15bm relative to beta-lactamase are in loops between helices, and thus
would not disrupt the overall structure of this domain. Finally, the model shows
a globular fold of amphipathic alpha helices which comprise one compact
domain of the beta-lactamase structure. This domain has very few interactions
with the other domain so it is expected that the domain corresponding to
COR15bm could fold similarly in solution in the absence of the second domain.
However, the sidechains in one of the surface loops are probably more tightly

packed in COR15bm than in the model, since the predicted structure has a
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tunnel through the periphery, which is unexpected for a globular protein and is

not found in the beta-lactamase from which the model was derived.

More support for the model comes from the observation that the COR15m
proteins are predicted be highly helical and amphipathic and are known to be
very soluble in aqueous solution. It is reasonable to think that these proteins
either multimerize or fold to shield the hydrophobic face of the helix or helices
from the surrounding solvent. It is not yet known whether they multimerize. If
they do not multimerize, then it is quite likely that they fold, possibly as
predicted by this model which does generally have the hydrophobic residues
buried.

It is unlikely that COR15m is a beta-lactamase. It contains three of the residues
involved in catalysis (Ser, Lys and Gly) in the same general region of the
structure as beta-lactamase, but corresponds to less than half of the beta-
lactamase molecule and lacks the domain contributing the other half of the
binding site. It does, however, show some structural similarity to another class
of molecules, the lipoproteins, which bind lipids for transport through the
cytoplasm. When analyzed by threading, the niatume forms of both COR15a and
COR15b were favorably compared to apolipophorin III from the African locust

Locusés migratoria (Breiter et al., 1991). While this comparison was not useful for
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modelling, it provoked some thought regarding the possible function of

COR15am and COR15bm.

The apolipophorins in insects (Breiter et al., 1991) and plant nonspecific lipid
transfer proteins (nsLTPs) (Heinemann et al., 1996) are composed of small
bundles of amphipathic helices that are thought to spread their hydrophobic
core over lipids, thus solubilizing them for transport through the aqueous
cytosol (Breiter et al., 1991). Mature COR15m is similar in size to plant nsLTPs,
but has a low pl rather than the high pl characteristic of these proteins, and lacks
their eight conserved cysteines. Thus, the COR15m proteins are not plant
nsLTPs, but may belong to a class of lipid-binding proteins that has not yet been
described. Indeed, acidic phospholipid exchange proteins have been reported in
castor bean (Tanaka and Yamada, 1962) and spinach (Kader et al., 1964),
although their sequences are not known. Also, it has been found that the
common structural feature of multiple amphipathic helices is more important for
the lipid transfer function of insect apolipoproteins than amino acid identity
(Smith et al., 1994). This lends credence to the idea that COR15m could have
lipid transfer activity, even though its sequence differs substantially from that of
other lipid transfer proteins.

Because membranes are a principal site of damage during a freeze-thaw cycle

and because membrane composition changes during cold acclimation, a lipid
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transfer function for COR15m would not be unexpected. The presence of

COR15am, and possibly COR15bm, in the chloroplast would also be consistent
with a potential role in lipid transport, since the synthesis of glycerolipids
originates in the chloroplast (Roughan et al., 1980). In vitro assays such as those
described by Miquel et al. (1987) could be utilized to determine whether the
COR15m proteins are able to facilitate the transport of lipids. If such activity
could be detacted, then the model could be used further to direct a mutational
analysis of amino acid residues in order to clarify which residues are necessary
for this function.

The similarity of the two genes and the proteins they are thought to encode
suggeshthateithermoreofﬂuegeneproducthneededdunanhepmdwed
from one copy of the gene or that the two function in different times, places or
ways. None of these possibilities have been ruled out, although it has been seen
that the principal difference between the two genes is the way they are
regulated. COR15b, as studied by promoter/GUS fusions and by a probe
specific for its transcript, has a low level of expression in wam-grﬁwn plants,
while COR15a does not (Baker et al., 1994). More notably, however, COR15a is
clearly inducible by drought stress, while COR15b is induced, if at all, to a

substantially lower level.
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A construct containing a little over a kilobase of the COR15b promoter, the first

exon and the intron of COR15b, 101.1BS, was inducible in transgenic plants by
bwhlpambutnotbydrought,indhﬁngﬂutlow&mpenmh\ducﬁon
and the lack of drought induction are regulated by the promoter or by the first
half of the transcript. A second construct containing about 300 bases of promoter
sequence and no coding sequence, 101Nla3, gave more variable results. All of
the lines tested were inducible by low temperature, indicating that this is
controlled at the promoter level, but one of them also showed induction in
drought-stressed plants.

With only three reliable samples to examine, it is difficult to know which is
aberfant. It is possible that an element which suppresses drought-inducible
expression was not included in this small construct and that all three lines
should have shown drought induction. It is also possible that all three lines
should not have shown drought-induction, similar to the results from 101.1BS.
Alternatively, two of the lines could be showing the effects of trans-inactivation.
This seems unlikely, since the constructs are still inducible by low temperature.
Whatever the case, the results seem to reflect the effect of the position of the
transgenes in the genome. Thus, more work needs to be done to determine why
the endogenous COR15b gene is not responsive to drought stress, but the current
evidence suggests that the lack of inducibility is promoter-based. More

transgenic lines have been generated, which could be tested, although the
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possibility that the DRE-like element present in the COR15b promoter is

primarily responsible for induction due to low temperature but not drought is
enticing. Answering the question of whether or not this element responds to

both stimuli could ultimately be more informative than trying to unravel these

transgenics.

Why does the DRE-like element in the promoter of COR15b not cause COR15b
RNA levels to be inducible by drought stress? It is possible that message is
induced but also degraded more quickly under drought conditions than low
hmpenture A construct containing the coding region of COR15b driven by the
CaMYV 355 promoter has been made to test this possibility, but the answer is not

yet known.

If, however, the promoter of COR15b is not responsive to drought, there are two
reasonable possibilities regarding the role of the DRE-like element. Bases
surrounding the CCGAC core could affect its responsiveness or it could require
interaction with a second promoter element. It has already been shown that the
core g-box (ACGT) is not specific to ABA inducibility, but is required for
induction under numerous stresses (Foster et al., 1994). G-boxes with slightly
differing surrounding sequences (Foster et al., 1994) and in combination with
differing promoter elements (Kawagoe et al., 1994, Shen and Ho, 1995 and

Hatton et al., 1995) are instrumental in responses to different stresses. Thus it is
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possible that the nucleotides surrounding the DRE-like element in the COR15b

promoter cause this promoter element to be non-responsive to drought stress.
This would be congruent with the observation that a COR15a promoter deletion
construct which includes only the DRE-like element identical to the COR15b
DRE-like element in the context of the native promoter is not very drought-
responsive, while COR15a promoter deletion constructs including two more
DRE-like elements, which have slightly differing surroundmg sequences, are
move strongly responsive to drought (Baker et al, 1994). In other experiments,
two DRE-like elements found in the rd29A (COR78) promoter, which contain the
DRE CCGAC core sequence, did not show drought-inducibility in tobacco

(Yamaguchi-Shinozaki and Shinozaki, 1994).

Alternatively, cooperation with a second cis-acting element not present in this
promoter may be required. The results of Yamaguchi-Shinozaki and Shinozaki
(1994) suggest that a single DRE derived from rd29A (COR78) is sufficient for
drought-inducible expression, since an 83 bp fragment containing the upstream
DRE or a 53 bp fragment containing the downstream DRE fused to a minimal
promoter derived from the same gene and to GUS gives drought-inducible GUS
achvxty Further, five copies of a 25 bp fragment containing the proximal DRE,
when fused to the minimal promoter of rd29A (COR78) driving GUS, conferred
drought-inducibility to GUS in transgenic tobacco (Yamaguchi-Shinozaki and

Shinozaki, 1994). It is possible that there is a second promoter element contained
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within each of these fragments, although it is not likely that the 25-base

fragment would contain another element. However, the presence of multiple
copies of the same element might make up for the lack of a coupling element. It
icaho;iouiblethattheminimalpromohrusedcontaimﬂ\emqnired second
element or that the function of these promoter elements is different in tobacco
than in Arabidopsis. Arabidopsis is chilling tolerant and is able to acclimate to
freezing temperatures, while tobacco is chilling sensitive and unable to acclimate

to freezing,

In order to test whether the DRE-like element from COR15a or COR15b is
inducible by both cold and drought stress or only by cold stress, experiments
comparing the inducibility of constructs containing an oligonucleotide of the
DRE from COR?78, or the DRE-like elements of COR15a or COR15b fused to a
minimal promoter and a reporter should be carried out in Arabidopsis.
Constructs containing other promoter elements along with the DRE-like
elements or containing multiple copies of the DRE-like element could give

insight into whether the elements are functioning synergistically.

Beth COR15a and COR15b appear to be inducible by ABA in gene-specific
northern analysis. This result was called into question when the COR15b
promoter constructs were not seen to be induced by ABA (Figure 3.11), but the

ABA induction of the endogenous gene was weak enough that it is not clear that
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induction would have been detectable. The gene specific northern blots need to

be repeated, since only one ABA-induced RNA sample was examined initially,
and the transgenics must be tested with better ABA induction before it can be

unequivocally determined whether COR15b is responsive to ABA.

The phenomenon of COR genes existing as small gene families, members of
wiﬁchmﬁﬂﬁn&mkﬂohséofwho&krmachmmaﬁm
differentially regulated, has now been seen for all four COR gene families in
Arabidopsis (Figure 3.12). COR6.6 and kin1 are related to each other essentially
the same way COR15a and COR15b are related to each other (Kurkela and Borg-
Franck, 1992). Both show induction by low temperature and ABA, but only
COR6.6 is strongly drought-responsive and 6!\1)' CORG6.6 is expressed at low
levels in control plants (Kurkela and Borg-Franck, 1992). However, Wang et al.
(1995) used promoter fusions of these two genes to show that the kin1 and
CORé6.6 bromoteu both responded to drought stress. This reason for this
difference has not yet been reported. COR78 and rd29B differ in that the former
is more strongly cold-responsive, while the latter is more strongly drought-
regulated (Yamaguchi-Shinozaki and Shinozaki, 1993), and COR47 is more
strongly responsive to drought and ABA than is Iti45 (also called /£i29) (Welin et

al.,, 1994 and Welin et al., 1995).
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Figure 3.12 Genomic organization of COR gene families. Coding regions are
shown as filled boxes, while introns are depicted as open boxes. Transcription
start sites are indicated by arrows.
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The members of each of the four gene families share 49% (COR78 and rd29B),

67% (COR47 and 1ti45) and 91% (kin1 and COR6.6) amino acid identity
(Yamaguchi-Shinozaki and Shinozaki, 1993, Welin et al., 1995, Kurkela and
Borg-Franck, 1992 and Wang et al., 1995). These high amounts of identity
suggest that the members of a given gene family may have identical or related
functions. Perhaps the small differences among members of a gene family make
ome member better suited for protection of the plant under drought stress
conditions without the addition of low temperature.

The shared spatial organization of the members of these families is also
intriguing. It is possible that their proximity to each other is advantageous in
that the opening of the chromatin in one region allows the transcription of two
cold-inducible genes for the price of one. With this in mind, the question of
where the COR gene families are in relation to each other on the chromosome
becomes more interesting. Perhaps there is one loop of chromatin that contains
all four families and becomes available for active transcription when the cell is
exposed to low temperature. Alternatively, perhaps COR gene families are
scattered in the genome, but are near other, less highly-expressed cold-inducible

genes.



116
Materials and Methods

Sequencing and sequence analysis

Sequencing of the region of the genomic subclone corresponding to the COR15a
cDNA pHH67 (Hajela et al., 1990), pBlue67, and of the junction between the
GUS gene and COR15b promoter of 101Nla3 and 101.1BS was performed using
the method of Sanger et al. (1977), using double-stranded DNA templates as
described previously (Lin and Thomashow, 1992). Deletions of the genomic
DNA insert were generated by digestion with exonuclease IIl and mung bean
nuclease (Henikoff, 1987). Automated fluorescent sequencing of COR15b was
performed by the MSU-DOE-PRL Plant Biochemistry Facility using the ABI
Catalyst 800 for Taq cycle sequencing and the 373A Sequencer for the a@ysk of

products.

INucleotide sequence analysis was carried out using MacVector™ 3.5
(Xxaternational Biotechnologies, Inc.), and protein analysis was done using
Pxotean (DNASTAR), PHDsec and PHDthreader (www address:
h&tp://www.embl-heidelberg.de/ predictprotein/phd_pred.html). Protein

ma o<lelling was performed using InsightIl (version 95.0).
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Plaat genemic DNA extraction and Southera analysis

DNAmﬁoafotﬂndeurminaﬁonoﬂhenumberofmbengfﬂmCORﬁ
gene family was performed as described by Rogers and Bendich (1988) except
that the mixture of plant tissue and extraction buffer was incubated at 68°C for
30 minutes before chloroform extraction and the CTAB precipitation was left
until flocculant precipitate was seen. This sometimes took three or four days,
and the same procedure used with the same CTAB a year or so later gave
varying yields, so DNA preps used in analyzing the COR15b promoter/GUS
transgene inserts were performed according to Tai and Tanksley (1991) as
modified by Doug Dahlbeck. Up to 0.15 g leaf tissue was frozen in a
microcentrifuge tube in liquid nitrogen, crushed with a miniature pestle and
incubated at 65°C with 0.7 ml preheated extraction buffer (100 mM Tris-HCl pH
8, 50 mM EDTA pH 8, 500 mM NaCl, 1.25% SDS, 8.3 mN NaOH, 0.38% sodium
bisulfite) for 10 minutes. Then 0.22 ml 5 M potassium acetate was added, the
samples were incubated on ice for 40 minutes and microcentrifuged at 13,000
apm for 3 minutes. The supernatant was filtered through a piece of Kimwipe® in
s 1 ml pipetman tip into another microcentrifuge tube and precipitated with 0.7
wve«>lume of isopropanol. The pellet was resuspended in 300 ul TsE (50 mM Tris-
JFEC] pH 8, 10 mM EDTA pH 8), allowed to resuspend at 65°C for 5 minutes,
ma i >ced with 150 pl 7.4 M ammonium acetate and microcentrifuged for 3 minutes.
TEne supernatant was then transferred to a new tube and DNA was precipitated

Vi th 330 ul isopropanol. The pellet was washed twice with 70% EtOH, allowed
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o resuspend at 65°C for 5 minutes in 100 ul TsE and precipitated with 10 ul

sodium acetate and 75 ul isopropanol. Finally, the pellet was washed twice with

70% EVOH, dried and resuspended in 25 ul sterile double distilled water.

Total Arebidopsis DNA or plasmid DNA was digested with various restriction

enzymes and fractionated by agarose gel electrophoresis using TAE, which is 40
mM Tris-acetate/1 mM EDTA (Sambrook et al., 1989). Southern blots were then
prepared using standard methods (Sambrook et al., 1989) and the DNA was UV

cross-linked (Stratalinker, Stratagene) to the filters.

Standard genomic Southern blots were prehybridized and hybridized in a
Robbins Scientific Model 400 hybridization oven using the nonfat dry milk
method of Johnson et al. (1984) and washed using standard conditions
(Sambrook et al., 1989), except that all washes were done with 0.1% SDS/0.1x
SSC. High stringency blots were prehybridized in 2x SSC/0.25% nonfat dry
milk/0.5% SDS at 55°C for three hours, hybridized overnight in the same
solution at 68°C, and washed in 0.1x SSC/0.1% SDS. The first four 20-minute
washes were at room temperature and the last two were at 68°C. Low stringency
blots were prehybridized in 6x SSC/0.25% nonfat dry milk/ 0.5% SDS for three
hours at 55°C, hybridized in the same solution overnight at 64°C and washed
four times, for 20 minutes each time, at room temperature and twice, for 20

minutes each time at 50-60°C in 6x SSC/0.1% SDS. Gel-isolated fragments
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labeled with 2P by random priming (Feinberg and Vogelstein, 1983) were used

as probes. A Sacl/Hindlll fragment of pBI101.3 was used to detect GUS inserts,

and an Eco RI fragment of pHH67 was used to visualize COR15a and COR15b

sequences.

Plant growth and siress treatment

Arabidopsis thaliana (L.) Heyn. ecotype RLD or Columbia was grown in
controlled environment chambers at 22°C with a 24 hour photoperiod (about 120
pmol m2 1) as previously described (Gilmour et al., 1988). Humidity was not
controlled. After about three weeks of growth, plants were either harvested or
subjected to one of several stress treatments. Plants were cold-acclimated by
placing pots in a 2.5°C cold room under constant cool-white fluorescent light (45-
55 pmol m2s?) for four days. Drought stress was administered by excising the
shoots from the pots, placing them on 15 cm Whatman No. 1 fﬂterpﬁperinlw
mm x 15 mm plastic petri plates with the lids open for 45 minutes. The lids were
then placed on the plates and plants were incubated for four to six hours under
fluorescent lights (about 50 pumol m-2s1). Water loss was quantified by dividing
the weight of the drought-stressed plants by their initial fresh weight and
multiplying by 100. Plants lost from 18% to 23% of their initial fresh weight.

The ABA treatment of plants used in the gene-specific northern experiments
consisted of spraying plants to runoff with 50 pM ABA (mixed isomer, Sigma) in

0.02% polyoxyethylene-sorbitan monolaurate 20 (Tween 20), covering the pots
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with Saran wrap o slow evaporation and incubating the plants for 4h at 22°C,

All other ABA treatments wese performed by placing excised plants into a 150
mm x 15 mm petri plate with 75 ml of 100 uM ABA (mixed isomers, Sigma) and
one drop (10-20 ul) Tween-20, covering them with a piece of 15 cm Whatman
No. 1 filter paper to keep them submerged, placing the lid on the plate and
incubating them for 4 to 6 hours under fluorescent lights (about 50 pmol m-2s?).
Water-scaked plants underwent this same treatment, except that the ABA was

RNA extraction and fractionation

Total RNA was extracted essentially as described (Gilmour et al., 1988) with a
few modifications. Frozen pulverized tissue was extracted with equal volumes
of phenol/chloroform /iscamyl alcohol (25/24/1, v/v/v) and extraction buffer
(1% w/v triisopropylnaphthelene sulfonic acid, 6% w/v p-aminosalicylic acid,
100 uM Tris-HCl pH 7.6, 50 mM EGTA, 125 mM NaCl, 1% w/v SDS, 10 mM
DTT) on ice. MWufurﬂierhomogenizedinﬂ\embeusmgaTehnu°
Tissumizer, centrifuged (10,000 rpm in the SA600 rotor), and the supernatant
extracted again with phenol/chloroform/iscamyl alcohol. This second set of
tubes and all subsequent solutions except ethanol were made free of RNase by
treatment with DEPC (Sambrook et al., 1989). Nucleic acids were precipitated
with cold 95% ethanol, resuspended in 1 ml double distilled water, transferred

to a microcentrifuge tube and precipitated on ice for an hour with 1/4 volume 10
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M LiCl. The pellets were precipitated again with 95% EtOH and resuspended

in 200 pl water. The ODag was measured to estimate the concentration of RNA.

For fractionation, RNA (5 to 40 ug) was dried down and resuspended in
formaldehyde loading buffer containing EtBr (about 100 ng/ml), incubated at
68~C for 10-15 minutes and fractionated on deiuturing formaldehyde agarose
gels (Sambrook et al., 1969). The RNA was then transferred (Sambrook et al.,
1989) to Magna NT membranes (MSI) using 10x SSPE made according to
instructions provided by Schleicher and Schuell. This recipe for SSPE is slightly
diffevent from that described by Sambrook et al. (1989). RNA was UV cross-

linked (Stratalinker, Stratagene) to the filters.

Primer extension
Primer extension, performed as described by Horvath et al. (1993) and using the
oligonucleotide 5'-CAGCTCCTGAGAAAGACATCGC-3, was used to determine

the transcription initiation site of COR in cold-treated plants.

Oligonucleotide northern analysis

Oligonucleotide northerns were done using the gene specific oligonucleotides
5YTGCTTGAAATTAACTGATTAGGTAAGACCC3’ (COR15a) and

¥ GAACATGACI‘ ACATGAGTGGTTGAATCAGG3’ (COR15b), which were

end-labeled as described by Zeff et al., (1987) with minor modifications (Baker,
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1990). First, 20 ul of 200 uCi y-2P ATP (>5000 Ci/mmol) were dried and

resuspended in 1 ul oligonucleotide (100 ng/ul), 1 ul T4 polynucleotide kinase,
1l 1 M Tris-HCl pH 8, 1 ul 0.1M MgCl, 2.5 ul 0.02M DTT, and 3.5 ul double
distilled autoclaved water. This reaction mix was incubated for 30 minutes at
37°C, then inactivated at 65°C for five minutes and brought to 100 ul with TE (10

mM Tris-HCl pH 8, 1 mM EDTA). Unincorporated nucleotides were removed
using a Sephadex G-25 spun column (Sambrook, 1989).

Hybridization was performed as described (Baker, 1990), except that the
temperature used was 63°C instead of42°C._ This temperature had been
empirically shown (Sambrook et al., 1989) to give gene-specific binding of the
two probes. Filters were incubated in prehybridization solution (5x SSC, 10x
Denhardt’s solution, 7% SDS, 100 ug sheared, denatured fish sperm DNA) for
four hours at 63-C, then in hybridization solution (5x SSC, 1% SDS, 10% dextran
sulfate, 100 ug sheared, denatured fish spel;m DNA) at 63°C overnight. The
filters were washed once in 5x SSC/5% SDS/5x Denhardt’q solution at 63°C for
30 minutes, once in 3x SSC/2% SDS at 63°C for 45 minutes and once in 2x SSC

for 10 minutes at room temperature.

Cloning of COR15b promoter constructs
In the construction of 101Nla3, an NlIII fragment containing approximately 300

bp of the COR15b promoter (-226 to + 75 relative to the transcription start site)
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was ligated into the Sphl site of pUC19 (Yanisch-Perron et al., 1985), such that

the 5’ end of the fragment, relative to the COR15b coding region, is nearest the
HindIll site of pUC19. The insert was then cut out with HindIIl and Xbal and
clened into pBI 101.1 (Jefferson, 1987) cut with HindIll and XbaL

Plasmid 101.1BS was made by using the large fragment of DNA polymerase 1
(Klemow) to fill in the 5’ overhang of a Scsl/ HindIll fragment which contains
approximately 1.5 kb of the promoter (-1212 to +535) and a about a third of the
coding region of COR15b. This fragment was cloned into the Smal site of
pﬂuuuipt(SK-)wchthnttheS’end:ehtivetoﬂnecodinémgionofCORleh
nearest the Psé] site of the pBluescript polylinker. This new construct was then
cut Sall/BamHI and the insert was gel-isolated and ligated into pBI101.1

(Jefferson, 1987), which had also been cut with Sa/l and BamHIL This should
have put the chloroplast signal peptide of COR15b in frame with GUS.

Plant transformation

The pBI 101.1 recombinants were mobilized into Agrobacterium tumefaciens strain
C58C1 (pMP90) (Koncz and Schell, 1986) or EHA105 (Hood et al., 1993) by
triparental mating, using strain pRK2013 as a helper. The root transformation
technique of Valvekens et al., (1988) with the modifications described by Baker

et al., (1994) was used to transform Arabidopsis thaliana (L.) Heyn., ecotype RLD.
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Nosthera hybridizations

For standard northern hybridizations, blots were prehybridized, hybridized and
washed in a Robbins Scientific Model 400 hybridization oven according to
standard methods (Ausubel et al., 1987) with some modifications. Blots were
incubated with prehybridization solution (50% v/v formamide, 5x SSPE, 50 mM
potassium phosphate pH 8, 5x Denhardt’s solution, 0.5% SDS, 100 ug/ml
sheared, denatured fish sperm DNA) at 42°C for three hours to overnight and in
hybridizqﬁon solution (50% formamide, 5x SSPE, 50 mM potassium phosphate
pH 6.5, 1x Denhardt’s solution, 0.5% SDS, 5% dextran sulfate, 100 ug/ml sheared
denatured fish sperm DNA) at 42°C overnight. Blots were rinsed and then given
two 30-minute washes at room temperature in 2x SSPE/0.5% SDS, then washed

two to three times, for 15 minutes each time, with 0.1x SSPE/0.5% SDS at 50°C.

Probes were made from gel-isolated fragments labeled with 2P by random
priming (Feinberg and Vogelstein, 1983). An EcoRI fragment from pHH67 was
used to visualize COR15 message, and a Sacl/Hind III fragment from pBI101.3

(Jefferson, 1987) served as a GUS probe.
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Chapter 4
Examination of the low temperature induction profiles

of COR gene families

Summary

The low temperature induction profiles of the COR6.6, COR15, COR47 and
COR78 gene families and of a GUS gene fused to the COR15a promoter were
examined in transgenic Arabidopsis. In each case, expression was first seen to
increase at about 16°C and message levels gradually rose as the teuhpenh.me was
lowered, reaching a maximum at about 8°C. This patiern was seen whether the
plants had been shifted down two degrees at a time or had been dropped from
growth temperature to the temperature of interest, suggesting that induction was
due to the low temperature per se, rather than to a given change in temperature.
The induction profiles of the COR gene families were also examined in non-
transgenic fad2-3 and fad6 mutants to see if decreased levels of polyunsaturated
fatty acids in the plasmalemma or chloroplast membranes, respectively, would

affect low temperature regulation of the COR genes. The induction profiles were
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indistinguishable frem those of the non-mutant plants, thus failing to support
the idea that the lipid composition of membranes influences the signal
transduction pathway at which these COR genes are induced.

Introduction

The examination of the regulation of the COR78, COR47, COR15 and COR6.6
gene families with respect to a variety of stresses has shown that at least one
member of each family is inducible under conditions of low temperature,
drought and the application of ABA (Hajela et al., 1990). For several of these
genes, ithubeenshown&mtﬁ\isindmﬁoﬁisatthepmmoterlevel (Baker et al.,
1994, Wang et al., 1995, Horvath et al.,, 1993, Yamaguchi-Shinozaki and
Shinozaki, 1993). However, at the start of this work, experiments looking more
specifically at the temperature of induction or at the amount of induction at any
given temperature were only preliminary (Thomashow et al., 1990). A more
complete characterization of low temperature induction was undertaken to
extend the understanding of COR gene induction and to provide a foundation

for speculation regarding possible mechanisms of signal transduction.

First of all, it was not known if all of these COR genes have the same

umpaamn induction profile. If there is only one low temperature signal
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operative, then it would be expected that the COR genes would all respond

similarly, but a difference in profile might suggest the existence of multiple
signals. Also unknown was the temperature or change in temperature required
for induction. Induction is clear at 4°C, but the behavior of the gene families
between 22°C and 4°C had not been examined. Indeed, the final temperature
might not be the determining factor. Los and colleagues (1993) have shown that
the low temperature-inducible gene desA of Synechocystis POC6803 is responsive
to a change in temperature of greater than 5°C, rather than to a specific

femperature.

Subsequent work from this group demonstrated that desA induction is a factor of
membrane fluidity (Vigh et al., 1993), which raised the question of whether
Arabidopsis mutants deficient in the saturation levels of membrane fatty acids
would show the same temperature induction profile as wildtype Arabidopsis.
Plants containing mutations fad 2-3, in which levels of polyunsaturated fatty
acids are increased in extra-chloroplastic membrane lipids (Miquel and Browse,
1992), and fud 6, which have an increased levels of polyunsaturated fatty acids in
chloroplast membrane lipids (Browse et al., 1989), were employed to examine

this question.

Finally, although it was known that induction at 4°C is regulated at the promoter

level, it was not clear whether this was true of regulation at other temperatures.
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Results

In order to answer these questions, the temperature induction profiles of
endogenous COR genes and of GUS message driven by the promoter of COR15a
were determined. Plants containing the -900/+78 promoter fragment of COR15a
fused to the GUS coding region (Baker et al., 1994) were grown under standard
growth chamber conditions. Plants containing the fad2-3 or fad6 mutation were
included in the same experiment. After three weeks of growth, the temperature
was shifted two degrees a day from 16°C to 6°C. The plants received 24 hours of
exposure {0 each temperature and a pot of each genotype was harvested
immediately before the hmpcuture was lowered again. Thus, the plants
harvested at 62C had been exposed to each of the temperatures in the series,

culminating with 24 hours at 6°C (Figure 4.1).

Northern analysis of the RNA extracted from these samples, using probes
specific for COR gene families (but not specific for individual members of those
families) or GUS, did not show any clear difference among the temperature
induction profiles of the COR gene families (data not shown) the transgene
(Figure 4.2) or the fad mutants. Message levels were detectable over background
at 16°C, gradually increased as the temperature was lowered, then appeared to

level off at and below 8°C.



135

Temperature shift (°C) Temperature drop (°C)

222022222022222
1919191919191919
161616161616 16
141414141414
1212121212
10101010

8 8 8

6 6

4

2222222222222

19361

14
12

10y
8

\
6

\DQ\IGWQWNHE
<

v
4

Figure 4.1 Two methods of lowering the temperature. For both methods, plants
were grown for about three weeks at 22°C. In the temperature shift method, the
temperature was lowered by two or three degrees at a time. A pot of plants was
harvested after exposure to 24 hours of a given temperature, but had also
experienced 24 hours at each of the higher temperatures in the series. In the
temperature drop method, the plants were kept at 22°C and then taken directly
to one of the lower temperatures in the series. Thus most of these plants
experienced only one of the low temperatures in the series and experienced a
drop in temperature of up to 18°C.
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Figure 4.2 First temperature shift experiment. RNA isolated from 1,6 plants at
the temperatures listed above the lanes is shown probed for GUS (GUS is fused
to the COR15a promoter in these plants) and COR15. RNA isolated from fatty
acid deficient mutants fad6 and fad2-3 at the given temperatures is only shown
hybridized with a COR15 probe. Ethidium bromide stained rRNA is included to
show differences in loading.
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Upon repetition of the experiment, the plants were similarly grown, but the

range of the temperatures was broadened to include 22°C (standard growth
temperature), 19°C and 4°C. This was done in order to determine whether there
was a gradual increase in the amount of message at any temperature below 22°C
or whether 16°C was the highest temperature at which induction occurred.

InacMexpeimmtdaigxedhdehrmimwheﬂuhducﬁonduebﬁnh
gradual lowering of temperature would differ from that following a single drop
in temperature, two sets of the plants containing the COR15a promoter fused to
the GUS coding region were grown together for three weeks. At this point, one
set of pots was shifted down in temperature as just described, while the second
set was maintained at 22°C. As the first set reached each low temperature, a pot
from this second set was incubated with it at that temperature for 24 hours and
then harvested. As an example, beyond the initial three weeks of growth, the
plants of a given pot from the first set of plants would have experienced 22°C,
19°C, 16°C, 14°C and 12°C, each for 24 W, while corresponding plants from

the second set would have experienced four days of 22°C and 24 hours of 12°C.

Northern analysis of this second set of experiments confirmed the results from
the first and showed that whether the temperature was lowered by two or three
degrees at a time or was dropped more dramatically, the level of induction at

each temperature was the comparable (Figure 4.3). Message levels were first
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Figure 4.3 Second temperature shift experiment. Shown are northerns of 1,6
plants that were either shifted gradually down in temperature by two or three
degrees at a time (1,6 shifted) or were dropped from 22°C to the temperature
indicated above each lane (1,6 dropped). Lane 22L in the temperature drop
series refers to a sample that was kept at 22°C for the duration of the experiment
to control for the extended period of incubation at 22°C. The blot of 1,6 which
was shifted down in temperature is shown here probed with COR78, COR47,
CORI15 and COR6.6. The rRNA is shown to indicate differences in loading. The
COR6.6 probe used here gave very strong signal relative to the other probes,
which is thought to be due to the probe itself, rather than to the message to
which it hybridizes.
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detectable over background at 16°C, gradually increased as the temperature was

lowered, and again appeared to level off at and below 8°C.
Discussion

In the examination of possible mechanisms of signal transduction for the COR
genes, several questions about the nature of the induction arise. What is the
temperature induction profile of the COR genes? Do all the COR genes follow
the same pattern with respect to low temperature? Are they induced by a
specific temperature, or by the change in temperature? Is the temperature
induction profile promoter-based? Since membranes are a primary site of low
temperature injury and acclimation (Steponkus, 1984), do mutations that alter
the saturation of membrane lipids influence the temperature at which the COR

genes are induced?

Induction of message for all four of the gene families was first seen at 16°C,
although it my increase at a slightly higher temperature, since 17°C and 18°C
were not examined. The level of induction then gradually increased as the
temperature was lowered, and appeared to reach a maximum at 8°C. This was
true whether the plants reached a given temperature in increments or in a single
drop, so the genes appear to be responding differently to different temperatures,

irrespective of the change in temperature. Plants that received the three degree
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shift from 22 to 19°C showed no induction, while those given a three degree shift

from 19 o 16°C did show slight induction, strongly suggesting that the
femperature and not the shift is responsible for induction.

It was also unclear whether the slight induction at the higher temperatures in the
series (16, 14 and 12°C) was due to the temperature itself or to the rate at which
message accumulates. Perhaps it takes longer to accumulate COR gene mRNA
at 14°C than at 8°C, but they would reach the same level if given enough time.
Comparison of the expression patterns of the temperature shift and temperature
drop experiments suggested again that the temperature itself is responsible for
the level of induction and that if induction is slower at higher temperatures, it
still appears to reach saturation within 24 hours. Otherwise, the plants that had
experienced each temperature in the series should have had a higher level of

induction than those which had only received one low temperature.

The levels of transcript also suggest that there may be one major increase in
message levels between 19 and 16°C and a second between 10 and 8°C. This
may point toward two mechanisms of low temperature induction of COR genes:
one which operates at 16-10°C and a second which involved in induction at and
below 8°C. There could be two sensors of low temperature, two signal
transduction pathways, or perhaps one transcriptional pathway and a second
pathway which controls rates of mRNA degradation. Repetition of the



141
experiment and quantification of message levels at each temperature should help

clarify this intriguing possibility. Further work could then be directed to

examining signal transduction in the two temperature ranges separately.

Also, since the induction of GUS message driven by the COR15a promoter
follows the same pattern as that of the endogenous COR15 gene family, it would
appear that the temperature induction profile of COR15a is promoter-based. It
has previously been shown that other aspects of low temperature induction are
principally promoter-based in the COR6.6 gene family (Wang et al., 1995) and
for COR78 (Horvath et al., 1993 and Yamaguchi-Shinozaki and Shinoznki, 19%4),

30 it would be consistent for their promoters to behave like that of COR15a. Use
of the promoters for the second member of the COR78 gene family, /ti65 (Nordin
et al., 1993), also called rd29b (Yamaguchi-Shinozaki and Shinozaki, 1994), and
for members of the COR47 gene family (Welin et al., 1995) in reporter gene

fusions has not yet been described.

Finally, the lack of alteration in the induction pattern of the fad mutants suggests
that bulk membrane saturation is not a significant factor in the induction of these
COR genes. This fails to support a model in which a change in membrane
fluidity is the signal prompting low temperature gene induction. However, it is
still possible that the conformation of a specific membrane component or that a

microenvironment formed in membranes exposed to low temperature might be
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involved in low temperature signal transduction. It has been shown that

calcium-selective ion channels in the plasmalemma of onion cells are sensitive to

low temperatures in (Ding and Pickard, 1993).

Calcium has been strongly implicated in the regulation of cold-responsive genes
in alfalfa (Monroy and Dhindsa, 1995). It has been shown that cold shock to 5°C
or 0°C causes a rise in the intracellular concentration of calcium in tobacco
(Knight et al., 1992). ThiscouldnotexphintheindmﬁoaofﬁaeCORgewat
16°C unless calcium levels in Arabidopsis increase at a higher temperature than in
tobacco, sisce cold shock to 10<C or higher in sobacco did not cause a rise in
intracellular calcium (Knight et al., 1992). It is more encouraging to note that
calcium influx was seen in alfalfa protoplasts at temperatures as high as 15°C
(Moaroy and Dhindsa, 1995). Cold shock with ice water elicited an increase in
intracellular calcium levels in Arabidopsis (Knight et al., 1996), but calcium levels
in Arabidopsis at other temperatures have not been reported. Work would need
to be done to test whether temperature-responsive channels, particularly
channels regulating calcium fluxes, could be found in Arabidopsis and to test

what temperatures caused the effect.

The possibility remains that COR genes in Arabidopsis might be inducible upon
return to normal growth temperatures following heat shock. It has been seen

that the COR genes BN115 and BN28 in Brassica napus L. cv. Westar (a spring
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cultivar), are induced when two-week-old plants are moved from a two-hour

heat shock of 42°C to normal growth conditions for four hours (Krishna et al.,
1995). However, when Weretilnyk et al. (1993) studied BN115 in Brassica napus
L. cv Jet neuf (a winter cultivar) they allowed three week old plants to recover at
20°C for two to nine hours after a 42°C heat shock before harvesting leaf tissue,
and did not see induction. Perhaplﬂ\ediffe:exwéwuduebﬂ\eculﬁvarorto
the age of the plants used. Arabidopsis will not survive 42°C, but is not harmed
by 37+C (Daugherty et al., 1994). Testing COR gene expression after the 15°C
drop from 37°C to 22°C should show whether or not COR gene induction is
responsive to a change in temperature, especially since the 14°C drop from 22°C
to 8°C was enough to induce a high level of expression of all of the COR gene
families tested.

The finding that message first showed an increase over background at 16°C was
unexpected. Initial work had only shown induction at 10°C or 12°C and colder,
and had shown that the COR15 gene family was induced at a higher temperature
than the other families (Thomashow et al., 1990). However, the plants used in
those experiments had been grown in petri plates and not in pots (Horvath,
personal communication), which may account for the difference. There are
differences in humidity, temperature transfer and nutrient availabiiity, to name

a few, between the two growth methods.
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The induction of COR genes at temperatures as high as 16°C also recalls the

question of whether they are involved in acclimation to freezing or in the
adjustment to metabolism at low, nonfreezing temperatures. Perhaps they allow
physiological changes that are beneficial for both. Cold acclimation is usually
efhchdatZor#C,dthoughwheatlusbemshownhmclimthat
under a 10°C day/8C night temperature regime (Gusta et al., 1982), and potato
has shown increased freezing tolerance after exposure to temperatures as high as
12°C (Chen and Li, 1980). In each case, the level of acclimation achieved at these
hglurunpenm was inferior to that reached when lower temperatures were
und,ﬁ;twuth‘llmhchnﬁnl It is not known at what temperatures above 4°C
Arabidopsis will acclimate. This could be tested, although it seems likely that the
temperatures of COR gene inductioh and of acclimation would overlap enough
to leave the question of COR gene function open. More questions regarding the
function of these COR genes could be probably be answered using plants that
fail to express all members of any of the COR gene families. Antisense
techniques have not yet been successful in producing such plants.

The temperature induction profiles described here should be useful in designing
future experiments in which the standard temperatures used for low
temperature induction (2-4°C) prohibitively slow plant growth and development
or in which a weaker induction is preferred.
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These profiles may also give direction to experiments intended to elucidate the

signal operative in COR gene induction. Whatever the signal is, it must be
responsive to temperature as such, be responsive to a temperature as high as
16°C, and be differentially responsive to different temperatures. Perhaps the
signals at different temperatures are similar, but comprised of different
components. Also, it would appear likely that the same signal is responsible for
inducing all four COR gene families, since they all show the same pattern of
induction. This is consistent with the observation that the core (CCGAC) of a
promoter element shown to be sufficient for low temperature and drought
inducibility, the DRE (Yamaguchi-Shinozaki and Shinozaki, 1994), is found in

all COR gene promoters examined to date (Thomashow, 1994, Wang et al., 1995).
Materials and Methods

Plant growth and stress treatment

Arabidopeis thaliana (L.) Heyn. was grown in controlled environment chambers at
22°C with a 24 hour photoperiod (about 120 umol m2 s?) as previously described
(Gilmour et al., 1988). Humidity was not controlled. After about three weeks of

growth, plants were exposed to lowered temperatures.

In the first experiment, the temperature setting of the chamber was changed to
16°C, then to 14°C, 12C, 10°C, 8°C and 6°C, for 24 hours each. At the end of each

24 hour period, one pot of each genotype was removed and the plants harvested
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and frozen im liquid nitrogen. This harvesting was complete within 15 minutes

or less of removal from the chamber. The chamber stabilized at each new
temperature within about 10 minutes of being reset (empirical observation). A
Tempecribe® chart recorder placed in the chamber confirmed that the
mNanukudehphydhtﬂewmﬂmﬂonduﬂngmh
24 hour period. |

hthcncondexpelimt,m:et(9pots)of1,6phnhwumwedtoasecond
chamber and maintained at 22°C, while the rest of the plants were left in the first
chamber. After 24 hours, a pot of plants was harvested from each genotype in
each chamber, the temperature setting in the first chamber was changed to 19°C,
and one pot of 1,6 from the second chamber was moved back into the first
chamber. After another 24 hours, the plants in the pot that had been moved into
the 19°C chamber and one pot of each of the genotypes of plants that had been in
the chamber were harvested. If there were too few pots for the number of
amphlnuded,alulfpotofphnhwuharvuhd. Another pot from the
second chamber was moved into the first and the temperature was changed to
16°C. This sequence was repeated for 14°C, l12°C, 10°C, 8°C, 6°C and 4°C. Before
the last pot of plants was moved into the 4<C chamber, half of the plants were
harvested so that the long-term effect of having moved the plants into the second

chamber could be monitored. The light levels in the second chamber were
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slightly higher than those in the first and the plants that had been moved

gradually became anthocyanic.

RNA extraction and fractionation

Total RNA was extracted essentially as described (Gilmour et al., 1968) with a
few modifications. Frozen pulverized tissue was extracted with equal volumes
of phenol/chloroform/isopropyl alcohol (25/24/1, v/v/v) and extraction buffer
(1% w/v triisepropylnaphthelene sulfonic acid, 6% w/v p-aminosalicylic acid,
100 uM Tris-HCl pH 7.6, 50 mM EGTA pH 8, 125 mM NaCl, 1% SDS, 10 mM
DTT) om ice. This mixture was further homogenized in the tube using a
Tekmar® Tissumizer, centrifuged (10,000 rpm in the SA600 rotor), and the
supernatant extracted again with phenol/chloroform/isopropyl alcohol. This
mondadofmhanndaﬂwbequentmbéandwluﬁomempteﬂuml were
made free of RNase by treatment with DEPC (Sambrook et al., 1989). Nucleic
acids were precipitated with cold 95% ethanol, resuspended in 1 ml double
distilled water, transferred to a microfuge tube and precipitated on ice for an
hourmth 1/4 volume 10 M LiCl. The p?llehwm precipitated again with 95%
EWOH and resuspended in 200 ul double distilled water. The ODago was

measured to estimate the concentration of RNA.

For fractionation, RNA (5 o 40 ug) was dried down and resuspended in

formaldehyde loading buffer containing EtBr (about 100 ng/ml), incubated at
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68°C for 10-15 minutes and fractionated on denaturing formaldehyde agarose

gols (Sambrook et al., 1969). The RNA was then transferred (Sambrook et al.,
1989) to Magna NT membranes (MSI) using 10x SSPE made according to
instructions provided by Schleicher and Schuell. This recipe for SSPE is slightly
different from that described by Sambrook et al. (1989). RNA was UV cross-

linked (Stratalinker, Stratagene) to the filters.

For northern hybridizations, blots were prehybridized, hybridized and washed
in a Robbins Scientific Model 400 hybridization oven according to standard
methods (Ausubel et al., 1987) with some modifications. Blots were incubated
with prehybridization solution (50% formamide, 5x SSPE, 50 mM Potassium
phosphate pH 8, 5x Denhardt’s solution, 0.5% SDS, 100 ug/ml sheared,
denatured fish sperm DNA) at 42C for three hours to overnight and in
hybridization solution (50% formamide, 5x SSPE, 50 mM potassium phosphate
pH 6.5, 1x Denhardt's solution, 0.5% SDS, 5% dextran sulfate, 100 pg/ml sheared
denatured fish sperm DNA) at 42°C overnight. Blots were rinsed and then given
two 30-minute washes at room temperature in 2x SSPE/0.5% SDS, then washed

two to three times, for 15 minutes each time, with 0.1x SSPE/0.5% SDS at 50°C.

Probes were made from gel-isolated fragments labeled with 2P by random
priming (Feinberg and Vogelstein, 1983). An Eco RI fragment from pHH67 was

used to visualize COR15 message, a Sac I/Hind III fragment from pBI101.3
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(efferson, 1987) served as a GUS probe, and Eco RI fragments from the cDONA

clones pHH?.2 (Gilmour et al.,-' 1992), pHH28 (Hajela et al., 1990) and pHH29

(Gilmour et al., 1992) were used to detect message from COR47, COR78, and

CORG6.6, respectively.
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SEQUENCE ALIGNMENT OUTPUT FROM PHDsec AND PHDthreader

MAXHOM ALIGNMENT HEADER:

ID
STRID
PIDE
WSIM
LALI
NGAP
LGAP
LSEQ2
ACCNUM
NAME

Abbreviations

ABBREVIATIONS FOR SUMMARY

identifier of aligned (homologous) protein

PDB identifier (only for known structures)

percentage of pairwise sequence identity
percentage of weighted similarity

number of residues aligned

number of insertions and deletions (indels)
number of residues in all indels

length of aligned sequence
SwissProt accession number

one-line description of aligned protein

COR15am

MAXHOM ALIGNMENT HEADER: SUMMARY
STRID IDE WSIM LALI NGAP LGAP LEN2

ID
blal_bacce
hlg_strpu
tola_ecoli
edc8_dauca
tpma_xenla
dnak_bacme
vg24_bpml$
tpma_rante
cyli_bovin
le29_goshi
cyli human
vinc_human
tpma brare
subv_bacsu
1mbl_human
modu_drome
rsp3_chlre
tola_haein
drpf_crapl
dyhc_yeast
sp2b_bacsu

38 24 68 2
34 38 74 0
33 35 89 0
32 33 88 1
32 24 85 2
32 27 82 2
32 27 79 1
31 24 86 2
31 28 84 2
31 30 81 1
31 26 88 2
31 19 85 3
31 23 85 2
30 23 82 2
30 23 82 3
31 26 78 2
31 32 78 1
32 32 13 1
32 31 73 1
30 22 80 2
31 25 74 1

11
0
0
3

18

14
8

18
9
7

16

15

18

20

10

NUVa=Ie

306
217
421
555
284
605
132
284
667
302
598
1065
284
806
- 1786
544
516
372
201
4000
332

ACCNUM
P10424
P07796
P19934
P20075
Q01173
P05646
Q05231
P13105
P35662
P13940
P35663
P18206
P13104
P29141
P07942
P13469
P12759
P44678
P23283
P36022
P3757S

NAME

BETA-LACTAMASE PRECURSOR,
HISTONE H1-GAMMA, LATE.
TOLA PROTEIN.

EMBRYONIC PROTEIN DC8 (CL
TROPOMYSIN ALPHA CHAIN,
DNAK PROTEIN (HEAT SHOCK
GENE 24 PROTEIN (GP24).
TROPOMYSIN ALPHA CHAIN,
CYCLIN I.

LATE EMBRYOGENESIS ABUNDA
CYCLIN (FRAGMENT).
VINCULIN.

TROPOMYSIN ALPHA CHAIN,
MINOR EXTRACELLULAR PROTE
LAMININ BETA-1 CHAIN PREC
DNA-BINDNG PROTEIN MODUL
RADIAL SPOKE PROTEIN 3.
TOLA PROTEIN.
DESSICATION-RELATED PROTE
DYNEIN HEAVY CHAIN, CYTOS
STAGE II SPORULATION PROT



[PHDsec COR15am continued]

MAXNOM ALIGHMENT:

1
predict_h191 AKGDGNILDD
blal_bacce cesccccses
hlg_strpu cesesccsns
tola_ecoli  ADAKAKARAD
edc8_dauca  AEVSRENTDY
tpma_xenla . KGTEDELDK
dnak_bacme cocccen IDK
vg24_bpml$ eeees.TIDA
tpma_brare MKGTEDELDK
cyli_bovin  AKKDTESTdd
le29_goshi cecennoe v
cyli_human .KYTKYTKKD
vinc_human PEGEEQIRGA
tpma brare - KATEDELDK
subv_bacsu  ....GNSLNN
lmbl_human eeee..LLEE
modu_drome EEAAGLIDDE
rsp3_chlre AKMEAELQGK
tola_haein ..........
drpf_crapl cecececcns
dyhc_yeast .......VNB
sp2b_bacsu  ..GTGLGLFA

51
predict_h191 LGKEBAEKAAA
blal_bacce LGEIAEAAVR
hlg_strpu VAKPAKKAAA
tola_ecoli  LKKKAEAAERA
edc8_dauca TAQKAEEAKE
tpma_xenla  KLEEAEKAAD
dnak_bacme 1RNEADQLVF
vg24_bpml5  PDLEEDDDDE
tpma_rante  KLEEAEKAAD
cyli_bovin  KGKKDSK...
le29_goshi  TSEMTNEAQE
cyli_human ESTDAESGDS
vinc_human  LAKQVATALQ
tpma_brare KLEEAEKAAD
subv_bacsu FGssSAKVMGY
lmbl_human 1LTSIESETA
modu_drome  VDESDDDEEA
rsp3_chlre TAQAEEAANA
tola_haein  KAEAEAKAKA
drpf_crapl  ASHKANGAAR
dyhc_yeast  ATEEIKKILK
sp2b_bacsu  QTSGARKQAA

LNEATKKASD
LQQNSTKKLD
« TKKTKKVKK
AKAAEEAAKK
AYDKGREGGD
YSEALKDAQE
NGIVNVRAKD
FREEVKKksD
YSEALKDAQE
SKDAKKGKKE
KNAAKGKSSE
TKKNAKKSSD
LAEARKKERD
YSEALKDAQE
PDWATSTALD
AKRASKSATD
AEEDEEYNSD
ELEAVRRRPT
« EEAKAKAAE
. .ASQSQGRQ
LNKTLSKKST
LNISGNKEAS

YVEEKGKEAA
YSD.......
KPAKKAAKPA
AAAEARKKAA
KAAQKAEETK
ESERGMKVIE
TTEKTLKDLE
LVDEYSLQVC
ESERGMKVIE
. - KDNKKKDA
RGARKAEEAK
KDERKdkKDT
NLQTKTNRap
ESERGMKVIE
NKEDDVKALN
ASEETLFNAS
PVEKPVSKKS
KWEADKAEAA
AAEAKAKJAE
BETNDKAKETY
VQEekRKEVV
QTEGTYKTYA

153

FVTDKTKEAL
EVITYTKEDL
PAAKKAKKPA
AAADAKKKAE
VAAQKAEEAK
KLELSDKKAT
LGTNkiKSST
DVTVELKPLL
KLELAEKKAT
SKKDKKKDAK
MRQATTEKAR
AESEDSKDAK
DILRSLGEIS
KLELAEKKAT
WAMSEGVVAV
VtADMVKEAL
DEEDDDDDEL
FVLRELKPAV
IAAQKAKQEA
QVSENAEDAK
ELTEKEKEAR
APASLEDSLG

NKAAEFPARGK
NTAGNILFHK
KKAAKPAKKA
TEAAEKAKAE
EKAGEYtAQK
NRamELQEIQ
GKVEEAEVTK
DIIAKAFRLI
NRaiELQEIQ
KKDAESTDAE
EVVAEKAEGA
KKYPESTDTE
AKAAVHLEGK
NRamELQEIQ
NKEVELVEAG
QRISELERNV
EKasEKSEEN
EKARAEAEAA
AKAATEAKRK
NAAS....GK
MKSIQDIEPT
VOAGKFSNEK

ADGEKAKDYV
VDYSP....V
AKKPAAKKPA
ARAAKAAAEA
EKAKMAKDTT
DAEGDVAS1r
GLSDDEIDRM
KLGQKAREAV
DAEADVAS1r
KDAASDAESG
ELADSAKENa
KDSKKVKKNV
ALTSKLADLR
DAEGDVAS1rx
TSNGNSGPNG
EEAEKAQ.VA
EPGEVSK. ..

ASADAVE...

EAKAKLEAEA
KKFSETTDSL
S. . TLDKMLM
SQTAKAGD. .

89
AGEAKDATK
IGGPKGYEK
AKPAK. ...
AEKKAAAEK
AGEAKDTT.
LKEAKH. . .
ANEAKDALK
ATKPK. ...
LKEAKH. . .
SGDSKDAKK
AEETKKKNE
SGDAKDARN
IEQAQ....
LKEAKH. . .
IGEAKD. ..
EELKRKAAQ
RGIPK....
AEEQK....
ADQA.....
AGELKDKTQ
ILEAQRGVK
GAE......

IN MSFr FORMAT (small letters mark an insertion]

50
VEKNSETADT
TEKHVDTGMT
AKKAKKPAKK
QKKAEAAAAA
MGKAGEYKDY
AQERLSTALQ
VKEAEENADa
VEVFKEFADI
AQERLATALQ
DSKDAKKDSK
KEKVRDMADR
KKKKDVKKDT
RQUASPEARA
AQERLATALQ
WTVGSeYAVT
AEKAIKQADe
«...SEGADE
««..AAAAEL
KAKAVAEAKA
KHKTSEATDS
EQNESERKQE
« <+« .TSADK



PRDsec: COR15bm

MAXHOM ALIGNMENT HEADER:

ID
rla0_metva
crtc_caeel
clpl_lacla
i£2 bacst
moes_pig
mysc_chick
hs71_leima
tebb_oxyno
moes_mouse
moes_human
htr2_natph
ynp9_caeel

MAXHOM ALLIGNMENT:

38 33 64 1
35 33 68 2
33 21 79 3
33 35 76 2
32 36 78 2
31 26 81 2
31 22 81 3
31 24 85 2
31 36 78 2
31 3 78 2
30 27 79 3
30 22 9% 3

SUMMARY
STRID IDE WSIM LALI NGAP LGAP LEN2

154

14 336
8 395
43 763
11 741
2 §76
33 1102
46 634
13 385
2 §76
2 576
19 8534
22 690

ACCNUM
P15826
P27798
Q06716
P04766
P26042
P29616
P12076
P16458
P26041
P26038
P42259
P34562

NAME

ACIDIC RIBOSOMAL PROTEIN
CALRETICULIN PRECURSOR.
ATP-DEPENDENT PROTEASE AT
INITIATION FACTOR IF-2.
MOESIN (MEMBRANE-ORGANIZI
MYOSIN HEAVY CHAIN, CARDI
MITOCHONDRIAL HEAT SHOCK
SUBUNIT) .

MOESIN (MEMBRANE-ORGANIZI
MOESIN (MEMBRANE-ORGANIZI
PROTEIN II) (MPP-II).
HYPOTHETICAL 79.2 KD PROT

1

predict_h208 VKSDGNILDD

rlal0_metva
crtc_caeel
clpl_lacla
if2_ bacst
moes_pig

mysc_chick
hs71_leima
tebb oxyno
moes_mouse
moes_human
htr2 natph
ynp9_caeel

eeees ITDS
eeeeeVIDR
. .SDEEIFDD
eesessLKQ
ceecsssTK
eeee.NVIRV
« « RHTALQAA
eeesees.LKQ
eeeses.LKQ
essces VKA
LKSENEKLLA

51

predict_h208 ATERAKKALD

rla0_metva
crtc_caeel
clpl_lacla
if2 bacst
moes_pig

mysc_chick
hs71_leima
tebb_oxyno
moes_mouse
moes_human
htr2 natph
ynp9_caeel

ATEEAPKAET
AEEEARKKAR
YRGSFEENIK
AKKKGKGPA .

LNEATKKASD
DAKAVSVESA
VEEAEAHAAE
ENEIQKPAQK
VKEAAKPA. .

IEEQTKKAQQ
LDEMTRLMND
VNEPTAAALA
INKTVKGDN.

IEEQTKKAQQ
IEEQTKKAQQ
LAEETKAATe
KNEe £KKKSH

YVTEKGKREAG
KKEEKKEEAA
EEKEAKKDDD
QLVEEVKAAG
« « « « KGKKQA
KASdQKKTQE
LLREQYEEEQ
RVaEKAKCEL
FVQEKGKDAL
QASdQKKTQE
QAsdQKKTQE
QSTDAQADAA
LASSRDKARX

FVTDKTKEAL
FITEKTADal
eee++TFDKL
FCRRRKKNPL
o o o « KKKGAA
ELEEQTRRAL
LTTQKTKLQS
YGMDKTKDSL
. LVDISKVAD
ELEEQTRRAL
ELEEQTRRAL
tVQDRTQTTV
FveDETRKAI

NKAARFVEGK
PAA.......
EEEKEEEEGH
n1AGEEVKGL
APAAKQVPQP
QLALEMAELT
BAKAE] sKGN
SSAMe £ ITAN
NKAADHTDGA
QLASEMAELT
QLALEMAELT
QKATTMVEDM
eKTLKVLKSE

IN MSF FORMAT [small letters mark an

ADGEKTKDYI

AGDEALDDDL
KTVEKEKK. .

LVGEsSgKTAV
KGKETKRTEA
ALEQERKRAQ
ENGEFVRQLe
IadLALSDYI

AAGKKGKVDA
ELEQERKRAQ
ELEQERKRAQ
DDIRETSDQV
EKLEKSKVTI

90
AEEAKNATKS
DE....c...
ADIIK.....
AKKEKELPK.
ARISQ.....
AEVAQWRTK.
ADGAQH. ...
KVKGGAKGK.
ARISQ.....
ARISQ.....
AATSEQ. ...
LTESEKAHTT

insertion)
50
VEKTIEANET
KEQISSSAVV
- BKADEETRK
VEGl1EAGTQ
QQQEKKAFQA
SEAEKLAKeq
@TKSKNALAH
LEEFRKTSGI
GIVKASAseG
SEAEKLAKeq
SEAEKLAKeq
VvEDTVDALee
TELEQQADQT



155

PiDthreader [TOPITS]

TOPITS ALIGNMENTS HEADER: PARAMETERS

smin = -1.00
smax 2.00
go 2

ge 0.2
lenl 89

minimal value of alignment metric

maximal value of alignment metric

gap open penalty

gap elongation penalty

length of search sequence, i.e., your protein

TOPITS ALIGNMENTS HEADER: ABBREVIATIONS

e ee 00 oo oo o0 00 oo oo oo

rank in alignment list, sorted according to z-score
alignment score

length of alignment

number of residues inserted

number of insertions

alignment zcore; note: hits with z>3 more reliable
percentage of pairwise sequence identity

length of aligned protein structure

PDB identifier of aligned structure

name of aligned protein structure

TOPITS ALIGNMENTS HEADER: ACCURACY
: Tested on 80 proteins, TOPITS found the
: correct remote homologue in about 30% of

the cases,

for higher
ZALI>0
ZALI>3
ZALI>3.5

detection accuracy was higher
z-scores (ZALI):

1st hit correct in 33% of cases
1st hit correct in 50% of cases
1st hit correct in 60% of cases



PiiDthreader: CORl1S5am
TOPITS ALIGNMENTS HEADER: SUMMARY
RANK BRALI LALI IDEL NDEL ZALI PIDE
1 81.08 89 [ 1 2.37 22
2 77.17 88 19 s 2.18 23
3 76.58 88 19 s 2.15 23
4 76.56 88 19 s 2.15 23
$ 75.35 87 3 2 2.09 15
6 75.08 88 4 2 2.08 15
7 75.07 o8 2 1 2.07 15
8 74.68 88 4 2 2.06 15
9 74.55 89 9 3 2.05 12
10 73.98 85 4 1 2.02 13
11 71.60 88 17 3 1.9 17
12 71.55 89 14 3 1.90 17
13 71.40 89 4 1 1.89 17
14 71.40 88 35 3 1.89 16
15 71.03 86 14 3 1.88 20
16 70.83 88 20 3 1.87 16
17 70.63 83 12 3 1.86 16
18 70.47 88 22 S 1.85 19
19 70.42 89 24 S 1.85 18
20 70.18 89 20 4 1.83 18
PiiDthreader: COR15bm
TOPITS ALIGMMENT HEADER: SUMMARY
RANK BALI LALI IDEL NDEL ZIALI PIDE LEN2
1 78.87 90 38 4 2.15 20 153
2 77.55 89 11 2 2.09 18 421
3 77.22 89 11 3 2.07 21 154
4 77.20 89 11 4 2.07 24 154
5 76.42 89 11 4 2.04 24 154
6 75.42 90 10 2 1.99 22 421
7 75.20 90 17 4 1.98 12 584
8 74.57 90 16 2 1.95 17 198
9 74.52 89 17 3 1.95 11 144
10 74.23 90 28 4 1.93 14 170
11 73.87 89 30 7 1.92 30 153
12 73.83 90 27 S 1.92 19 508
13 73.83 90 27 5 1.92 19 508
14 73.77 90 35 7 1.91 22 197
15 73.58 89 9 2 1.90 11 139
16 72.95 90 27 S 1.87 19 508
17 72.95 90 27 S 1.87 19 508
18 72.42 90 3 3 1.85 19 725
19 72.30 88 8 1. 1.84 11 384
20 72.18 90 37 6 1.84 24 377

156

LEN2 1D2
153 laep
153 2gdm
153 21h2
153 11h3
144 1llpe
421 1ses
139 1lled
421 1sxy
146 lwas
157 1bcft
197 1lcol
289 1bab
384 1l1htm
170 1fha

NAME2

LIPOPHORIN IIIX

_ID: 1;

HEMOGLOBIN (AQUO,MET)
HEMOGLOBIN (CYANO,MET)
LIPOPROTEIN-*E3 (/LDL$ RE
YL-TRNA SYNTHETASE (E.C.6
LIPOPROTEIN-*E4 (/LDL$ RE
YL-TRNA SYNTHETASE (E.C.6
TERIAL ASPARTATE RECEPTOR
CTERIOFERRITIN (CYTOCHROM
LICIN *A (C-TERMINAL DOMA
MOGLOBIN THIONVILLE ALPHA
MAGGLUTININ ECTODOMAIN (S
RRITIN (H-CHAIN) MUTANT (

127
118
147
524
148
154

ID2

laep
1ses
2spo
2nge

1sry
1ldlc
labm

1llpe
1fha

lcpe

lcol
lle4

lcpe

lvsg
lhtm
1dsb

2ccy
2mhr
2hbg
1ddt
losa

2spo

TOCHROME $C (PRIME)
OHEMERYTHRIN
MOGLOBIN (DEOXY)

LMODULIN

NAME2

LIPOPHORIN III

YL-TRNA SYNTHETASE (E.C.6
GLOBIN (MET) MUTANT WITH
GLOBIN (MET) MUTANT WITH
MYOGLOBIN MUTANT WITH INI
YL-TRNA SYNTHETASE (E.C.6
TA-ENDOTOXIN CYRIIIA (BT1
GANESE SUPEROXIDE DISMUTA
LIPOPROTEIN-*E3 (/LDL$ RB
RRITIN (H-CHAIN) MUTANT (
OGLOBIN (FERRIC IRON-M
PHYCOCYANIN

PHYCOCYANIN

LICIN *A (C-TERMINAL DOMA
OLIPOPROTEIN-*E4 (/LDL$ R
PHYCOCYANIN

PHYCOCYANIN

RIANT SURFACE GLYCOPROTEI
MAGGLUTININ ECTODOMAIN (S
BA (DISULFIDE BOND FORMAT

PHTHERIA TOXIN (DIMERIC)

OGLOBIN (MET) MUTANT WITH



