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ABSTRACT

Ubiquitin, a key component in an ATP-dependent proteolytic
pathway, participates in the response of various eucaryotic or-
ganisms to high temperature stress. Our objective was to deter-
mine if ubiquitin serves a similar capacity for metabolizing altered
proteins in higher plants during stress. Degradation of total pro-
teins was measured, and ubiquitin pools (free versus conjugated)
were extracted with an improved protocol from wheat (Triticum
aestivum L. cv Len) roots treated at 22, 27, 32, 37, and 420C for
1 hour and assayed by western blots and radioimmunoassays.
Heat-shock protein synthesis was detected by in vivo labeling
and autoradiography. Mean half-life of total root proteins de-
creased from 51 hours at 220C to 23 hours at 40°C. Ubiquitin
pools were extracted better and proteolysis was slowed more by
the improved protocol than by a conventional procedure for plant
proteins. Amounts of high molecular mass conjugates were ele-
vated and levels of low molecular mass conjugates and free
ubiquitin were depressed when roots were treated at 37 or 420C
than at lower temperatures; the same high temperatures also
induced synthesis of heat-shock proteins. We concluded that
high temperatures increase breakdown of root proteins, which
are degraded via the ubiquitin proteolytic pathway. A conjugate
with an apparent molecular mass of 23 kilodaltons was tentatively
identified as an ubiquitinated histone.

responses of mamalian cells (27), avian cells (3, 4), yeast (10),
green algae (30), and the flowering plant, Arabidopsis (6).
This involvement has been demonstrated by several different
methods, including differential expression of ubiquitin genes
during heat shock (4, 6, 12), sensitivity ofmutants with altered
ubiquitin metabolism to high temperature stress (10), and
changes in ubiquitin pools (free versus conjugated forms)
during heat shock (3, 27, 30). Intracellular concentrations of
high molecular mass ubiquitin conjugates and proteins de-
graded via the ubiquitin proteolytic pathway increased in
heat-shocked mammalian cells (27), and similar increases in
high molecular mass ubiquitin conjugates occurred in heat-
shocked avian cells (3) and green algae (30).

Involvement of ubiquitin in protein degradation (20, 32,
33) and activation of genes for its synthesis by heat shock (4,
6, 12) suggest a role for this pathway in responses of higher
plants to elevated temperature. Our objectives were to quan-
tify changes in free and conjugated ubiquitin in relation to
protein turnover and induction of heat shock proteins during
high temperature stress. Modification of a method used pre-
viously for extracting ubiquitin pools from cultures and single
cells is described for extracting ubiquitin pools from plant
tissue.

MATERIALS AND METHODS

Ubiquitin is a small protein (8.5 kD) that occurs in all
eucaryotes and differs in only three amino acid substitutions
between mammalian and plant forms (34). It is a key com-
ponent of an ATP-dependent cytosolic proteolytic pathway
that is responsible for degrading proteins with short half-lives
(20, 23, 32).
The ubiquitin proteolytic pathway was originally character-

ized in immature red blood cells (20); however, a nearly
identical pathway occurs in plants (19, 32, 33). The pathway
is initiated by conjugation of ubiquitin to proteins that are to
be degraded. Other ubiquitins conjugate to the first one,
forming a polyubiquitin chain (7). These polyubiquitin-pro-
tein conjugates then are degraded by an ATP- and ubiquitin-
dependent multicomponent proteolytic complex that releases
small peptides and intact ubiquitin (13, 22).

Ubiquitin has been implicated in high temperature stress

'Contribution 89-528-J of the Kansas Agricultural Experiment
Station.

2 Present address: USDA-ARS, Cropping Systems Research Labo-
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Plant Materials

Wheat (Triticum aestivum L. cv Len) roots were used
because high root temperature accelerates senescence of the
entire plant (24), and their HSP3 have been described (25).
Seeds imbibed on moist filter paper until they germinated,
usually 48 to 72 h, and seedlings were transplanted and grown
in 13 x 100-mm test tubes having two plants per tube. The
roots were supplied with 0.25-strength nutrient solution (21),
which was continuously aerated. Growing conditions were
constant 22°C, 16-h light period with PAR (400-700 nm)
intensity of 225 ,uE m-2s-', and eight-h dark period. Seedlings
were used when they were 10 d old.

Protein Degradation Rates

Mean rates of total protein degradation were measured in
roots labeled with 3H20 (50 qCi/mL) in 0.25-strength nutrient
solution (21) for 48 h and chased at 22°C for 24 h before

'Abbreviations: HSP, heat shock proteins; TBS, tris-buffer saline;
uH2A, ubiquitinated histone 2A.
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initiation of temperature treatments of 22, 32, and 40°C.
During the labeling and the chase, the plants received a 16-h
light regime (90 ulsE m-2 s-') and continuous aeration of the
nutrient medium. After initiation of treatment, roots were
periodically sampled over a 24-h period for measuring turn-
over rates by the method of Dungey and Davies (9). Total
radioactivity associated with protein per mg of fresh weight
of tissue was determined by liquid scintillation counting.

Temperature Treatments for Ubiquitin Responses

Temperature treatments were imposed on seedling roots by
immersing the test tubes containing the plants in a circulating
water bath set at 22, 27, 32, 37, or 42°C for one h. PAR of 65
JLE m-2 s-' and continuous aeration were supplied during
treatment. Cadmium treatment, as an alternative method of
inducing stress, was imposed by adding 250 Mm Cd nitrate or
Cd acetate for a period of 12 h to the nutrient solution of
plants grown at 22°C.

Extraction of Ubiquitin Pools

Two methods, protocol A, a modified procedure for single-
cell organisms, and protocol B, a conventional procedure for
extracting protein from plants, were evaluated. The selected
method, protocol A, was followed for extracting protein from
the root tissue for measuring ubiquitin pools in all experi-
ments except those in which extraction procedures were com-
pared. For protocol A, roots of seedlings treated with high
temperature or Cd were ground to an extremely fine powder
in liquid nitrogen in a precooled mortar and pestle. The frozen
root powder was transferred to a precooled microfuge tube,
hot (95°C) extraction medium (50 mM Tris [pH 6.8], 4% [w/
v]SDS, 10% [v/v] mercaptoethanol) was quickly added to the
tissue (100 ,uL/50 mg tissue), and the suspension was mixed.
The preparation then was heated at 95°C for 20 min with
intermittent mixing at 5-min intervals. After cooling to room
temperature, the mixture was centrifuged at 13,000g for 15
min. Aliquots of the supernatant were stored at -80°C.

In protocol B, roots were ground in liquid nitrogen, the
powder was transferred to microfuge tubes, and extraction
medium (50 mm Tris-HCl [pH 6.8], 5 mM iodoacetate, 20 Mm
leupeptin, 20 Mm pepstatin, 1 mM EDTA, 2 mM PMSF, 1 mM
N-tosyl-L-lysine chloromethyl ketone, 1% [w/v] SDS) at room
temperature was added (100 ,L/50 mg tissue). The slurry was
vigorously mixed for 2 or 5 min before being centrifuged at
13,000g for 15 min. Equal volumes of the supernatant and
SDS sample buffer (50 mM Tris-HCl [pH 6.8],4% [w/v] SDS,
10% [v/v] mercaptoethanol) were mixed, and the resulting
solution was heated at 95°C for 20 min. Aliquots of the
extracts were stored at -80°C.

Because mercaptoethanol in the samples prevented stand-
ard protein analysis, the protein was quantitatively precipi-
tated from solution with -20°C acetone, washed with cold
acetone a second time, dried, and dissolved in 2% SDS.
Protein concentration was determined in duplicate samples
with the bicinchoninic acid protein assay reagent (31) using
BSA in 2% SDS (w/v) as a standard.

Western Blots

Twenty ,g of protein from each sample was separated by
SDS-PAGE with a 10 to 17.5% linear gradient resolving gel
and the buffer system of Fling and Gregerson (1 1). Proteins
were transferred from the gel to 0.2-,um nitrocellulose with a
polyblot apparatus (American Bionetics, Inc.). The blots were
analyzed using a polyclonal, monospecific antibody made
with bovine ubiquitin by the procedure of Haas and Bright
(17). Antibodies bound to the blot were detected with 1251-
protein A and autoradiography.

Quantification of Ubiquitin Pools

Free ubiquitin in the root samples was quantified by radio-
immunoassay with antiserum to free ubiquitin (18). The
antiserum was made with bovine ubiquitin.

Relative changes in the quantity of conjugated ubiquitin
were measured with a solid phase immunoassay (17). The
root samples were initially diluted to 0.05-times their original
concentration with TBS (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl), and additional dilutions were made with TBS contain-
ing 0.01% (w/v) SDS. The samples (60 or 100 ng protein)
were applied to nitrocellulose with a slot blot apparatus
(Schleicher and Schuell, Inc.). Immunochemical staining of
the blot was by the method of Haas and Bright (17), using a
polyclonal, monospecific antibody (provided graciously by
Dr. A. L. Haas, Medical College ofWisconsin) with specificity
toward the conjugated form of ubiquitin. Samples of free
ubiquitin were included on each blot to ensure that binding
to this form was negligible. A laser densitometer was used to
quantify each slot on the autoradiogram.

Histone Extraction and Immunoblots

Histones were extracted from calf thymus by a procedure
ofGoldknopf et al. (15). The proportion ofuH2A to the total
histones was estimated by SDS-PAGE and densitometry. The
uH2A band was verified by Western blotting and analysis
with ubiquitin antibody. The preparation containing a known
amount of ubiquitinated histone was intended to be the
standard of conjugated ubiquitin in the radioimmunoassay.
Difficulty was encountered with this approach, however, and
only relative values are reported. The histone preparation also
was used to compare the migration ofuH2A with an unknown
ubiquitin conjugate of similar mol wt in the root samples on
radioimmunoblots.

Antibodies and protein A were desorbed from radioim-
munoblots by incubation in 2% (w/v) SDS, 100 mM 2-
mercaptoethanol, 50 mm tris-HCl (pH 7.5), and 150 mM
NaCl at 60°C for 30 min. After several washes in TBS, the
plots were reprobed with a monoclonal antibody with speci-
ficity toward mammalian histones. Binding of the histone
antibody was visualized by immunochemical staining with
anti-mouse-IgG antibodies linked to alkaline phosphatase.

Induction of HSP

Seedlings were grown as described above except that the
nutrient solution was replaced with one with no nitrogen
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sources one day before labeling to enhance incorporation.
Ten-d-old seedling roots were subjected to a 3-h temperature
treatment (22, 27, 32, 37, or 420C) in a circulating water bath.
The nutrient solution was replaced with an incubation buffer
(1 mm potassium phosphate [pH 6.0]; 1% [w/v] sucrose; 20
giCi/mL L-[4,5-3H]leucine) at the beginning of the temper-
ature treatments. During treatment, the plants received 65 /E
m-2 s-' PAR and continuous aeration. Other seedlings held
at 220C received a 12-h Cd treatment, in which the roots were
placed in a N-free nutrient solution containing 250 JtM Cd
acetate for the first 9 h. The nutrient solution was then
replaced with incubation buffer containing the radiolabel and
250 Mm Cd acetate for the last 3 h of Cd treatment.

Protein in roots was extracted by protocol A as described
above. Total label incorporation into protein was determined
by precipitating protein with 10% TCA and collecting the
protein by filtration through a nitrocellulose membrane. Ac-
tivity associated with the protein was determined by liquid
scintillation counting.

Label incorporation into individual proteins was ascer-
tained by SDS-PAGE and fluorography. Equivalent amounts
of radioactivity for each sample were loaded on the gel, and
proteins were separated by the SDS-PAGE system described
above. Fluorography was with ENHANCE (Du-Pont-NEN)
and Kodak XAR film.

Experimental Designs and Data Analyses

Mean half-life of protein at each temperature treatment
was determined by linear regression of log % time zero
(log [(dpm per mg tissue/dpm per mg tissue at time zero) x
100]) versus time of treatment.
Experiments to quantify free and conjugated ubiquitin with

radioimmunoblots of root samples were replicated over time.
Values of free and conjugated ubiquitin are means and stand-
ard errors of three replications. In the radioimmunoassay of
free ubiquitin, data were on the linear portion of a standard
curve (percentage of labeled ubiquitin bound to antibody
versus log unlabeled ubiquitin in sample). Two controls,
samples with antiserum omitted and samples with unlabeled
ubiquitin omitted, were used.

Relative amounts of conjugated ubiquitin were based on
values obtained from dilutions of control samples (22°C-
treated root samples). The density of the slots of the various
treatments then were compared with the density of the slots
of the control treatments. A separate slot blot was used for
each replication, and several subsamples of each dilution of a
treatment were evaluated on each blot.

Reagents

Ubiquitin and protein A were from Sigma, carrier-free
sodium iodide (125I) and ENHANCE were from New England
Nuclear, L-[4,5-3H(N)]leucine was from American Radiola-
beled Chemicals Inc., and bicinchoninic acid protein assay
reagent and Iodogen were from Pierce. The histone mono-
clonal antibody was from Chemicon International, Inc.
Ubiquitin was iodinated with chloramine-T (18), and protein
A was iodinated with lodogen (17).

RESULTS

Mean half-life of total protein in roots was 51 h at 22°C
(R2=0.73), 41 h at 32°C (R2=0.63), and 23 h at 40°C
(R2=0.80). Thus, the rate of protein degradation more than
doubled in roots from the low to high temperature.

Preliminary work using protocol B and a 2-min mixing
time did not detect an increase in the levels of ubiquitin
conjugates at high temperatures because conjugates were in-
completely extracted. Increasing the mixing time to 5 min
improved the conjugate extraction but still did not give max-
imum extraction, as illustrated in Figure 1.
Both protocol A and protocol B with a 5-min extraction

detected increases in high molecular mass conjugates after the
42°C stress treatment compared with the 22°C treatment (Fig.
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Figure 1. Radioimmunoblot comparing ubiquitin-conjugate extrac-
tion protocols. Roots were treated for 1 h at 220C (lanes 1 and 3) or
420C (lanes 2 and 4) followed by two different extraction protocols
(A versus B). Equal protein (20 ,g) was loaded on each lane, and the
blot was probed with an ubiquitin antibody. In protocol A (lanes 1 and
2), root tissue was ground in liquid nitrogen and quickly mixed with
hot extraction medium containing SDS and mercaptoethanol but no
protease inhibitors, and the mixture was heated at 950C for 20 min.
After cooling, the mixture was centrifuged, and the resulting super-
natant was used. In protocol B (lanes 3 and 4), ground root tissue
was vigorously mixed for 5 min at room temperature with an extrac-
tion medium that contained SDS and several protease inhibitors but
not mercaptoethanol. The mixture was then centrifuged, and the
supernatant was mixed with a buffered solution containing SDS and
mercaptoethanol, heated as above, and used in the experiment.
Molecular mass markers are shown on the left. Additional details of
the extraction procedures are in "Materials and Methods."

742 FERGUSON ET AL.



UBIQUITIN MODULATION DURING HIGH TEMPERATURE STRESS

1). High molecular mass conjugates, however, were much
more effectively solubilized by protocol A than protocol B.
Ubiquitin conjugates with a molecular mass >100 kD are
very prevalent in preparations from protocol A but not pro-
tocol B. Protocol B relied on protection by the thiol protease
inhibitors, which precluded use of mercaptoethanol, whereas
protocol A contained mercaptoethanol and used rapid heating
of the extract to aid solubilization and minimize proteolysis
of conjugates.

Roots treated at the control temperature (220C) displayed
a wide range of ubiquitin conjugates ranging from 23 to 180
kD (Fig. 2). Increasing the temperature of root treatment to
370C distinctly increased the quantity of high molecular mass
ubiquitin conjugates. The 420C treatment also increased high
molecular mass conjugates but, in contrast to 370C, caused
sharp reductions in low molecular mass ubiquitin conjugates
(indicated by arrows at the right of the gel) and in free
ubiquitin. The Cd treatment caused no large differences in
ubiquitin pools.

Free ubiquitin declined markedly and conjugated ubiquitin
increased significantly in roots as the treatment temperature
was raised from 32 to 37 and 42°C (Table I). Temperatures
from 22 to 23°C, however, had little consistent effect on either
pool. Roots treated with Cd for 12 h at 22°C, in contrast, had
elevated levels of both free and conjugated ubiquitin.
The 23-kD conjugate (lower arrow on right side in Fig. 2)

is tentatively identified as an ubiquitinated histone. A calf
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Table I. Free and Conjugated Ubiquitin in Wheat Roots Treated at
Five Temperatures or with Cd

Free ubiquitin was measured by solution-phase radioimmuno-
assay, and conjugated ubiquitin was determined by solid-phase radio-
immunoassay. Samples from roots treated at 220C were considered
the control. The relative amounts of conjugated ubiquitin in the other
samples were determined by a standard curve made from the control
sample.

Treatment Free Ubiquitin Conjugated Ubiquitin

pmol Ub/mg protein ± SE % of control ± SE
220C 115±5 100
270C 126 ± 3 99 ± 2
320C 113 ± 9 101 ± 8
370C 96 ± 3 124 ± 4
420C 82 ± 2 129 ± 11
Cd 137 ± 5 119 ± 12
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Figure 2. Radioimmunoblot of ubiquitin and its conjugates from
wheat roots subjected to high temperature and Cd treatments. One-
h treatments were imposed on roots prior to extraction. Treatments
were: 220C, lane 1; 270C, lane 2; 320C, lane 3; 370C, lane 4; 420C,
lane 5,12 h with 250 Mm Cd, lane 6. Equal protein (20 ,g) was applied
to each lane, and blots were probed with ubiquitin antibodies. Arrows
on the left indicate distinct ubiquitin conjugates. The free ubiquitin
band is indicated by Ub. Molecular mass markers are shown on the
left.

1 2
Figure 3. Blot of root sample and calf thymus histones probed with
ubiquitin and histone antibodies. A, Radioimmunoblot probed with
ubiquitin antibody. Samples are: lane 1, root sample (220); lane 2,
calf thymus histone sample. Horizontal arrow indicates uH2A from
calf thymus and the corresponding band in the root sample. Angular
arrows correspond with bands in part B. Molecular mass markers
are shown at the left. B, Same blot as in part A that was reprobed
with a monoclonal antibody to mammalian histones specific to H1,
H2A, H2B, H3, and H4. Immunochemical staining was with alkaline
phosphatase. Samples are identified as in part A. Angular arrows
point to bands of similar migration in part A and part B.

thymus histone preparation containing about 1.5% uH2A
and a root sample (22°C treatment) are compared in adjacent
lanes on a radioimmunoblot in Figure 3A. The 23-kD con-
jugate in the root sample migrated with the uH2A in the
histone sample.
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To further verify that the 23-kD conjugate was a ubiquitin-
ated histone, the blot was reprobed with a monoclonal anti-
body to mammalian histones as shown in Figure 3B. Neither
the uH2A from calf thymus nor the 23-kD ubiquitin conju-
gate from the roots was recognized by this antibody. The core
histones in wheat were easily recognized by the antibody,
although some bands were faintly discernible. Several bands
identified with the antibody matched bands of similar molec-
ular mass on the blot probed with the ubiquitin antibody and
have apparent molecular masses ranging from 42 to 38 kD.
The major band with an apparent molecular mass of 33 kD
may be histone 1 (H 1) in the root sample.

Synthesis of HSP in roots exposed to high temperature is
illustrated in Figure 4B. The HSP are indicated by arrows to
the right of the autoradiogram. The apparent molecular
masses of the proteins marked with horizontal arrows are (top
to bottom) 185, 94, 76, 70, 59, 33, and 15 kD. These HSP
occurred in roots treated at 37 or 420C, with maximum
expression for most ofthem at 42TC. The 185-kD protein that
was most prominently expressed in roots treated at 320C is an
exception. Cadmium treatment resulted in several stress-in-
duced proteins, as indicated by the angular arrows beside lane
6. Temperature treatments were lengthened to 3 h in this
experiment to improve label incorporation, and equal counts
instead of equal protein were loaded on each lane. Label
incorporation into protein was much higher with the Cd
treatment than the other treatments, causing the lower
amount of protein in part A, lane 6. HSP induced by high
temperature were not evident in the roots treated with Cd.

DISCUSSION

Ubiquitin pools from whole tissue are difficult to quanti-
tatively extract (16), a problem illustrated by poor solubiliza-
tion of high molecular mass ubiquitin conjugates in protocol
B. Poor solubilization is attributed to some pool constituents
being components of intracellular protein aggregates (23).
Ubiquitin pools in cell cultures and single-cell organisms have
been determined by suspending the cells directly into SDS
sample buffer and heating prior to electrophoresis (3). Proto-
col A, a modification of this procedure, appeared to improve
solubilization and slow proteolysis of ubiquitin conjugates
and may be preferable to protocol B for studies of higher
plants.

Modulation of the ubiquitin pools in roots and simultane-
ous changes in cellular proteins support strongly that ubiqui-
tin is involved in responses to elevated temperatures in higher
plants as well as other organisms (4, 6, 12). Elevated temper-
atures injure plant proteins directly or indirectly by inactivat-
ing enzymes (28), stimulating accumulation of unprocessed
peptides in the ER (8), changing peptide conformation (35),
and disrupting membrane complexes (2). Injured intracellular
proteins must either be degraded or repaired. Accelerated
rates of protein breakdown and elevated levels of ubiquitin-
protein conjugates (PT-Ub) in stressed roots suggest a portion
of these injured proteins (PT) may be degraded by the ubiqui-
tin proteolytic pathway as illustrated in Figure 5.

Concurrent induced synthesis of HSP and increased high
molecular mass ubiquitin conjugates (PT-Ub) by 37 and 42°C
treatments is likely more than coincidental. Activation of
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Figure 4. HSP synthesis induced in wheat roots by high temperature
and Cd. Roots were labeled with 3H-Leucine during a 3-h temperature
treatment or the last 3 h of a 12-h Cd treatment prior to extraction.
Treatments are 220C, lane 1; 270C, lane 2; 32°C, lane 3; 370C, lane
4; 42°C, lane 5; 250 uM Cd, lane 6. Equal activity associated with
protein was loaded in each lane. A, Coomassie blue-stained SDS-
PAGE gel of the labeled root samples. B, autoradiogram of the same
gel in part A. Horizontal arrows on the right mark specific heat-shock
proteins. The angular arrows beside lane 6 mark stress-induced
proteins that are specific to Cd treatment. Molecular mass markers
are at the left.

HSP genes is due to accumulation of intracellular injured or
aberrant proteins (1); a subset of these injured proteins is
likely PT. The HSP observed in roots treated at 37 and 42°C
are very similar in apparent molecular mass to those described
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CONJUGATION
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AMINO ACIDS + Ub
Figure 5. A model illustrating the dynamics of ubiquitin pools in
wheat roots during high temperature stress. In this model, P repre-
sents protein; PT, protein targeted for ubiquitination; Ub, free ubiquitin;
PT-Ub, ubiquitin conjugates. Pathways indicated by the arrows rep-
resent a process in which proteins are made susceptible to ubiquitin-
ation, ubiquitin conjugation, and degradation or deconjugation of
ubiquitin conjugates. This model was adapted from that proposed
originally by Haas (16).

by Necchi et al. (25), who also used wheat roots. The promi-
nent 59 kD HSP (Fig. 3B) is prevalent in roots but not in
coleoptiles (25).

Cellular levels of high molecular mass ubiquitin conjugates
(PT-Ub) reflect apparent rates of conjugation, deconjugation,
and degradation. Conjugation is a result of several enzymatic
activities, and the apparent rate of conjugation is determined
by PT, Ub, and ATP. If the conjugating enzymes are not rate-
limiting, then an increase in the level of PT would enhance
synthesis of PT-Ub and account for the increase in PT-Ub in
roots stressed at 37 and 42°C. This increase in PT-Ub with
high temperature stress is similar to responses in green algae
(30) and avian (3) and mammalian cells (27). Enhanced
amounts of PT-Ub in stressed roots, if they represent an
elevated steady-state level, would have a large accumulative
effect on rates of protein degradation.

Alternative explanations for the increase in PT-Ub in tem-
perature-stressed roots cannot be excluded. The increase in
PT-Ub may represent an accumulation of conjugates, not an
elevated steady state. If the activities of the enzymes respon-
sible for degradation and/or deconjugation (Fig. 5) are inhib-
ited at 37 or 42°C, then Pr-Ub may accumulate.
The 12-h Cd treatment, an alternative stress, induced in-

creases in free and conjugated ubiquitin. Uncertainty about
the degree of increase in PT-Ub in response to Cd treatment
remains, since the increase in Pr-Ub in Table I is not as
evident in Figure 2. The elevated level of Ub, however, was
not reflected in a reduced amount of PT-Ub. Early Cd stress
might have elicited a response similar to the temperature
treatments, followed by increased ubiquitin synthesis to com-
pensate for the ubiquitin being conjugated. Activation of
cellular defenses against Cd diminished the protein being
ubiquitinated and enhanced free ubiquitin, a phenomenon
that is consistent with results on the ubiquitin pools following
different periods of stress (3).
The amount of free ubiquitin in roots treated at 22°C was

two to three times that in rat muscle cells on an equal protein
basis (29). A large endogenous pool of free ubiquitin may
explain the small increase in expression of a polyubiquitin
gene in Arabidopsis after a 2-h heat shock (6). Roots treated
at 42°C had 29% less free ubiquitin than roots treated at 22°C,
which reflects the increase in PT-Ub and suggests that a greater

decline in free ubiquitin is required for enhanced expression
of the polyubiquitin gene.
The ubiquitin conjugate with an apparent mass of 23 kD

in Figures 2 and 3 is tentatively identified as a ubiquitinated
histone based on the comigration of this conjugate and uH2A
from calf thymus. The actual mass of mammalian uH2A is
22.5 kD (14). Our results do not distinguish whether this band
is uH2A or uH2B. The sharp decline in the ubiquitinated
histone and the other low molecular mass ubiquitin conju-
gates at 42°C is consistent with responses of animal cells
exposed to heat shock (3, 27). Ubiquitinated histones in plants
have not been described; however, their presence has been
presumed.
The role of ubiquitinated histones in chromatin remains

controversial (5). They are important in the structure of
transcriptionally active chromatin (26), and their loss from
roots treated at 42°C suggests that stress results in significant
changes in chromatin structure.

ACKNOWLEDGMENTS

We thank Dr. Arthur L. Haas for the gift of the ubiquitin antibody
and Dr. Gerald R. Reeck for the calf thymus and help with histone
isolation.

LITERATURE CITED

1. Ananthan J, Goldberg AL, Voellmy R (1986) Abnormal proteins
serve as eukaryotic stress signals and trigger the activation of
heat shock genes. Science 232: 522-524

2. Armond PA, Bjorkman 0, Staehelin LA (1980) Dissociation of
supramolecular complexes in chloroplast membranes. A man-
ifestation of heat damage to the photosynthetic apparatus.
Biochim Biophys Acta 601: 433-442

3. Bond U, Agell N, Haas AL, Redman K, Schlesinger MJ (1988)
Ubiquitin in stressed chicken embryo fibroblasts. J Biol Chem
263: 2384-2388

4. Bond U, Schlesinger MJ (1986) The chicken ubiquitin gene
contains a heat shock promoter and expresses an unstable
mRNA in heat-shocked cells. Mol Cell Biol 6: 4602-4610

5. Bonner WM, Hatch CL, Wu RS (1988) Ubiquitinated histones
and chromatin. In M Rechsteiner, ed, Ubiquitin. Plenum
Press, New York, pp 157-172

6. Burke TJ, Callis J, Vierstra RD (1988) Characterization of a
polyubiquitin gene from Arabidopsis thaliana. Mol Gen Genet
213: 435-443

7. Chau V, Tobias JW, Bachmair A, Marriott D, Ecker DJ, Gonda
DK, Varshavsky A (1989) A multiubiquitin chain is confined
to specific lysine in a targeted short-lived protein. Science 243:
1576-1583

8. Chrispeels MJ, Greenwood JS (1987) Heat stress enhances phy-
tohemagglutinin synthesis but inhibits its transport out of the
endoplasmic reticulum. Plant Physiol 83: 778-784

9. Dungey NO, Davies DD (1982) Protein turnover in isolated
barley leaf segments and effects of stress. J Exp Bot 33: 12-20

10. Finley D, Ozkaynak E, Varshavsky A (1987) The yeast polyu-
biquitin gene is essential for resistance to high temperatures,
starvation, and other stresses. Cell 48: 1035-1046

11. Fling SP, Gregerson DS (1986) Peptide and protein molecular
weight determination by electrophoresis using a high-molarity
Tris buffer system without urea. Anal Biochem 155: 83-88

12. Fornace AJ, Alamo I, Hollander MC, Lamoreaux E (1989)
Ubiquitin mRNA is a major stress-induced transcript in mam-
malian cells. Nucleic Acids Res 17: 1215-1230

13. Ganoth D, Leshinsky E, Eytan E, Hershko A (1988) A multi-
component system that degrades proteins conjugated to
ubiquitin. Resolution of factors and evidence for ATP-depend-
ent complex formation. J Biol Chem 263: 12412-12419

745



Plant Physiol. Vol. 92, 1990

14. Goldknopf IL, Busch H (1980) N-bromosuccinimide fragments
of protein A24 (uH2A): an implication that ubiquitin is the
precursor of conjugation in vivo. Biochem Biophys Res Com-
mun 96: 1724-1731

15. Goldknopf IL, Taylor CW, Baum RM, Yeoman LC, Olson MOJ,
Prestayko AW, Busch H (1975) Isolation and characterization
of protein A24, a "histone-like" non-histone chromosomal
protein. J Biol Chem 250: 7182-7187

16. Haas AL (1988) Immunochemical probes of ubiquitin pool
dynamics. In M Rechsteiner, ed, Ubiquitin, Plenum Press,
New York, pp 173-206

17. Haas AL, Bright PM (1985) The immunochemical detection
and quantitation of intracellular ubiquitin-protein conjugates.
J Biol Chem 260: 12464-12473

18. Haas AL, Murphy KE, Bright PM (1985) The inactivation of
ubiquitin accounts for the inability to demonstrate ATP,
ubiquitin-dependent proteolysis in liver extracts. J Biol Chem
260: 4694-4703

19. Hatfield PM, Vierstra RD (1989) Ubiquitin-dependent proteo-
lytic pathway in wheat germ: Isolation of multiple forms of
ubiquitin-activating enzyme, El. Biochemistry 28: 735-742

20. Hershko A (1988) Ubiquitin-mediated protein degradation. J
Biol Chem 263: 15237-15240

21. Hoagland DR, Arnon DI (1938) The water-culture method for
growing plants without soil. Calif Agric Exp Stn Circ 347

22. Hough R, Pratt G, Rechsteiner M (1986) Ubiquitin-lysozyme
conjugates. Identification and characterization of an ATP-
dependent protease from rabbit reticulocyte lysates. J Biol
Chem 261: 2400-2408

23. Jabben M, Shanklin J, Vierstra RD (1989) Ubiquitin-phyto-
chrome conjugates. Pool dynamics during in vivo phytochrome
degradation. J Biol Chem 264: 4998-5005

24. Kuroyanagi T, Paulsen GM (1988) Mediation of high-tempera-

ture injury by roots and shoots during reproductive growth of
wheat. Plant Cell Environ 11: 517-523

25. Necchi A, Pogna NE, Mapelli S (1987) Early and late heat shock
proteins in wheats and other cereal species. Plant Physiol 84:
1378-1384

26. Nickel BE, Allis CD, Davie JR (1989) Ubiquitinated histone
H2B is preferentially located in transcriptionally active chro-
matin. Biochemistry 28: 958-963

27. Parag HA, Raboy B, Kulka RG (1987) Effect of heat shock on
protein degradation in mammalian cells: involvement of the
ubiquitin system. EMBO J 6: 55-61

28. Rijven AHGC (1986) Heat inactivation of starch synthase in
wheat endosperm tissue. Plant Physiol 81: 448-453

29. Riley DA, Bain JLW, Ellis S, Haas AL (1988) Quantitation and
immunocytochemical localization of ubiquitin conjugates
within rat red and white skeletal muscles. J Histochem Cyto-
chem 36: 621-632

30. Shimogawara K, Muto S (1989) Heat shock induced change in
protein ubiquitination in Chlamydomonas. Plant Cell Physiol
30: 9-16

31. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH,
Provenzano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk
DC (1985) Measurement of protein using bicinchoninic acid.
Anal Biochem 150: 76-85

32. Vierstra RD (1987) Ubiquitin, a key component in the degrada-
tion of plant proteins. Physiol Plant 70: 103-106

33. Vierstra RD (1987) Demonstration of ATP-dependent, ubiqui-
tin-conjugating activities in higher plants. Plant Physiol 84:
332-336

34. Vierstra RD, Langan SM, Schaller GE (1986) Complete amino
acid sequence of ubiquitin from the higher plant Avena sativa.
Biochemistry 25: 3105-3108

35. Wiest SC (1986) Kinetic and proteolytic identification of heat-
induced conformational changes in the urea herbicide binding
site of isolated Phaseolus vulgaris chloroplast thylakoids. Phys-
iol Plant 66: 527-535

746 FERGUSON ET AL.


