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ABSTRACT The pattern of protein synthesis changes rapidly
and dramatically when the growth temperature of soybean seed-
ling tissue is increased from 280C (normal) to about 400C (heat
shock). The synthesis of normal proteins is greatly decreased and
a new set of proteins, "heat shock proteins," is induced. The'heat
shock proteins of soybean consist of 10 new bands on one-dimen-
sional NaDodSO4 gels; a more complex pattern is observed on
two-dimensional gels. When the tissue is returned to. 28!C after
4 hr at 40°C, there is progressive decline in the synthesis of heat
shock proteins and reappearance of a normal pattern of-synthesis
by 3 or 4 hr. In vitro translation of poly(A)+RNAs isolated from
tissues grown at 28 and 400C shows that the heat shock proteins
are translated from a new set of mRNAs induced at 400C; fur-
thermore, the abundant class mRNAs for many of the normal pro-
teins persist even though they -are translated weakly (or not;at all)
in vivo at40 or 42.5YC. The heat shock response in soybean appears
similar to'the much studied heat shock phenomenon in Drosoph-
ila.

Protein synthesis responds rapidly and dramatically to stress in
a wide range of organisms. In soybean seedlings exposed to an-
aerobic conditions or incubation in dinitrophenol there is a fast
read-out of polyribosomes which results-- in a rapid transition
from polyribosomes to mostly monoribosomes and a new low
rate of protein synthesis (1). Water stress in maize seedlings
similarly leads to a rapid loss of polyribosomes and low levels'
of protein synthesis (e.g., refs. 2 and 3). In the case of anaero-
biosis, much of the pre-stress mRNA persists for several hours
during the anaerobic treatment in both soybean (1) and maize
(4). In the case ofmaize roots, at least, the anaerobic treatment
also results in the synthesis of a small number of new mRNAs
and proteins and, as noted above, a greatly decreased' (or no)
level of translation of the pre-stress mRNAs (4, 5).

These results together with those relating.to the much-stud.
ied heat shock phenomenon of.Drosophila (see ref. 6) suggest
that these changes in the patterns of mRNA and protein syn-
thesis result from the induction by the stress agentofsome reg-
ulatory event(s). In Drosophila (6) and a number of other sys-
tems studied to date (e.g., refs. 7-10) a change from the normal
growth temperature to an increased temperature (e.g.,.250C to
370C in the case of Drosophila) results in the shut-off (or re-
duction) of normal protein synthesis in concert with the induc-
tion of a set of "heat shock proteins." The heat shock response
seems to be representative of a more general stress response
because a wide range of stress agents induce the heat shock
proteins in Drosophila (6) and a set of similar proteins in other
systems (e.g., refs. 7 and 9).

Except for the alcohol dehydrogenases induced by anaero-
biosis in maize (4), the identity of the stress proteins remains

obscure. There is some progress, however, in localizing at the
subeellular level some of the heat shock proteins in Drosophila
(e.g., refs. 11 and 12).
We have initiated studies to analyze the influence of a num-

ber ofcommon stresses encountered by plants on the transcrip-
tion and translation patterns of the stressed plants. Here we
report on the effect of temperature transitions (heat shock) on
the patternmofprotein synthesis in soybean. A temperature shift
from 28-30'C (normal) to 40'C (heat shock) leads to a rapid and
dramatic reduction in the level of polyribosomes and a shift in
the pattern ofprotein synthesis. The pattern ofinduced proteins
is reminiscent of the heat shock proteins of Drosophila and the
anaerobic proteins of maize.

METHODS

Plant Material. Soybean seeds (Glycine max, variety Wayne)
were germinated either in moist vermiculite or in rolls of moist
Chem-pak at 28-30'C in the dark. Two-day-old seedlings (1.5-
2.5 cm in length) grown in rolls or 1-cm slices of hypocotyl of
4-day germinated (vermiculite) seedlings (excised 1.5-3.5 cm
below the cotyledons) were used. in these experiments. The
various tissues were incubated in 1% sucrose/I mM K phos-
phate, pH 6.0, containing chloramphenicol (50 ug/ml); 2,4-
dichlorophenoxyacetic acid (10 ,ug/ml) was included in the
medium for studies, with hypocotyl slices.

Polyribosome Isolation. Hypocotyl slices were incubated as
described above for the times indicated in Fig. 1. Typically, 10
g of tissue was homogenized in 12 ml of 0;5 M sucrose/30 mM
MgClL100 mM KCV200 mM Tris HCl, pH 8.8/1 mM di-
thiothreitol (buffer A); diethylpyrocarbonate was added, to
0.1%, immediately before homogenization of the tissue. Ho-
mogenization was at full speed for 10-15 sec at 0-40C in a Poly-
tron equipped with a PT-20 probe. The homogenate was cen-
trifuged at 12,000 rpm for 15 min (Sorvall SS 34 rotor) and
filtered through Miracloth. Triton X-100 was added to' a final
concentrationwof 1%. Ribosomes were pelleted by layering 16'
ml of the cleared homogenate over a 7-ml pad of 1.5 M sucrose
containing one-quarter strength' buffer A and centrifuging for
2.5 hr at 56,000 rpm in a Beckman Ti 60 rotor. The pellets were
suspended in one-quarter strength buffer A and about 6 A260
units of ribosomes was layered over an 11-ml linear sucrose
gradient (12-36% in the same buffer); this mixture was centri-
fuged for 1.5 hr at 36,000 rpm-in a Beckman SW 41 rotor.

Extraction ofin Vivo-Labeled Proteins. About 1 g ofseedling
tissue was incubated with shaking in 5 ml' of buffer (as noted
above) containing 200-500 ttCi (1 Ci = 3.7 x 10 becquerels)
of [3H]leucine. The tissue was rinsed, chilled, and homogenized
at 0-40C in 10 ml of 0.5 M ammonium. sulfate/0. 1% mercap-
toethanol/50 mM Tris-HCl, pH 7.9/1 mM EDTA. This. was
followed by preparation of the proteins as describedby Zurfluh
and Guilfoyle (13). Alternatively, the tissue was homogenized
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at room temperature in 50 mM Tris HCl, pH 8.5/2% Na-
DodSOdl% mercaptoethanol/1 mM phenylmethylsulfonyl
fluoride. In the latter case the homogenate was centrifuged for
30 min at 15,000 rpm and filtered through a layer of Miracloth;
the proteins were precipitated with 4 vol of acetone and stored
at -20TC. The observed patterns ofheat shock protein synthesis
were essentially identical with the two methods of protein ex-
traction.

Purification of Poly(A)+RNA. Total RNA was extracted from
excised hypocotyl tissue after incubation for 3 hr at either 280C
or 409C and poly(A)+RNA was purified as described by Silflow
and Key (14) except that a 3.0 M NaCl precipitation step was
substituted for pelleting the RNA through CsCl prior to
oligo(dT) fractionation.

In Vitro Translation of Poly(A)+RNA. Poly(A)+RNAs from
hypocotyl slices incubated at 280C or 40'C were translated in
a wheat germ S30 preparation (15) and in the reticulocyte lysate
system (16). Typically, 0.5 Ag of poly(A)+RNA was translated
in 26.3 ,ul ofstandard reaction containing 22 ,uCi of[3H]leucine;
in addition, the reaction mixture contained placental RNase in-
hibitor (17) (kindly provided by T. J. Guilfoyle) and 0.1 mM
phenylmethylsulfonyl fluoride. Incorporation -ranged from
70,000 to 90,000 cpm/,ul of assay mixture for unheated
poly(A)+RNA or 100,000-140,000 cpm/,ul for heat-denatured
(70°C for '1-2.min) poly(A)+RNA; endogenous incorporation was
1500-3000 cpm.

Gel Electrophoresis and Fluorography of in Vivo-.and in
Vitro-Synthesized. Proteins. Proteins prepared as described
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FIG. 1. Polyribosome transitions aftertransfer of excised soybean
hypocotyl from 30°C to 400C. Polyribosomes were isolated from hy-
pocotyl tissue grown at 30°C without incubation of excised tissue (A)
or after 2 hr ofincubation ofexcised tissue (F) or from tissue incubated
at 4000 for 15 min (B), 30 min (C), 1 hr (D), or 2 hr (E). Fractionation
was achieved on 12-36% linear sucrose gradients. The 80S monori-
bosome peak is indicated; subunits sedimented to the right and poly-
ribosomes sedimented to the left.

above were routinely dissolved in 2.3% NaDodSO4 containing
5% mercaptoethanol and boiled for 1 min. For one-dimensional
'NaDodSO4 gel electrophoresis according to Laemmli (18), the
-dissolved proteins were loaded directly at 20,000-50,000 cpm
per well. For two-dimensional gels run according to O'Farrell
(19), urea.and Ampholines (a 1:4 mixture ofpH 3.5-10 and pH
5-7 resulting in a pH gradient of 4.5-8.5 after running) were
added to final concentrations of8 M and 0.2%, respectively, to
the protein samples; samples loaded contained 500,000-
1,000,000 cpm. Fluorography of the gels was accomplished by
using EN3HANCE (New England Nuclear) and preflashed Ko-
dak film (XR-5).

'RESULTS
State of Polyribosomes. When excised soybean hypocotyl

was incubated at 40°C, there was a rapid shift ofpolyribosomes
into monoribosomes and subunits (Fig. 1). This transition was
maximal within- 15-30 min and was followed by the accumula-
tion of a much reduced level of polyribosomes by 2 hr. These
transitions occurred against the backdrop of a gradual decrease
in the relative level of polyribosomes in the 30°C incubated
excised hypocotyl during incubation. Also, the total level of ri-
bosomes recovered from heat shocked tissue after a 2-hr in-
cubation was decreased by 20-30% (data not shown), indicating
a possible degradation of ribosomes at the higher temperature.
Also, 40°C was the near optimal temperature for the polyri-
bosome-to-monoribosome transition during the initial 1 hr of
treatment.

In Vivo Patterns of Protein Synthesis. Fig. 2 shows the pat-
terns of protein synthesis in tissues incubated at temperatures
from 30 to 42.59C. Several new bands (indicated by arrows) of
proteins were induced whereas other bands were relatively in-
creased or-decreased dramatically, the relative change depen-
dent upon the incubation temperature. Assessment of the rel-
ative rates ofprotein synthesis under the different temperature
regimens is complicated by effects of the higher'temperatures
on amino acid uptake. However, the results from several ex-
periments indicate that the relative rate of total protein syn-
thesis is decreased only 20-40% at temperatures up to 40°C
(data not shown); above 40°C, the relative incorporation de-
creased precipitously but again the interpretation is affected by
.greatly reduced uptake of [3H]leucine. The pattern of proteins
synthesized at. 42.5°C compared to that at lower-temperatures
suggests that the large decline in [3H]leucine incorporation be-
tween 40 and 42.5°C resulted from an almost complete inhi-
bition of synthesis ofthose proteins synthesized normally at the
lower temperatures with continued synthesis of the heat shock
proteins. There was a gradual increase in relative synthesis of
the heat shock proteins as the temperature increased from 300C
up to 40°C; above 37.5°C there was a marked loss in capacity
to synthesize- the normal proteins, and little or no synthesis of
them occurred at 42.50C. This new pattern of protein synthesis
resulting from heat shock was common to the root and hypocotyl
of intact seedlings and to excised hypocotyl slices '(data not
shown).

This new pattern ofprotein synthesis was induced during the
first hour of incubation at 40°C and persisted for at least 4 hr
(Fig. 3). The relative proportion of labeling in the heat shock
proteins increased between hr 1 and hr 2 at 40°C and was main-
tained through hr 4. A similar spectrum of proteins was syn-
thesized during the next 4-hr period at 400C (data not shown).

Recovery from the heat shock state with resumption of the
synthesis of a normal pattern -of proteins was relatively rapid
after return of the tissue to 30°C after 4 hr at-40C (Fig. 4).
Within 1 hr, and more obvious by 2 1sr, there was a -shift from
-synthesis of predominantly heat shock proteins to synthesis of
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FIG. 2. Optimal temperature for induction of the heat shock pro-
teins. Excised hypocotyl tissues were incubated at various tempera-
tures for 3 hr; 300 ACi of [3H]leucine was added for the final 2 hr of
incubation. The proteins were fractionated on NaDodSO4/polyacryl-
amide gels and visualized by fluorography. Lanes: A, 300C; B, 3500;
C, 37.50C; D, 400C; E, 42.50C; F, 300C; G, molecular weight standards
in order of decreasing size: 92,500, 69,000, 46,000, 30,000, and 12,300.
Arrows denote major heat shock bands.

the normal 30TC proteins;. this transition continued through hr
3 of recovery, resulting in the synthesis ofan essentially normal
pattern of proteins during hr 4 at 30TC.
The pattern of heat shock proteins was simple on the one-
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FIG. 4. Recovery from heat shock. NaDodSO4/polyacrylamide gel
fractionation of proteins labeled for 1 hr with 500 UCi of [3H]leucine
at various times after transfer of tissue from 409C to 3000. Lanes: A,
4-hr label at 3000; B, 4-hr label at 4000; C, label during first hour at
3000 after 4hr at 4000; D, label during second hour at 3000 after 4 hr
at 4000; E, label during third hour after 4 hr at 4000; F, label during
fourth hour after 4 hr at 400C; G, 4000, labeled 4 hr as in B; H, mo-
lecular weight standards as in Fig. 2.

dimensional NaDodSO4 gels shown above. It was more complex
when the proteins were fractionated on two-dimensional
O'Farrell. gels (Fig. 5); each of the major heat shock bands re-
solved into two or more protein spots on these gels. For ex-
ample, the two major low molecular weight heat shock bands
(15,000-18,000) of the NaDodSO4 gels resolved into at least 8-
10 components on the two-dimensional gels. Thus it was some-
what difficult to determine the exact number of the proteins
induced by the. heat shock treatment.
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FIG. 3. Inductionofheatshock proteins. FluorogramofNaDodSO4/
polyacrylamide gel fractionated proteins isolated from excised hypo-
cotyl incubated for varying times after transfer to 40°0 and labeled in
500 /,Ci of [3H]leucine. Lanes: A, .300C, labeled 4 hr; B, 4000, labeled
4 hr; C, 4000, labeled during first hour; D, 4000, labeled during second
hour; E, 4000, labeled during fourth hour.

FIG. 5. Fluorogram oftwo-dimensional gels of control (Upper) and
heat shock (Lower) proteins. Soybean seedlings were incubated for 4
hr at the indicated temperature, with 500 ,uCi of [3H]leucine being
added after 1 hr of incubation.
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FIG. 6. In vitro translation products ofpoly(A)+RNA isolated from
control (lanes B and D) and heat shock (lanes C and E) excised hypo-
cotyl tissue shown as fluorogram of NaDodSO/polyacrylamide gels
of H-labeled proteins synthesized in a wheat germ (lanes B and C) or

reticulocyte lysate (lanes D and E) system. Lanes A and F, molecular
weight standards as in Fig. 2.

In Vitro Translation of Poly(A)+RNAs. Poly(A)+RNA was

purified from hypocotyl slices that had been incubated for 3 hr
at 30TC or at 40TC. These RNAs were translated in a standard
wheat germ or reticulocyte lysate system and fractionated on
one-dimensional NaDodSO4 gels (Fig. 6). In general the trans-
lation products were similar for the 30TC and 40TC RNAs except
that an additional eight or so bands were translated from 400C
RNA and these appear to correspond to the major in vivo labeled
heat shock proteins. The relative intensity was much greater
for the low molecular weight than for the higher molecular
weight heat shock bands in comparison to the relative intensity
ofthe in vivo-labeled heat shock proteins. This difference likely
reflects the lower efficiency of translation of large mRNAs rel-
ative to smaller ones in the in vitro protein synthesizing sys-
tems. This does not detract, however, from the fact that the
appearance ofthe new set ofproteins synthesized in vivo at 40TC
results from the production of a new set of mRNAs for the heat
shock proteins.

Additionally, it appears that many of the normal 300C abun-
dant mRNAs persist at the higher temperature even though
they were poorly translated in vivo at 40 or 42.50C. As with the
in vivo-labeled proteins (Fig. 5), the two major low molecular
weight (15,000-18,000) bands ofin vitro-synthesized heat shock
proteins resolved into 8-10 protein spots in the two-dimensional
gel system (data not shown). This suggests that the several pro-
tein components of in vivo-labeled proteins as seen on two-di-
mensional gels do not result from postsynthetic modification of
a common protein resulting in altered pIs of that protein but
rather are translated from different mRNAs.

DISCUSSION

Different tissues of the soybean seedling respond to tempera-
ture transitions (heat shock) in a manner somewhat analogous
to animal systems including the much studied heat shock re-

sponse in Drosophila (6). A similar pattern ofheat shock protein
synthesis has been reported recently for tobacco and soybean
cells growing in solution culture (20) as that reported here for
soybean seedling tissue. After a shift of soybean seedlings from
the normal growing temperature ofabout 30'C up to 40'C there

is a rapid (within 15 min) conversion ofpolyribosomes into mon-
oribosomes followed by reappearance and maintenance ofa low
level ofpolyribosomes similar to that reported for heat-shocked
Drosophila (e.g., ref. 21). There is a much decreased translation
of the 30'C mRNAs at 40-42.50C associated with the initiation
oftranslation ofa set ofpoly(A)+mRNAs which give rise to a new
set of proteins, commonly referred to as heat shock (or stress)
proteins. On one-dimensional NaDodSO4 gels the pattern of
heat shock proteins appears similar to that of the Drosophila
heat shock proteins, especially the bands in the 65,000-85,000
molecular weight range; the major low molecular weight heat
shock protein bands ofsoybean are relatively smaller, however.
Also the number of the major heat shock proteins of soybean
appears to be greater.

Both the induction of and recovery from the heat shock re-
sponse are fast. The transitions occur early after the shift from
30'C to 40'C (or the reverse), with appearance of the new pat-
tern ofproteins occurring within the first hour ofthe shift; a near
"steady-state" pattern is achieved during the first 2 hr after this
shift up. The normal 300C pattern of protein synthesis is not
achieved until about 3 hr after the shift down.
The in vitro translation ofpoly(A)+RNA from normal and heat

shocked tissue coupled with the in vivo patterns ofprotein syn-
thesis at the two temperatures indicate that (i) new mRNAs are
synthesized in response to heat shock for induction of the heat
shock proteins and (ii) some translational event renders the 300C
mRNAs poorly translatable at 40-42.50C even though many of
the abundant (at least) poly(A)+RNAs persist at the higher tem-
perature for some time. These observations are consistent with
and similar to those on the induction of the heat shock proteins
in Drosophila (6, 22, 23) and the anaerobic proteins in maize
(4).
The data reported here are consistent with the rapid induc-

tion ofsynthesis ofa new set ofmRNAs by heat shock and a rapid
turn-off of their synthesis and turn-over of the already synthe-
sized heat shock mRNAs upon return to the normal tempera-
ture. Preliminary experiments using cloned DNAs comple-
mentary to total poly(A)+RNA from heat shock tissue (40'C for
3 hr) indicate that these conclusions are correct (unpublished
data).

If, as suggested for the heat shock (stress) response in Dro-
sophila (6), the response is homeostatic and designed to "cor-
rect" or protect from abnormalities in cellular processes, one
would expect this to be a highly conserved genetic system.
Certainly, crop plants such as soybeans growing under normal
environmental conditions of our summers experience diurnal
temperature variations, and often higher temperatures, similar
to those used in this study. Thus, a rapidly responding heat
shock system such as that indicated by these studies may play
an important role in plant survival under extremely high tem-
peratures. A similar suggestion was made for the anaerobic pro-
teins of maize and survival under flooding conditions (4).
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