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ABSTRACT 

Studies in this thesis concern expression of one class 

of small HSPs (sHSPs) in field grown desert plant species and 

the isolation of a new HSP gene encoding an sHSP targeted to 

plant mitochondria. 

Expression of class I, cytosolic sHSPs was assessed in 

three desert species: Screwbean Mesquite, Baja Fairyduster, 

and Sweet Acacia. Total leaf protein, and if available, 

flower and pod protein, was extracted from samples and 

analyzed by SDS-PAGE and Western blotting. Sweet Acacia 

showed strong sHSP expression in leaves with an apparent 

diurnal pattern of increased expression in the hotter PM. 

Screwbean Mesquite pods showed significant sHSP expression, 

which was not correlated to temperature. 

The isolation and sequence analysis of a gene encoding a 

mitochondrion-localized sHSP from Arabidopsis was completed. 

Comparisons to other plant sHSPs verified it was most similar 

to other mitochondrial-localized sHSPs from plants. 
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Chapter 1; GENERAL INTRODUCTION 

History of the Heat Shock Response 

Plants respond to a variety of stimuli in their 

environment. They sense and respond to gravity, to changes 

in light, and to temperature, and to many other abiotic and 

biotic factors. The response of plants and other organisms 

to high temperature, known as the heat shock response, has 

been highly conserved during evolution. This response has 

now been studied for more than thirty years, since 

researchers first noticed "puffs" or thickenings of 

chromosomes in the salivary glands of Drosophila when the 

flies were subjected to elevated temperatures. These puffs 

occurred simultaneously with the increase in synthesis of a 

distinct class of proteins called heat shock proteins (HSPs). 

The puffs represent the strands of DNA being pulled apart to 

allow for massive transcription of the HSP genes (Ritossa, 

1992) . 

The HSPs that are produced in response to elevated 

temperature are now known to be highly conserved and are 

found in organisms ranging from bacteria to humans 

(Lindquist, 1986; Morimoto, 1990; Nover, 1991). The presence 

of HSPs in plants may be especially important since plants 

are sessile organisms and cannot escape extreme temperatures. 

Following heat stress, HSPs have been found in all cell types 

virtually at all times during plant development, and some 
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sHSPs can acciomulate to over 1.0% of total leaf or root cell 

protein under certain stress conditions (Hsieh et al., 1992; 

DeRocher et al., 1991). Synthesis of HSPs therefore appears 

to be a fundamental cellular adaptation to high temperature. 

Heat Shock Protein Synthesis 

The synthesis of HSPs is induced when organisms are 

subjected to temperatures 5 or more degrees Celsius above 

normal growth temperatures. Normal protein production 

decreases or stops as transcription and translation of HSPs 

takes place (Ritossa, 1992). 

Five classes of HSPs have been designated by their 

approximate molecular weights (in KDa) in eukaryotes, 

including plants. They are HSPlOO, HSP90, HSP7 0, HSP60 and 

small HSPs (15-30 kDa) (Neumann, et al. 1989, Nover, 1990, 

Vierling, 1991) . These proteins are diverse in sequence and 

structure, but are all similar due to being heat-induced in a 

wide range of organisms and in a majority of cell types. 

Interestingly, studies also indicate that HSPs are 

present at notable levels for a period of days after the 

temperature stress. This persistence suggests that HSPs may 

aid in the recovery process, which could be as important as 

their possible role during the stress period. 
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Role of HSPs in Acquired Thermotolerance 

The synthesis of HSPs is believed to be an important 

component of acquired thermotolerance (Key et al., 1985). 

Acquired thermotolerance is the ability of all organisms, 

plants included, to survive lethal high temperatures if first 

exposed to a pre-treatment at a non-lethal high temperature. 

Thermotolerance develops when organisms experience an abrupt 

heat stress in the laboratory or a gradual increase in 

temperature, typical of the natural environment. Acquired 

thermotolerance is a specific, conserved response that helps 

plants as well as other organisms adjust to elevated 

temperatures. HSPs are produced during pre-treatments that 

lead to thermotolerance, supporting the hypothesis that HSPs 

are essential for the acquisition of thermotolerance (Kimpel 

and Key, 1985; Lindquist, 1986; Nagao et al., 1986). 

Evidence also indicates that the temperature of maximum HSP 

synthesis varies in direct relation to each species' optimum 

growth temperature. 

Experiments studying thermotolerance and the synthesis 

of HSPs in controlled environments have been carried out 

using Arabidopsis and many other species of plants (Vierling, 

1991). Gradual temperature increases are compared to sudden 

temperature increases to determine the temperature limits of 

thermotolerance. Observations show that induced 

themotolerance allows the plant to survive a few degrees 
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(<10°C) above normally lethal temperatures. For example, 

three week old Arabidopsis seedlings treated to either a 

gradual or sudden heat shock at 40°C, survive (Osteryoung, et 

al., 1993). In contrast, plants exposed abruptly to 43°C 

die, while those exposed to a gradual temperature increase to 

43°C live; that is, they exhibit acquired thermotolerance. 

At 46°C both groups of plants die. Thus the boundary of 

protection was found to be between 40° and 46°C in this plant 

species. Similar results have been obtained with other 

species. 

The Small HSPs 

A major component of the heat shock response in plants 

involves the synthesis of small (s)HSPs, which range in size 

from 16 to 30 kDa. A variety of sHSPs exist, with the number 

and diversity in plants a unique feature. At least five 

classes of plant sHSPs have been identified, which are found 

in various cellular compartments: Class I and Class II (both 

cytosolic), endoplasmic reticulum-localized, chloroplast-

localized, and the mitochondrial-localized (MT) sHSPs (Waters 

efc al., 1996, Hsieh et al., 1992, DeRocher et al., 1991). 

These families of sHSPs belong to a nuclear-encoded super 

gene family and are characterized by a conserved carboxyl-

terminal domain of approximately 100 amino acids. These 

genes are analyzed for similarity by the cross-reactivity 

with certain antibodies and from direct sequence analysis of 



cloned genes. Plants have sHSPs found in all cellular 

compartments, and only plants have organelle-localized 

proteins, possibly due to stresses only they need to endure. 

The question of whether these sHSPs are needed for the 

development of thermotolerance in plants or if they are 

important for survival during exposure to high temperatures 

remains to be answered definitively. 

Molecular Chaoerone Activity of HSPs 

Further investigations revealed that HSPs must have a 

function other than protection of cells during heat stress, 

because many HSPs were found to be expressed at normal 

temperatures. Therefore, it was recognized that HSPs must 

participate in basic cellular processes in the absence of 

stress. During the 1980s, researchers found that most HSPs 

act as "molecular chaperones". Molecular chaperones assist 

in the correct folding and unfolding of proteins, and can 

thereby prevent other proteins from aggregating when they are 

partially unfolded by heat or other stress treatments (Hartl 

et al., 1992; Hendrick and Hartl, 1993; Landry and Gierasch, 

1994). Molecular chaperones also maintain proteins in an 

open conformation which is necessary for proteins to move 

through membranes into different compartments in the cell. 
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Global Significance of HSP expression 

When the expression and function of HSPs are better 

understood, the ability to breed plants for stress tolerance 

or to genetically engineer these proteins may become 

possible. The ability of plants to tolerate higher 

temperatures could serve to increase the yield of crops in 

areas where high temperatures and drought are of concern. 

Recent publications show that HSP expression has 

potential broad applications, which has led researchers to 

explore the benefits of HSPs in medicine. Heat stressing 

organs and tissues being prepared for transplantation may 

improve their ability to function once transplanted, as well 

as to interact with potent immunosuppressive agents in kidney 

transplant rejection (Nadler, 1995). HSPs may also aid in 

recovery from heart attack, stroke, and cardiac surgery 

(Dillman, 1995). A medical application in cancer therapy 

uses HSPs to select immunogenic peptides for use as 

customized cancer vaccines (Srivastava, 1994) . 

Thesis Overview 

My thesis work comprised two distinct projects. The 

first project, described in Chapter 2, involves looking at 

HSP expression in desert leguminosae in the field. These 

data represent one of only a handful of studies investigating 

HSP expression in non-crop species growing in their optimal 



environment. Chapter 3 deals with the isolation and analysis 

of the first mitochondrion-localized small HSP to be found in 

Arahidopsis thaliana, AtHSP23.6. Characterization of 

AtHSP23.6 has expanded our knowledge of the sHSP family in 

plants. Data from Chapter 3 have appeared as a short 

publication: Nucleotide sequence of a cDNA encoding a 

mitochondrion-localized sHSP from Arahidopsis thaliana: 

AtHsp23.6 (Accession No. U72958). Plant Physiol. 112:1400 

1996. 
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Chapter 2; aHSP EXPRESSION IN DESERT LEQUMINOSAE 

2.1 INTRODUCTION 

Most studies on the heat shock response in plants have 

been conducted on such experimental materials as cultured 

cells or lab-grown plants. In the laboratory, plant cells or 

tissues are often subjected to a large, sudden increase in 

temperature to induce the heat shock response, leading to the 

perception that only abnoinnal conditions result in this high 

temperature response in plants. It is thought, however, that 

in the field plants can encounter temperatures that induce 

the production of HSPs during normal daily temperature cycles 

in warmer seasons (Vierling, 1991). Thus the heat shock 

response may be a normal, stabilizing response to daily 

fluctuating temperatures. 

Few studies have been completed to test the expression 

of HSPs in plants grown under field conditions. One study 

used field-grown soybeans experiencing temperatures above 

38°C. These plants were shown to have mRNAs encoding class I 

and II sHSPs in the leaf tissue (Kimpel and Key, 1985) . 

Burke, et al. (1985) compared total leaf protein profiles 

from irrigated and non-irrigated plots of dry-land cotton. 

It was concluded that in the non-irrigated cotton, high 

molecular weight and sHSPs accumulated when canopy 

temperatures reached 40°C. Experiments by Chen et al. (1990) 

and DeRocher et al. (1991) provide good evidence that sHSPs 



are expressed in the natural environment, but these studies 

were limited to an examination of vegetative tissues and crop 

species under instances of severe stress. Hernandez, et al. 

(1993) used field-grown Medicago sativa to look at sHSP 

expression in leaves, flowers and seeds. This study showed 

sHSP expression in flowers and seed pods when temperatures 

were relatively low, and even when no sHSP expression was 

shown in leaves. Results indicate that class I sHSPs are not 

normally present in leaves unless they are heat stressed, but 

that sHSP expression is frequently observed in reproductive 

structures. Thus, the expression of sHSPs in developing and 

germinating seeds from plants grown in the field may stem 

from the complex developmental and heat stress control of 

sHSP expression. 

A recent field study was conducted on apple fruit 

(Ferguson et al, 1998), due to the high internal temperatures 

likely to be common in bulky fruit. Flesh temperatures at a 

depth of 5 mm were found as high as 43°C, which was 15°C 

above the ambient air temperature. An increase in the 

expression of sHSP and HSP70 mRNA was associated with these 

high daily flesh temperatures. 

To further our understanding of the importance of sHSP 

expression in plants growing in their native environment, I 

undertook a study of sHSP expression in desert leguminosae. 

Many desert tree species are in the legxome family, affording 

multiple choices of experimental material. In addition. 
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antibodies against sHSPs from Pisum sativum (also a legume) 

were available in the laboratory and were predicted to show 

good cross-reactivity with sHSPs from desert legumes. I used 

these antibodies to determine whether different species 

produced sHSPs only during periods of high temperature, at 

all times, or not at all under field conditions. 
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2.2 MATERIALS AND METHODS 

Sampling Period and Study Site 

Field samples were collected in Tucson, AZ from July 6 

to July 20, 1996. Samples were taken from plants in the 

morning (6-8 AM) and in mid-afternoon (2-4 PM) when 

temperatures would be at maximum for the day. Leaf and, if 

available, pod and flower samples were collected six times 

during the two week sampling period. 

The Tucson Botanical Gardens was selected as a study 

site in part due to its proximity to the University of 

Arizona. This location allowed samples to be transported and 

transferred for storage in a -80°C freezer as soon as 

possible. The site also afforded many desert leguminosae 

species in one contained area. 

Temperature Readings 

Maximum and minimum daily temperature readings were 

taken from a Max./Min. thermometer (Taylor) during the 

morning collections. The thermometer was located in close 

proximity to the plants used for this study. 

Field Sampling and Experimental Design 

Six species of desert legumes were chosen for 

collection. Individual plants were chosen due to little 

interference from shade of other trees nearby, and for ease 



1  8  

of reaching leaves and reproductive parts. Leaves and 

available pods and/or flowers were picked from Screwbean 

Mesquite {Prosopis pubescens), Blue Palo Verde (Cercidium 

floridum ), Sweet Acacia {Acacia smallii, also known as 

Acacia minuta), Baja Fairyduster {Calliandra californica), 

Ironwood {Olneya tesota), and Native Mesquite {Prosopis 

velutina). Standard conditions set for the collection of 

samples (when possible) were to take leaves 4 feet off the 

ground, and flowers from a 6 foot level (with exception of 

the low shrub C. californica where samples were taken 0.5 

feet to 1.0 foot from the ground). The number of leaf 

samples taken from plants averaged 8, while 1-2 pods and 1 

flower were collected during each of the twelve sampling 

times. Leaf temperature readings were taken and recorded 

using an infrared thermometer with a spot detection size of 

0.46 cm^ (Everest Interscience). Fully expanded leaves were 

used to determine leaf temperature by focusing the 

thermometer at the center of the leaf. A sheet of white 

paper behind leaves helped to position the detection spot in 

order to acquire accurate readings. Samples were placed in 

plastic bags and stored on ice for no more than 40 min. until 

all collections were complete and taken to the lab and placed 

in the -80°C freezer. 



Protein Extraction 

Total protein was extracted from leaflets, pods and 

flowers by grinding tissue in liquid nitrogen and sand using 

a mortar and pestle. Extraction buffer consisted of 4% SDS, 

5% 2-mercaptoethanol, 0.275% diethyldithiocarbamic acid, 4% 

polyvinylpolypyrrolidone (PVPP), 5% sucrose, 5mM E-amino-n-

caproic acid, and ImM benzamidine [pH 8.0] , as described by 

Hernandez and Vierling (1993). Between 0.15 g and 0.3 5 g of 

leaves/leaflets were ground with a leaf to buffer ratio of 

1:10 (wt/vol). Protein samples were also extracted using the 

phenol extraction method of Hurkman and Tanaka (1986) as 

modified by Bray (1990) which included: 0.47M sucrose (Bray 

lowered from 0.7M), 0.5M TRIS, 30mM HCl, 50mM EDTA, 0.IM KCl, 

2% 2-inercaptoethenol, 2mM PMSF, 5raM £-amino-n-caproic acid, 

and ImM benzamidine [pH 8.0]. The supernatant containing 

protein was removed from plant debris after centrifugation 

(10 min. at 10,000g) and stored at -80°C until analysis. 

Protein concentration was determined by a Coomassie blue dye-

binding assay (Ghosh et al., 1988). All samples were 

examined using SDS-PAGE to compare the non-phenol vs. phenol 

extraction method, and to compare fresh vs. frozen samples, 

using SDS-PAGE, Western and immunoblotting analysis. The SDS 

extraction protocol proved superior and was used for all 

subsequent sample preparation. The frozen samples proved to 

be as reliable as the fresh, as judged by the pattern of 
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proteins observed by SDS-PAGE and Coomassie Blue staining 

(not shown). The Baja Fairyduster, Sweet Acacia and 

Screwbean Mesquite were chosen for further study because the 

extraction yielded high quality protein samples. 

Experimental Induction of Heat Stress 

After the three species for this study were chosen, Baja 

Fairyduster, Whitethorn Acacia (Sweet Acacia was not 

available) and Screwbean Mesquite plants were purchased from 

a local greenhouse and brought to the laboratory. Plants 

were watered and maintained for two weeks at room 

temperature. Detached leaves were given a heat shock 

treatment in a growth chamber where the temperature was 

gradually increased from 22°C up to 45°C (6°C/hr) , over 4 hr, 

maintained at the maximum of 45°C for 4 hr, then decreased 

gradually back down to 22°C over a 4 hr time period. Room 

temperature leaf samples from the above plants were collected 

for use as controls, and all samples were placed in the -80°C 

freezer for later processing. 

Plant Species Studied 

Information on the physical appearance and distribution 

of the three species chosen for this study was found in 

Sonoran Desert Plants: An Ecological Atlas by Turner, 

Bowers, and Burgess, 1995. 
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The Baja Fairyduster is a straggling shrub reaching up 

to 1 m in height. It is found in a variety of climates, most 

commonly on washes, hillsides and plains. The distribution 

of this species is contained in the Baja Peninsula in Mexico. 

The leaves are deciduous in drought and cold. The flowers 

are seen year round as a response to rain and are visited by 

hummingbirds, which may be the major pollinators. This shrub 

is widely planted as ornamental in the Tucson area. 

The Screwbean Mesquite is a tree or tall shrub reaching 

between 2-10 m high. The pods are tightly coiled in spirals, 

giving this species its common name. It grows most coitimonly 

in well-watered areas such as washes, with populations found 

in Arizona, California and northern-most Mexico. The range 

of distribution has narrowed with the shrinking and/or 

elimination of Sonoran desert rivers due to land usage 

(Engel-Wilson and Ohmart, 1979). This plant is deciduous, 

with leaves falling in winter and new leaves appearing in the 

spring. Flowers bloom starting in May and continue weakly 

through the summer and fall seasons. 

The Sweet Acacia is a tree growing up to 10 m tall or a 

many-stemmed shriob. It illustrates a widespread, adaptable 

taxon, with distribution throughout Mexico and with the 

northern-most plants found just inside the southern borders 

of Arizona. This species prefers the riparian habitat as 

well, where seasonal variation in soil moisture is less 

pronounced. Growth is relatively unresponsive to photoperiod 



and highly responsive to warmth. The flowers are extremely 

fragrant, appearing in the spring when the plants are usually 

leafless. 

Irrigation at the Botanical Gardens assured that plants 

were in their optimal growth environment. The Baja 

Fairyduster was 3 yrs old when planted in 1995, the Screwbean 

Mesquite was 3 yrs old when planted in 1993 and the Sweet 

Acacia was 4 yrs. when planted in 1993. All species received 

irrigation from a drip system twice a week while young, and 

once a week when mature and while this study was in progress. 

5DS-PAGE and Western-blot Analvsis 

Protein samples were analyzed by SDS-PAGE on continuous 

12.5% acrylamide gels (Laemmli, 1970). Total protein loaded 

per lane was 20|a.g. The gels were either stained or proteins 

were electrophoretically transferred to nitrocellulose for 

immunoblot reactions. Purified PsHSPlS.l (5 ng) (Lee et al., 

1995) was used as a positive control on all Western blots. 

Rabbit antiserum used for the detection of sHSPs was 

prepared against the carboxyl-terminal 15.3-kD P. sativum 

PsHSPlS.l (DeRocher, et al, 1991). PsHSPlS.l antiserum 

reacts strongly with class I sHSPs in pea, and does not 

detect other classes of sHSPs. The blots were incubated in 

antiserum prepared with 5% diry milk in Ix low salt buffer 

diluted 1:1000, then blots were washed and incubated in a 

1:2500 dilution of donkey anti-rabbit IgG coupled to 



horseradish peroxidase as described by Vierling, et al. 

(1989) . Immunoblots were visualized with chemiluminescent 

detection (ECL System, Amersham). 

Levels of sHSP expression were estimated by eye on a 

scale from zero to three, zero equaling no detected 

expression, one equaling a trace or low level of expression 

with just a faint band, two equaling a band with a stronger 

signal, three equaling a strong signal similar to amount of 

expression in the heat shock sample. 

Analvsis of sHSP expression relative to temperature 

Graphs were completed using Cricket Graph, version 

1.3.1. Data were entered and graphed on a scatter plot with 

the curve fit "simple" giving the best-fit line using y=mx+b. 

The correlation coefficient shows how closely the points fit 

the line. 



2.3 Results 

Daily Air Temperatures 

The average daily maximum temperature during the 

sampling period was 38.5°C, with a small range from 37 to 

40°C and with a high of 40°C reached on three days during the 

study period (Table 2.1). The average daily minimum 

temperature was 22°C. Information from the Western Regional 

Climate Center - Climate Summaries showed that the monthly 

average maximiam temperature for July 1996 was 39°C and the 

minimum temperature was 26°C, for an average daily 

temperature of 32.5°C. Temperatures during the time period 

of collections were typical of those in the previous ten 

years and in the two summers since this study. 

There was no precipitation during the period of this 

study, but plants received irrigation once each week (dates 

not known). 

Leaf Temperatures 

Leaf temperatures were taken and recorded on all three 

species at the same time sample collections were taken (Table 

2.1). Morning leaf temperatures and samples were taken 

between 6-8 AM, while afternoon leaf temperatures and samples 

were taken between 2-4 PM. Leaves on all three species 

experienced diurnal changes, with lower morning temperatures 

and increasing leaf temperatures in the afternoon. 
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Morning leaf temperatures were almost always above the 

minimum air temperature of the day. One exception was the 

morning of 7/20, when both Sweet Acacia and Baja Fairyduster 

leaves were below the low temperature reached in the early 

morning (1.3 and 3.3°C respectively). This is of interest 

because the leaf sample from the afternoon before was 1.4°C 

higher than the maximum daily temperature, and the AM sample 

before that was 4.3°C above that morning's minimum air 

temperature. In general, most leaf temperatures were an 

average of 4.5°C higher than the minimum air temperature. 

Sweet Acacia had two days when the AM leaf temperature 

reached significantly higher than the minimum temperature for 

the day: on 7/8 leaf temperature was 9.8°C above and on 7/12 

leaf temperature was 8.0°C above air temperature. The Baja 

Fairyduster had an AM leaf temperature on 7/12 that was 9.3°C 

higher than the minimum temperature for the day. This leaf 

sample was the most significantly above morning air 

temperature in this study. Screwbean Mesquite sample #11 

(7/19-AM) had a leaf temperature only 0.6°C above the air 

temperature. This sample was the most similar to air 

temperature during this study. 

Afternoon leaf temperatures were normally below the 

maximum air temperatures for the day of the collections 

(Table 2.1) and were never higher than 39°C. On days where 

the maximum air temperature was the highest (39-40°C) , leaf 

temperatures in all species remained 1-5°C below. The 



difference between leaf and maximum air temperature was most 

extreme on 7/15, when the PM samples from all three species 

were significantly below the maximum air temperature for the 

day, on the order of 7°C. On subsequent collection days 7/17 

and 7/19, PM leaf temperatures for the Sweet Acacia were the 

closest to the maximum temperature, at <0.5°C below maximum. 

The Baja Fairyduster showed extreme temperature variation 

compared to the other species during the PM collections at 

the end of the study with leaf temperatures keeping much 

cooler, 7.2°C below maximum air temperature on 5/15, but then 

rising 1.4°C above maximum air temperature on 7/17, and then 

matching leaf with air temperature on 7/19. 



TABLE 2.1 
DAILY MAX. AND MIN. AIR 

and LEAF TEMPERATURES (°C) 
DURING COLLECTIONS 

JULY 6  TO JULY 20.  1996 

DATE: AIR TEMP, 
low/high 

LEAF TEMPERATURES (AM/PM) 
Screwbean 
Mesauite 
(SBM) 

Sweet 
Acacia 
(SA) 

Baia 
Fairvduster 

(BFD) 

7/6 No data/38.0 

7/7 22. ,0/40. ,0 

7/8 22 . ,5/40. .0 (1)29.1/34.9(2) (1)32.3/38.5(2) (1)27.6/35.0(2) 

7/9 21, ,0/39. .0 

7/10 21. .5/38, .5 (3)24.5/32.6(4) (3)25.1/34.1(4) (3)26-8/35.5(4) 

7/11 22. .0/38, .0 

7/12 22, .5/38. .0 (5)27.8/35.5(6) (5)30.5/36.4(6) (5)31.8/34.5(6) 

7/13 23, .5/39, .0 

7/14 24, .0/38, .5 

7/15 21, .0/38 .0 (7)22.5/31.1(8) (7)25.3/30.8(8) (7)22.5/30.8(8) 

7/16 21, .0/38 .0 

7/17 22, .0/37 .0 (9)26.0/32.7(10) (9)28.4/36.8(10) (9)26.3/38.4(10) 

7/18 22, .0/39 .0 

7/19 22, .5/39 .0 (11)23.1/37.3(12) (11)21.2/38.6(12) (11)19.2/39.0(12) 

7/20 23 , . 5/No data 

K) 
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TABLE 2 .1 

Daily maximum and minimum air temperatures and leaf 

temperatures of study species. Daily low and high 

temperatures (°C) are shown for all days during the sample 

collection period. Leaf temperatures taken during AM and PM 

using an infrared gun are listed for each species. Leaf 

sample numbers as discussed in the text and subsequent 

figures are numbered in parenthesis next to the recorded leaf 

temperatures. 
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Detection of sHSPs in Desert Lecmmes 

I first determined if sHSP expression could be detected 

in the three desert species, Baja Fairyduster, Sweet Acacia 

and Screwbean Mesquite, using the available anti-pea HSP18.1 

antiserum. Baja Fairyduster and Screwbean Mesquite plants 

were purchased from a local nursery. Due to an initial error 

in species identification, a Whitethorn Acacia (Acacia 

constricta) was purchased instead of a Sweet Acacia {Acacia 

smallii) . However, since Whitethorn and Sweet Acacia are 

very closely related species, the Whitethorn Acacia was felt 

to be adequate for the initial antibody tests. Leaf samples 

for the experiment were taken after each plant had been 

maintained for two weeks at room temperature in the 

laboratory. Control and heat-stressed samples from each 

species were prepared. The protocol used to heat stress the 

leaves (see Materials and Methods) was similar to methods 

shown to produce a strong heat shock response in pea and 

Arabidopsis (Chen et al., 1990; Osteryoung et al., 1993). 

The maximum temperature used to stress the leaves was 45°C, 

higher than that typically used for mesophilic species. 

Control samples were left at room temperature until protein 

samples were prepared. Control and heat stressed leaves were 

used to prepare total protein, which was processed and 

analyzed by SDS-PAGE and Western blotting. As shown in 

Figure 2.1, none of the control samples showed any evidence 
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of sHSP expression. All of the leaf samples given the heat 

shock treatment showed a strong positive signal for sHSP 

expression, with a prominent polypeptide reacting to the 

antibodies at the appropriate molecular weight for a Class I 

sHSP (-18 kDa). Other minor cross-reacting bands seen in 

both control and heat-stressed samples likely represent non

specific antibody reactions and none appear specific to the 

heat-stress treatment. The stained gel of equivalent samples 

shows that equal protein was loaded in each lane. 

These results indicate that each species responded to 

heat stress with the production of sHSPs, and that the pea 

HSP18.1 antiserum could be used to detect these proteins in 

these different species. 
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FIGURE 2.1 
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FIGURE 2 . 1 

sHSPs accumulate during heat stress in leaves of desert plant 

species. Baja Fairyduster (BFD), Screwbean Mesquite (SBM) 

and Whitethorn Acacia (WTA). Proteins from control (C) or 

heat-stressed (HS) leaves were separated by SDS-PAGE and 

analyzed by Western blotting with pea HSP18.1 antiser\im. 

Bottom panel shows Coomassie Blue stained gel of samples 

loaded (20 ^.g) equivalent to those used for the Western 

analysis (20|j.g protein) . 5ng of purified pea HSP18.1 (Lee et 

al., 1995) was used as a positive control for the antibody 

reaction. Molecular weight markers in kDa are shown at the 

right. Arrow in the upper panel indicates position of the 

sHSPs. 
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sHSP Expression in Screwbean Mesouite in the field 

Western analysis of Screwbean Mesquite (SBM) leaf 

proteins from the field sampling period revealed six samples 

with trace eimounts of sHSP expression (data not shown) . 

There was no correlation between leaf temperature or maximum 

air temperature and presence of detectable sHSPs. For 

example, sample #6 from 7/12 PM, had trace levels of sHSP and 

the leaf temperature was 3 5.5°C and the daily maximum air 

temperature reached 38.0°C. In contrast sample #12, 

collected in the afternoon of 7/19, had a leaf temperature of 

37.3°C and maximum air temperature of 39°C, but showed no 

detectable expression. Other leaf samples showing either a 

trace amount or no expression had similar recorded leaf and 

air temperatures. A connection between leaf or air 

temperature and sHSP expression was also not apparent 

considering the previous day's maximum air temperature, or 

the minimum and maximum daily temperature. 

In contrast to minimal sHSP expression in leaves, each 

of the 12 samples of Screwbean Mesquite pods showed sHSP 

expression ranging from low (1) to high (3) as shown in Table 

2.2 and in the Western analysis in Figure 2.2. Sample #2, 

collected on the afternoon of 7/8 when the temperature 

reached 40°C, had the highest level of sHSP expression. Six 

samples (#4, #5, #6, #7, #10 and #11) showed a medium level 

(2) of expression. Samples #4, #6, and #10 correspond to the 
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PM samples with temperatures of 38.5°C, 38°C and 37°C 

respectively, while sample #5, #7, and #11 also showed mediiim 

levels of expression (2) yet occurred during AM air 

temperatures of 22.5°C, 21°C, and 22.5°C. Thus, data 

analysis shows there is no significant relationship between 

pod sHSP expression and temperature; linear analysis of the 

relationship yielded a correlation coefficient of only 0.119 

(not shown). This suggests that the major factor controlling 

sHSP expression in pods is not temperature. 



TABLE 2.2 

ESTIMATED LEVEL OF 
SHSP EXPRESSION IN 

SCREWBEAN MESOUITE PODS 

EST. 1 2 3 4 5 6 7 8 9 10 11 12 

SHSP 7/8 7/8 7/10 7/10 7/12 7/12 7/15 7/15 7/17 7/17 7/19 7/19 

LEVELS: AM PM AM PM AM PM AM PM AM PM AM FM 

3=High 4 0  

2=Medium 3 8 .  5  2 2 ,  . 5  3 8  2 1  3 7  2 2 . 5  

l = L o w  2 2 .  . 5  2 1 . 5  3 8  2 2  3 9  

C HS PslS.l 

0=None 

TABLE 2.2 
Minimum daily air temperature is placed in position of estimated level of sHSP 

expression for each AM sample, and the maximum daily air temperature is placed in 
position of the level of expression for each PM sample (°C) . An "X" is placed to show 
the level of expression in negative and positive controls. Relative levels of sHSP 
expression were derived by eye from western analysis. 

Scale used ranges from zero to three: 
0 = no detected expression, 
1 = a trace or low level of expression with just a faint band, 
2 = a band with a stronger signal, 
3 = a strong signal similar to amount of expression in the positive 

heat shock control sample. 
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FIGURE 2 . 2 

sHSP expression in Screwbean Mesouite Pods. Panels show 

proteins from field samples, control (C) and heat-stressed 

(HS) leaves as shown in Figure 2.1, and 5ng of purified 

PsHSPlS.l. In the upper panel proteins were separated by 

SDS-PAGE and analyzed by Western blotting with pea HSP18.1 

antiserum. Date and time (A=AM, P=PM) of each collection is 

shown above top panel. Samples #1 - #12 (as in Table 2.1) 

are labeled below. Coomassie Blue stained gel in the bottom 

panel shows samples equivalent to those used for Western 

analysis. 5ng of purified pea HSP18.1 (Lee et al., 1995) was 

used as a positive control for the antibody reaction. 

Molecular weight markers in kDa are shown at the right. 
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sHSP Expression in Baia Fairyduster in the field 

Analysis of Baja Fairyduster (BED) leaves detected only 

a trace of sHSP expression in a single sample (not shown). 

Sample #8, with a measured leaf temperature of 30.8°C and a 

PM maximum air temperature of 38°C, showed a very low level 

of sHSP protein. However, six other samples had leaf 

temperatures above sample #8 and yet did not show any 

detectable sHSP. 

Six of the eleven Baja Fairyduster flower samples showed 

no detectable sHSP expression, while five flower samples and 

the only pod sample collected had a trace of sHSP expression 

(see Table 2.3) . In samples where low expression was found, 

there appears to be little relationship to the surface 

temperature of the leaf, to the high temperature during the 

day of collection, or to the temperature the day before 

collection. 



TABIf 2.3 

ESTIMATED LEVEL OF 
SHSP EXPRESSION IN 

BAJA FAIRYDUSTER FLOWERS/PODS 

EST. IF 3F 4F 5F 6F 7F 7P 8F 9F lOF IIF 12F C HS PslS.l 

sHSP 7/8 7/10 7/10 7/12 7/12 7/15 7/15 7/15 7/17 7/17 7/19 7/19 

LEVELS: AM AM PM AM AM AM PM AM PM AM PM 

3=High X 

2=Medium x 

l=Low 2 2 . 5  2 1 . 5  21 38 37 3 9 t  

0=None 3 8 . 5  2 2 . 5  38 21 22 2 2 . 5  X 

TABLE 2.3 Minimum daily air temperature is placed in position of estimated level of 
sHSP expression for each AM sample, and the maximum daily air temperature is placed in 
position of the level of expression for each PM sample (°C) . An "X" is placed to show 
the level of expression in negative and positive controls. Relative levels of sHSP 
expression were derived by eye from western analysis. 

Scale used ranges from zero to three: 
0 = no detected expression, 
1 = a trace or low level of expression with just a faint band, 
2 = a band with a stronger signal, 
3 = a strong signal similar to amount of expression in the positive 

heat shock control sample. 
t = a trace of expression 
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sHSP Expression in Sweet Acacia in the field 

Leaves were the only plant part studied for the Sweet 

Acacia (SA) since flowers and pods were not available during 

the study period. Four leaf samples showed a high level of 

expression, equal to what is seen in the positive control 

(see Table 2.4 and Figure 2.3). This high expression 

occurred in leaves in the afternoon samples when air 

temperatures reached 37° to 40°C. However, two afternoon 

samples showed a low level of sHSP expression even though air 

temperature reached 3 8.5°C. The only leaf sample showing no 

expression was a morning sample, with a leaf temperature of 

28.4°C when air temperature was 22°C. Estimated levels of 

sHSP expression for AM samples (odd numbered) were compared 

to that day's minimum temperature and PM samples (even 

numbered) to that day's maximum temperature. A graph of the 

relationship between temperature and sHSP level is shown in 

Figure 2.4. Data analysis show a correlation coefficient 

between temperature and sHSP expression of 0.374, suggesting 

that temperature might be involved in the high expression of 

sHSPs on four afternoons during this study. However, it also 

shows that the recorded temperatures are not the only 

variable determining sHSP expression levels. 



TABLE 2.4 

ESTIMATED LEVEL OF 
SHSP EXPRESSION IN 
SWEET ACACIA LEAVES 

Leaf temperatures in °C 

EST. 1 2 3 4 5 6 7 8 9 10 11 12 C HS Pais.1 

8HSP 7/8 7/8 7/10 7/10 7/12 7/12 7/15 7/15 7/17 7/17 7/19 7/19 

LEVELS: AM PM AM PM AM PM AM PM AM FM AM PM 

3=High 38.5 34.1 36.4 38.6 X X 

2=Medium 32.3 25.1 

l=Low 30.5 25.3 30.8 36.8 21.2 

0=None 28.4 X 

TART.K •>. A Leaf temperature of each sample is placed in position of estimated level of 
sHSP expression (°C) . An "X" is placed to show the level of expression in negative and 
positive controls. Levels of sHSP expression is derived by eye from western analysis. 

Scale used ranges from zero to three: 
0 = no detected expression, 
1 = a trace or low level of expression with just a faint band, 
2 = a band with a stronger signal, 
3 = a strong signal similar to amount of expression in the positive 

heat shock control sample. 
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FIGURE 2.3 

SWEET ACACIA LEAVES 
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FIGaRE 2. 3 

sHSP expression in Sweet Acacia. Panels show proteins 

from field samples, control (C) and heat-stressed (HS) leaves 

as shown in Figure 2.1, and 5ng of purified PsHSPlS.l. In 

the upper panel, proteins were separated by SDS-PAGE and 

analyzed by Western blotting with pea HSP18.1 antiserum. 

Date and time (A=AM, P=PM) of each collection is shown above 

top panel. Samples #1 - #12 (as in Table 2.1) are labeled 

below. Coomassie Blue stained gel in the bottom panel shows 

that samples are equivalent to those used for Western 

analysis. 5ng of purified pea HSP18.1 (Lee et al., 1995) was 

used as a positive control for the antibody reaction. 

Molecular weight markers in kDa are shown at the right. 
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FIGURE 2 .4 

Relationship between sHSP expression and air temperature 

in Sweet Acacia leaves. This graph shows the correlation 

coefficient between air temperature and estimated levels of 

sHSP expression detected using SDS-PAGE and Western blotting. 
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2.4 DiaCUSSlOM AND FURTHER DIRECTIONS 

This study, the first to look at the expression of 

specific sHSPs in any desert species under field conditions, 

shows that expression of sHSPs can be readily observed in 

field-grown desert species. While the sHSPs examined are not 

normally present in leaves maintained at 22°C, they 

accumulate when plants are treated to a heat shock of 45°C in 

the laboratory. In the field, expression in leaves and other 

plant parts could be detected, but was only weakly or not at 

all correlated with temperature. In total, the data confiirm 

that sHSP expression is a variable response in the field, and 

that reproductive structures are more likely to express sHSPs 

than are leaves. 

Leaf Temperatures 

Leaf temperatures from species collected were 

consistently within the range of 19°C and 39°C, fluctuating 

as expected between the minimum and maximum daily air 

temperature. These desert legumes show similar 

characteristics to Medicago sativa as reported by Hernandez 

(1993), in that in the afternoon leaf temperatures were often 

lower than air temperatures. However, morning leaf 

temperatures were often higher than the minimum temperature 

of early morning. Additional studies could measure the 

threshold temperatures for the induction of sHSPs in each of 
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these desert legiome species. This temperature could be 

higher than 40°C, for Screwbean Mesquite and Baja 

Fairyduster, and perhaps even during the hottest time of the 

year, these species are not reaching these temperatures. 

sHSP Expression in Leaves of Species Studied 

Screwbean Mesquite and Baja Fairyduster leaves were 

similar in detectable sHSP expression. Very few samples had 

any expression, and sHSP levels were too low to quantify even 

by eye. Sweet Acacia leaves were dramatically different, 

with high sHSP levels accumulating on four days during this 

study, either on or near the afternoon of the hottest days. 

Correlation between temperature and estimated sHSP expression 

in Sweet Acacia suggested a weak relationship between maximum 

and minimum air temperature and sHSP levels. 

The low levels of sHSP expression in Screwbean Mesquite 

and Baja Fairyduster compared to Sweet Acacia growing in the 

same environment, and exhibiting similar leaf temperatures is 

interesting. This might reflect a slight difference in the 

optimum growth habitat for these species. Baja Faiiyduster 

is adapted to drier and more southernly habitats than Tucson; 

however, both Screwbean Mesquite and Sweet Acacia prefer 

riparian habitats and have otherwise overlapping 

distributions. Screwbean Mesquite and Baja Fairyduster may 

have a higher threshold temperature for sHSP induction in 

leaves, compared to Sweet Acacia. 
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sHSP levels in Sweet Acacia leaves follow a striking 

diurnal pattern that was particularly apparent during the 

first week of this study. This is consistent with the 

conclusion that temperature is one variable controlling sHSP 

expression in the leaves . The daily rise and siobsequent 

decline of the sHSPs would also be predicted based on the 

half-life of these proteins, which has been estimated as -48 

hrs (DeRocher et al., 1991). Although I cannot rule out that 

these differences reflect sampling of different leaves at 

each time point, it seems unlikely such a pattern would arise 

randomly. 

Developmental Regulation of sHSP Expression 

Variations in level of sHSP expression in pods were high 

in Screwbean Mesquite, yet did not correlate to temperature. 

This is consistent with the fact that developing seeds of 

other plant species produce sHSPs in the absence of 

temperature stress starting at mid-maturation and continuing 

to the dry seed (Wehmeyer et al., 1996). Thus, the lack of 

correlation with daily maximiim and minimum temperatures in 

Screwbean Mesquite pods likely reflects developmental 

regulation. Furthermore, Screwbean Mesquite leaves show only 

small traces or no evidence of heat stress. This is 

consistent with the observations of Hernandez (1993), who 

also found sHSPs in flowers and seeds at times when they were 

absent in the leaves of Medicago sativa (alfalfa). Seed/pod 
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age may have also played a role in the levels of expression 

seen in Screwbean Mesquite, as levels of sHSP differ at 

different developmental stages of maturing seeds. Collecting 

pods of relatively the same age would help to determine 

expression relative to development. Expression observed in 

Screwbean Mesquite pods could reflect a combination of 

regulation due to both, heat and development. If these 

findings are representative of sHSP expression in desert 

species it is interesting that Sweet Acacia leaves varied 

diurnally, while this was not true of the pods studied in 

Screwbean Mesquite. 

It is not possible to conclude from this study that sHSP 

expression increases with higher temperatures, giving these 

desert plants the ability to adapt to heat stress. Given the 

small number of samples used, it is difficult to show a 

relationship between sHSP expression and temperature. There 

is also no information available in regard to the boundary of 

protection or thermotolerance for these species. 

Experimental Design Discussion 

Conditions at the Botanical Gardens do not mimic 

conditions these three legumes face in the desert, as 

irrigation limits conditions of water stress. Irrigation may 

decrease the plant's need to make sHSPs since extreme 

conditions under these high temperatures are avoided. The 



schedule of irrigation at the Botanical Gardens (not 

available) may have affected the pattern of sHSP expression. 

In this study, leaves sampled from Screwbean Mesquite 

and Sweet Acacia were picked from lower on the tree/shrub. 

Some leaves on these trees were partially shaded by leaves 

and branches above. Leaves shaded during one period of the 

day may or may not have been as shaded as other samples were 

when they were collected. It might be necessary to 

constantly monitor the temperature of leaves when looking at 

sHSPs as they relate to temperatures. The size of the 

leaflets in the species used was also problematic as 

recording accurate surface temperatures with the IR gun was 

difficult. Also, leaves, pods and flowers were chosen very 

randomly. It would be interesting to collect leaves with 

similar surface temperatures and then compare the levels of 

expression with the leaf temperatures. The ages of leaves 

might be another factor in differences in sHSP expression. 

Though leaves chosen were located near the ends of branches 

where the youngest leaves form, it was not possible to pick 

leaves of similar ages from day to day. Younger leaves 

picked would be more metabolically active than older leaves 

ready to fall off the plant, and might therefore produce 

higher levels of sHSPs. 

More accurate and reliable information would also come 

from using a much larger sample base by extending the study 

period and increasing the number of samples/plant. Also, 



using plants in their natural environment, outside and not in 

an irrigated garden, would give better information regarding 

sHSP expression in desert plants. 
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Chapter 3; Mitochondrion-localized AtHSP23.6 

3.1 INTRODUCTION 

The small HSPs 

As discussed above, sHSPs in plants can be grouped into 

five classes: two classes of cytosolic proteins, and three 

classes of organelle-localized proteins including 

chloroplast, endoplasmic reticulum and mitochondrial (MT) 

forms. When my research was initiated, MT-localized sHSPs 

had been identified in only two plant species: P. sativum 

(Lenne, 1995; Lenne and Douce, 1994) and G. max (Lafayette 

et al., 1996). These MT sHSPs show structure and expression 

characteristics typical of other sHSPs. They contain a 

conserved C-terminal domain, and they are not present 

normally in vegetative tissue but are highly expressed in 

response to elevated temperatures. 

The primary function of mitochondria is to capture the 

energy from organic molecules in a form the cell can use. 

Mitochondria take up organic molecules from food substances 

or from photosynthate in plants, and oxidize these molecules. 

This process, known as cellular respiration, produces usable 

energy in the form of ATP. Because cells with the most 

energy requirements have the most mitochondria per unit 

volume, the niomber of mitochondria in a cell ranges from one 

contorted giant in some unicellular protists, to a few 

hundred thousand in some egg cells. Although photosynthetic 
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plant cells can obtain ATP from chloroplasts, they also 

contain mitochondria, which are required for respiration 

under limiting light conditions. Mitochondria are also, of 

course, the essential energy factories of all non-

photosynthetic plant tissues. The importance of mitochondria 

to cells cannot be overemphasized. The production of a 

specific sHSP for possible protection of these organelles is 

therefore not surprising. 

In this chapter, the isolation and sequence analysis of 

a gene encoding a mitochondrion-localized sHSP from 

Arabidopsis is described. AtHSP23.6 was found to be 41% to 

62% identical to other MT sHSPs. This work establishes the 

presence of this sHSP gene class in a new plant family and 

provides a probe for looking at other MT HSP responses in 

Arabidopsis. 

Since this work began three additional MT-localized 

sHSPs have been isolated and sequenced: Z. mays (Lund, 

1998), C. rubrvm (Debel et al., 1997), and P. glauca (Dong 

and Dunstan, 1996). Thus, we now have diverse MT HSP 

sequences available to complete a broader sequence 

comparison. 
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3.2 MATERIALS AMD METHODS 

Isolation of cDNA Clones 

Clone Source 

Two available cDNA libraries prepared in 1989 (Helm et 

al., 1989) and 1992 (Schirmer et al., 1994) from heat-

stressed Arabidopsis tissue were used as the source of clones 

for this study. Briefly, the cDNA libraries were constructed 

in lambda ZAPII (Stratagene) with poly(A)RNA isolated from 4 

week old rosette Arabidopsis thaliana (ecotype Columbia) 

plants that were removed from soil and submerged in a shaking 

water bath at 37.0-37.5°C for 90 minutes. cDNA was inserted 

into the vector EcoRI site with EcoRI, NotI adapters. 

Identification of cDNA Clones 

The Arabidopsis thaliana cDNA libraries were titred to 

determine the concentration of phage in each stock using the 

host E. coli strains XLl-Blue and K802. The 1989 library was 

initially screened because it contained twice the phage 

concentration of the 1992 stock. 

Approximately 4,500 recombinant phage plaques were 

replicated onto nitrocellulose filters from 10 plates. The 

filters were then baked at 80°C for two hours, treated to 

denature the DNA, rinsed and neutralized using Church 

hybridization buffer (Church and Gilbert, 1984) . Filters 

were pre-hybridized at 58°C for one hour in Church buffer 
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solution. Filters were then hybridized at 58°C for 24 hours 

with a Glycine max (soybean) cDNA encoding a MT-localized 

sHSP (GmHSP23.9) (Lafayette et al., 1996) labeled with 

radioactive . This (and all) probes were prepared by 

random primer labeling of isolated cDNA inserts. Filters 

were washed at high stringency in a solution of 2X SSC 

(35.28g Sodium Citrate and 70.12g NaCl at pH 7.0) and 0.1% 

SDS for 15 min. four times at 58°C. Filters were exposed to 

film for 24 hrs., then the autoradiograph was aligned with 

the plates to identify positive phage. The autoradiograph 

alignment showed nineteen positive phage. A secondary screen 

was performed to purify these further. Ten secondary plates 

yielded 2 8 positive plaques, which were streaked onto 

tertiairy plates. The ten most convincing plaques from these 

were chosen for in-vivo excision. Two purified plaques were 

taken from each plate and excised in-vivo using the protocol 

supplied by Stratagene (La Jolla, CA). Ten purified phagemid 

samples were then mini-prepped using methods in Current 

Protocols in Molecular Biology (1995), digested using EcoRI, 

and run on a 1% agarose gel to determine cDNA clone length. 

The longest clone found was sequenced, revealing a length of 

512bp. The clone did not include a poly A tail, and did not 

appear to encode a start Met. However, the sequence showed 

similarity to GmHSP23.9, the probe used for library 

screening. 
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In order to find a full length clone, 18 new plates 

containing approximately 1100 phage were screened using the 

newer library from 1992. While this library had a lower 

titre than the 1989 library, it contained longer cDNA clones. 

Hybridization was performed at 60°C, with the cDNA from the 

partial-length Arabidopsis clone obtained above, and filters 

were washed at high stringency in 2X SSC and 0.1% SDS at 

60°C. Seventeen phage hybridizing clones were recovered from 

the primary plates. Secondary plates were prepared and 

screened and nine clones were purified sufficiently for in-

vivo excision. Plasmids were isolated and digested with 

EcoRI and run on a 1% agarose gel. Clone 7, with an insert 

length of <900bp was chosen for sequencing. 

DNA Secaience Analysis 

The Arizona Research Laboratory Division of Biotechnology 

performed the DNA sequencing on an Applied Biosystems 373 DNA 

sequencing system, confirming sequence on both strands. 

Analysis of sequences was performed using the Genetics 

Computer Group software package, version 9.1 for UNIX 

computers, Madison, Wisconsin. Pileup was used to align 

amino acid sequences, and the consensus sequence was 

generated using PRETTY. All programs were set with default 

parameters. 
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Northern blot Analysis 

Total RNA obtained from heat-stressed and control seedlings 

was separated on a 1% agarose gel and blotted to 

nitrocellulose by Dr. Colin Watson (Current Protocols, 1995). 

32p-labeled probes were hybridized using standard procedures 

at 42°C in forraamide-containing buffer. The final wash in 2X 

SSC and 0.1% SDS was completed at 65°C. 

Southern blot Analysis 

Arabidopsis genomic DNA (prepared by John Moore according to 

Current Protocols, 1995) was digested with EcoRl, BamHl, and 

Hindlll, separated on a 0.8% agarose gel, blotted to 

nitrocellulose and hybridized at 65°C with the AtHSP23.6 cDNA 

to determine the number of mitochondrial sHSP genes in the 

Arabidopsis genome. 



3 . 3 RESULTS 

Identification of a cDNA clone encoding AtHSP23.6 

In order to isolate a full length clone, the 1992 heat 

shock cDNA library was screened at high stringency using the 

partial length (<512bp) Arabidopsis cDNA, which had been 

obtained from the 1989 library by heterologous hybridization 

with GinHSP23.9 encoding a MT sHSP (LaFayette et al. , 1996) 

(see Materials and Methods). Approximately 0.2% of the 

plaques hybridized with the probe. One clone with an insert 

size of <900 bp was purified and fully sequenced. 

Protein and Nucleic Acid Analysis 

The full DNA sequence and deduced amino acid sequence 

are shown in Figure 3.1. Characteristics of the cDNA 

include: a total length of 847bp, including the poly A tail; 

a coding region from nt 59 to 691; a 58bp 5' non-coding 

region; a 128bp 3' non-coding, region; and a 27nt poly A 

tail. The cDNA encodes a 210 amino acid polypeptide with a 

predicted molecular weight of 23,609 Da and was therefore 

designated as AtHSP23.6. The AtHSP23.6 sequence has been 

deposited in Genbank, accession number U72958. 



FIGURE 3 . 1 

1 GATAAATACTAAACTCACTGTTAAAACTTTCTCAACAAAGCTTCCTGTTTCTCTACAAAT 
Met 

61 GGCATCTGCTCTCGCTCTTAAGAGACTCCTATCATCCTCCATCGCTCCACGTTCCCGTAG 
AlaSerAlciLeuAlciLeuLysArgLeuLeuSerSerSerlleAlaProArgSerArgSer 

121 TGTTCTTCGTCCAGCTGTTTCCTCTCGCCTCTTCAACACCAACGCCGTTAGGAGCTACGA 
ValLeuArgProAlaValSerSerArgLeuPheAsnThrAsnAlaValArgSerTyrAsp 

181 CGACGACGGCGAAAATGGAGACGGCGTTGATTTATATCGCCGCTCTGTTCCTCGCCGCCG 

AspAspGlyGluAsnGlyAspGlyValAspLeuTyrArgArgSerValProArgArgArg 

241 TGGTGATTTCTTCTCAGATGTGTTTGATCCGTTTTCGCCGACGAGGAGCGTTAGTCAAGT 
GlyAspPhePheSerAspValPheAspProPheSerProThrArgSerValSerGlnVal 

301 GCTGAATCTGATGGACCAGTTCATGGAGAATCCTCTGTTATCAGCTACTCGTGGCATGGG 
LeuAsnLeuMetAspGlnPheMetGluAsnProLeiiLeuSerAlaThrArgGlyMetGly 

361 AGCTTCAGGAGCTCGTCGTGGTTGGGATATAAAAGAGAAAGACGATGCTCTGTACCTGAG 
AlaSerGlyAlciArgArgGlyTrpAspIleLysGluLysAspAspAlaLeuTyrLeuArg 

421 AATCGACATGCCTGGGCTGAGCAGAGAGGATGTGAAGCTGGCTTTGGAGCAGGACACTCT 
IleAspMeCProGlyLeuSerArgGluAspValLysLeuAlaLeuGluGlnAspThrLeu 

481 GGTGATTAGAGGAGAAGGAAAAAACGAGGAAGATGGTGGCGAGgAAGGAGAGAGCGGTAA 
VallleArgGlyGluGlyLysAsnGluGluAspGlyGlyGluGluGlyGluSerGlyAsn 

541 TCGGAGATTCACAAGCAGGATTGGATTACCGGATAAGATTTACAAGATCGATGAGATTAA 
ArgArgPheThrSerArglleGlyLeuProAspLysIleTyrLysIleAspGluIleLys 

601 GGCGGAGATGAAGAACGGAGTGTTGMAGTTGTGATCCCGAAGATGAAAGAACAAGAGAG 
AlaGliiMeCLysAsnGlyValLeuLysValVallleProLysMeCLysGluGlnGluArg 

AsnAspValArgGlnlleGluIleAsn 

721 TTGTTGATAGGTCTTTGAATAAGAAGTGTGTGTAGTTTGGCACGGTCGATGTTGAGTCAT 

781 GTAGTCTCTAAAGACTAAAAGGTTATATGTTTCTTTCTTGAAAAAAAAAAAAAAAAAAAA 

841 AAAAAAA 847 

60 

120 

180 

240 

300 

360 

420 

480 

540 

600 

660 

720 

780 

840 

FIGURE 3.1 AtHSP 23.6 nucleic acid and deduced protein 
sequence. 



Extsression of AtHSP23.6 mRNA 

The cDNA was used to assess expression of the gene in 

control and heat-stressed plants. Northern analysis shows 

the AtHSP23.6 transcript is not detectable in poly(A)RNA from 

control leaves, but is strongly induced by 90 min of heat 

stress at 37-39°C (Figure 3.2). 



FIGURE 3.2 

AtHSP23.6 

C HS 
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FIGURE 3 .2 

AtHsp23.6 mRNA is induced bv heat stress. Northern 

analysis of total RNA from control (C) and heat shocked (HS) 

Arabidopsis thaliana seedlings. Blots were probed with 32p_ 

labeled AtHsp23.6. 



Gene copy number analysis 

Genomic southern analysis shows single restriction 

fragments detected after Eco RI, Bam HI, and Hind III 

digestions (Figure 3.3), consistent with a single gene copy. 
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FIGURE 3 .3 

AtHsp23.6 is a single copy aene. Southern analysis 

Arabidopsis genomic DNA digested with EcoRI, BamHI, and 

Hindlll and hybridized with the AtHSP23.6 cDNA. 
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similarity of AtHSP23.6 to plant MT and other sHSPs 

Comparisons of other plant sHSPs to the amino acid 

sequence of AtHSP23.6 verifies it to be most similar to the 

MT sHSPs (Table 3.lA and Figure 3.4). The AtHSP23.6 protein 

is more similar to other MT-localized proteins in the 

carboxyl-terminal domain than in the amino-terminal domain 

and has a transit sequence specific for this organelle. Once 

the protein has entered the mitochondrion, the mature amino-

terminus of the MT sHSP is formed by proteolytic cleavage of 

the transit sequence. The amino terminus of the mature pea 

PSHSP22.0 is at Asn33 (Lenne at al., 1995) and for the mature 

Zea mays ZmHSP23.8 it is found at Asn46 (Lund et al., 1998). 

The mature amino-terminus of AtHSP23.6 can therefore be 

predicted to be Asn33 (see Figure 3.4), indicating the mature 

protein length is 178aa with a MW of 20,185Da. 
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TABLE 3.1 - Amino acid sequence similarity/identity of 

AtHSP23.6 to other plant sHSPs. (Sequence accession numbers 

are indicated in parentheses.) 

A. Comparison to other plant MT-localized sHSPs 

^aimilaritv/^sidentitv 

GinHSP23 . 9 70.9/50.2 
(U21722) 

PSHSP22.0 82.8/62.1 
(XB6222) 

PgHSP23.5 66.0/40.9 
(L47741) 

CrHSP23.0 78.0/53.5 
{X15333) 

MaizeHSP 56.5/46.0 
(AF35460) 

B. Comparison to other Arabidopsis thaliana sHSPs. 

^aimilaritv/^identity 

Cytosolic 62.7/34.0 
HSP17.6-I (CLASS I) 
(X16076) 

Cytosolic 56.8/23.7 
HSP17.6-XI (CLASS II) 
(X63443) 

Chloroplast 60.2/37.3 
HSP21 
(X54102) 

Endoplasmic Reticulum 54.9/23.1 
HSP22 . 0 
(U11501) 
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Table 3.IB shows that AtHSP23.6 is substantially less 

similar to other sHSPs localized to the cytosol, chloroplast, 

or endoplasmic reticulum (ER), with less than 38% identity to 

any of these other sHSPs. This is consistent with findings 

from Vierling (1991) and Waters, et al., (1996) which show 

sHSPs from the same protein class have greater similarity 

across species than is seen between proteins from different 

classes within a species. Pisum sativum HSP22.0, an MT-

sHSP, shows 83% similarity to Arabidopsis thaliana HSP23.6, 

for example; whereas Arabidopsis thaliana HSP17.6, a class I 

cytosolic protein, is only 63% similar to Arabidopsis 

thaliana HSP 23.6. These data support the inclusion of 

AtHSP23.6 in the MT class of sHSPs. 
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Conserved domains of AtHSP23.6 

Figure 3.4 presents an amino acid sequence alignment of 

the six available sequences for MT sHSPs. The MT sHSPs from 

different species show poor homology in the amino-terminal 

residues prior to the predicted cleavage site as expected, 

because mitochondrial transit peptides have no linear 

consensus sequence (Schneider et al., 1998). The sequences 

show good alignment from the beginning of the mature protein, 

which has been defined for Pisum sativum and Zea ways and 

is indicated by the amino acid sequence RSFNTNA. This 

sequence predicts the mature protein begins at ASN33, 

indicated above the alignment with an asterisk. In 

comparisons with other sHSPs, the reduced similarity in the 

amino-terminal region of the mature protein (position 58 to 

123, Figure 3.4) is typical (Waters, 1995). Within this 

region is a somewhat conserved region (consensus III region) 

from position 81 to 100. These six MT sHSPs show extensive 

sequence similarity overall in the carboxyl-terminal region 

(Figure 3.4) from position 124 to the end of the protein, 

labeled consensus regions I and II, which are also regions of 

similarity to other sHSPs as previously identified by 

Vierling (1991). 

Figure 3.5 shows the alignment of AtHSP23.6 with other 

Arabidopsis sHSPs. These sHSP families are more conserved in 
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the carboxyl-terminal domain than in the amino-terminal 

domain, with consensus domains of similarity (I and II). 



7  1  

FIGURE 3. 4 

1 * 50 
AtHSP236 —masaLalk RllSSsiapr Srsvlrpavs s.RlFNTNAv 
Psatmt —massLalk RflSSgLlss SflRPvassa s.RSFNTNAm 
Gmax239 —massLiak RflSSsLlsr SllRPaasas h.RSFdTNAm 
Chenmt masmalr RlaSrnLvsg gifRPl..sv s.RSFNTNA. 

Maizemt masivasrra vplvraLekl iaaSSapgtg SalRPvavag alRavNTaAD 

Pgint23 5 matvas aksnvmksvi pavkkcLlps grqgdssasa mcRSlsT.Aa 
Consensus L R--SS-L S--RP —RSFNTNA-

51 100 
AtHSP236 rsYdd..Dge ngDgvdlyrr SvpR..rrgd .FfsdVfDPF SptrSvsqvL 
Psatmt rqYdqhsDdr nvDvyrh... SfpRt.rrdd lllsdVfDPF S....pprsL 
Gmax239 rqYdnraDdh stDidrhser Sfpstarrdd iFlrcVgsiF Sdsefepgse 
Chenmt .qmgrvdhdh elD.drsnra pisRrgdfpa sFfsdVfDPF ratrSvgqlm 
Maizemt Irryegaese ddsvreydgr hggRdyavps IFsdifrDPl SaphSigrlL 
Pgmt235 akYrpeyDsa iqDdtqnrqa SetRrgglpn iF....gDPF yplrSlgfgL 
Consensus --Y D-- --D S--R - F  V-DPF S S L 

consensus region III 

101 150 
AthHSP236 nlmdqfmenp llsatrgmga sgaRRGWDik EkddALyLRi DMPGLsrEDV 
Psatmt sqvl...nmv dlltdnpvls aasRRGWDAr EtEdALfLRl DMPGLgKEDV 
Gmax239 hdgpghgqsv plrvardrsw rwsgRGWDAr EtEdALhLRV DMPGLaKEDV 
Chenmt nlmdqlmenp fmaasrg.sg ramRRGWDvr EdEeALeLkV DMPGLaKEDV 
Maizemt nlvddlavaa p g ravRRGWnAk EdEeALhLRV DMPGLgKEhV 
Pgmt23 5 dqlfdnpfla asrgtgdavr ggsRkpWDAv EdkeALhLRV DMPGLgKEDi 
Consensus RRGWDA- E-E-AL-LRV DMPGL-KEDV 

consensus region II 

151 200 
AtHSP23 6 KlalEQdTLv IrGEgkneed ggeEgEsgnR RftSRIgLPd KiYKIDelKA 
Psatmt KisvEQNTLt IKGEegake. .seEkEksgR RfSSRIdLPe KlYKIDvIKA 
Gmax23 9 KisvEQNTLi IKG.egake. .gdE.EesaR RYtSRIdLPd KlYKIDqlrA 
Chenmt KvsvEdNTLi IKsEaeke.. ..tEeEeqrR RYSSRIeLtp nlYKIDglKA 
Maizemt KvwaEQNsLv IKGEgeked. .sedeaappp RYSgRIeLap evYrmDklKA 
Pgmt235 KvyaEeNaLv IKGEs....v sdaEldgsaR kYSSRIeLPp KvYKlDhlKA 
Consensus K—EONTL- IKGE E-E—R RYSSRI-LP- K-YKID-IKA 

201 229 
AtHSP236 EMKNGVLKVv iPKmKEqERn DVrqiein-
Psatmt EMKNGVLKVt VPKmKEeERn nVinVkVd-
Gmax239 EMKNGVLKVv VPKmKEeERK DVisVkVe-
Chenmt EMKNGVLKVt VPKiKEeEkK DVfqVmVd-
Maizemt EMKNGVLKVv VPKvKEqqRK DVfqVnVe-
Pgmt235 qMKNGVLKVt VPKftEqEiK nVinVnie* 
Consensus EMKNGVLKV- VPK-KE-ERK DV--V-V--

consensus region I 



FIGURE 3 ; 4 

Amino acid secmence alignment of MT-localized sHSPs from 

diverse species. Sequences were aligned using programs in 

GCG. Gaps (.) were introduced to maximize identities within 

the alignment. The bottom line shows the consensus sequence 

indicating those amino acids that are identical in four of 

the six sequences. Regions of similar amino acids are marked 

as Consensus I, II, and III. Accession numbers are given for 

each sequence in Table 3.1A. RSFNTNA is a highly conserved 

region around cleavage site and an asterisk indicates the 

beginning of the mature protein. Capital letters are used in 

the consensus alignment and in the above sequences when the 

amino acid at that position is the same in 3 or more of the 6 

proteins. 
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FIGURE 3 . 5 

1 50 
Athsp236 m asalalkrll sssiaprsrs vlrpavssrl 

Athsp22 

Athspl7_6classi 
Athspl7_6classii 
Athsp21 mastlsfaas alcsplapsp svssksaCpf svfvsprkip sriraqdqre 

Consensus 

51 100 
Athsp236 fntnavrsyd ddgenGdgvd lyrrsvprrr gdfFsdvfdP fsptrsvsqv 

Athsp22 mmkhll siffiGalll gniktsegsl sSalettpgs llsdlwldrf 
Athspl7_6classi msli pSiFggrrtn vfdpfsldvf 

Athspl7_6classii — — —• —— mdlgrfP iisiledmle 
Athsp21 nsidwqqgq qkgnqGssve krpqqrltjnd vSpFg.lldP Ispmrtmrqm 

Consensus G -S-F P 

101 150 
Athsp236 InlmDqfmEn pllsatRgmg asga...rrg wDiKEkddAl yiriCMPGLs 

Athsp22 pD.pfkilEr iplgleRdCs v. . .AlspAr vDwKEtaegh eirtilDiPGLk 
Athspl7_6classi .D.pfegf.l Tpsglsinapa mdvaAfCnAk vDwrEtpeAh vfkaDlPGLr 
Athspl7_6classii vp.eDhnnEk TmnpsRvym rdakAmaaCp aDviEhpnAy afwDMPGik 
Athsp21 IDtmDrmfEd TmpvsgRnrg gsgvseirAp wDiKEeehei kmrfDMPGLs 
Consensus -D—D E- T R A A- -D-KE A- EMPGL-

151 200 
Athsp236 rEdVKlalEq .dtLVIrGEg KnEedggeeg Esgnr rFtsRigLPD 

Athsp22 KdEVKieVEe ngVLrvSGER KrEe.Ekkgd qwhRvERSyG KFwRqFkLPD 
Athspl7_6classi KEEVKveVEd gNiLqISGER snEn.Eeknd kwhRvERSsG KFtRRFrLPe 

AChspl7_6classii gdEiKvqVEn dNVLVvSGER qrEnkEnegv kyvRinERrmG KFmR)cFqLPe 
AChsp21 KEdVKisVEd .NVLVIkGEq KkEdsddsws gRSvs sygtRlqLPD 

Consensus KEEVK—VE- -NVLVISGER K-E—E R-ERg-g KF-RPF-^^PP 

consensus region II 

201 250 
Athps236 kiyKiDelKA emkNGVLkVv iPKmkeqem dvrqiein— 
Athsp22 Nv.dmesvKA kleNGVLtin ItKlsPEkvk gprwnlaae edqtakisss 
Athpsl7_6classi Na.KmeelKA smeNGVLsVT vPKv.PEkkp evksldlsg-
Athspl7_6classii Na.dlDklsA vchdGVLkVT vqKlpPpepk kpktlqvqva 
Athsp21 NceK.DklKA elkNGVLfiT iPKtkvErkv idvqiq 

Consensus N—K-D-IKA NGVL-VT -PK—PE 1-1 

consensus region I 

251 
Athsp236 

Athsp22 eskel* 
Athspl7_6classi 
Athspl7_6classii 
Athsp21 
Consensus 
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FIGURE 3 . 5 

Amino acid sequence alignment of AtHSP23.6 with other 

Arahidoosis thaliana sHSPs. The consensus sequence shows 

amino acids that are identical in three of the five 

sequences. Gaps (.) were introduced to maximize identities 

within the alignment. Accession mambers for the sequences 

are given in Table 3.IB. Capital letters are used in the 

consensus alignment and in the above sequences when the amino 

acid at that position is the same in 3 or more of the 6 

proteins. 
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3.4 DISCUSSION AND FUTURE DIRECTIONS 

A cDNA from Arabidopsis thaliana has been isolated that 

encodes a protein with homology to MT sHSPs from other plant 

species. The amino acid sequence has a typical amino-

terminal targeting peptide and sequence homologies that 

support designation of this protein as a MT-localized sHSP in 

Arabidopsis thaliana. Isolation of the Arabidopsis HSP23.6 

gene expands our knowledge about the sequence and 

evolutionary relationships of this class of sHSP. 

AtHSP23.6 was shown to be highly heat-regulated, and was 

essentially undetectable in vegetative tissues of young 

plants that had not been heat stressed. This is consistent 

with results from other species, which express sHSPs in 

response to high temperature stress, but lack the 

corresponding mRNA in vegetative tissues grown under optimal 

conditions. sHSPs may also have roles in normal development 

as suggested by MT sHSP expression in other plant species 

(Dong and Dunstan, 1996), as well as in other stress 

conditions, such as light (Debet, et al, 1997), oxidative 

stress (Banzet, et al., 1998), ionizing radiation, and UV-

exposure (Lindahl, 1993). Visioli (1997) has shown 

Arabidopsis HSP23.6 to be preferentially expressed under 

conditions that induce thermotolerance. Thus, the MT protein 

may be essential under a range of environmental conditions. 

Further studies can now be completed to determine if 
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AtHSP23.6 is important to plant survival under these above 

environmental stress conditions. 

It has been hypothesized that conserved regions in 

sHSPs, in particular consensus I and II, are important in 

the structure and function of sHSPs. These regions recently 

have been found to be a fundamental building block in the 

structure of these proteins (Kim et al, 1998). 
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Chapter 4; APPENDIX 

Isolation of a cDNA Encoding an Endomembrane sHSP in 

Arabidopsis thaliana. 

4.1 MATERIALS AND METHODS 

An additional project undertaken in this research was 

the isolation of another cDNA clone in Arabidopsis thaliana. 

The same two libraries (1989 and 1992) prepared from heat-

stressed Arabidopsis tissue were the source of clones used 

for this study. These cDNA libraries were constructed as 

described in Chapter 3. Approximately 4,500 recombinant 

phage plaques were replicated onto nitrocellulose filters 

from 10 plates. The filters were then baked, denatured, 

rinsed and neutralized as described by Church and Gilbert 

(1984). Pre-hybridization and hybridization was completed as 

described in chapter 3, except that filters were hybridized 

with a Glycine max (soybean) cDNA encoding a endoplasmic 

reticulum (ER)-localized sHSP (GmHSP22.3) (Layfayette et al., 

1996) . This (and all) probe(s) were prepared by random 

primer labeling of isolated cDNA inserts, and labeled with 

radioactive 32p_ Filters were washed at low stringency in a 

solution of 2X SSC and 0.1% SDS for 15 minutes four times at 

58°C. Filters were exposed to film for 24 hours, then the 

autoradiograph was aligned with the plates to identify 

positive phage. The autoradiograph alignment showed thirty-

nine positive phage. A secondary screening identified twenty 
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clones which were purified further with tertiary plates. 

Nineteen purified plaques were taken from each plate and 

excised in-vivo using the protocol supplied by Stratagene (La 

Jolla, CA). Ten purified phagemid samples were then mini-

prepped using methods in Current Protocols in Molecular 

Biology (1995), digested using EcoRI, and run on a 1% agarose 

gel to determine cDNA clone length. The longest clone found 

revealed a length of <500bp. 

A second attempt to find a full length clone resulted in 

the screening of 1100 phage using 18 new plates. 

Hybridization was performed at 52°C and filters were washed 

at in 0.2% SSC and 0.1% SDS. Thirteen hybridizing phage were 

recovered from the primary plates. Secondary plates were 

prepared and fifteen phage were further purified. Four 

clones were purified sufficiently for in-vivo excision. 

Plasmids were isolated and digested with EcoRI and run on a 

1% agarose gel. Clone 7-1, with an insert length of <700bp, 

was chosen for sequencing. 

DNA Sequence Analvsis 

The Arizona Research Laboratory Division of Biotechnology 

performed the DNA sequencing on an Applied Biosystems 373 DNA 

sequencing system, confirming sequence on both strands. 

Analysis of sequences was performed using the Genetics 

Computer Group software package, version 9.1 for UNIX 

computers, Madison, Wisconsin. Pileup was used to align 



amino acid sequences, and the consensus sequence was 

generated using PRETTY. All programs were set with default 

parameters. 

4.2 RESULTS 

BLAST showed both of the above sequences to be most similar 

to AtHSPl7.4, a sequence previously characterized. It is 

unclear why this strategy failed to identify a sequence 

related to GmHSP22.3. 
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FINAL WORDS 

These studies were enjoyable to complete, as they 

answered two very diverse questions regarding temperature 

regulated proteins. Questions regarding sHSP expression in 

desert species which have never before been studied, 

determined whether these proteins are expressed in the field. 

It brought up answers regarding the expression of these 

proteins as well as more questions. The AtHSP23.6 gene will 

serve to further studies regarding this conserved MT-

localized protein in Arabidopsis and in other species. 
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