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T h e  response of organisms to high-temperature stress has 
been widely researched since the heat-shock (HS) response 
was first observed in Drosophila (Ritossa, 1962). The HS 
phenomenon is characterized by dramatic and rapid changes 
in both transcription and translation with the onset of heat 
stress [see Ashburner and Bonner (1979)]. The HS response 
occurs in most, if not all, organisms ranging from bacteria and 
lower eukaryotes to mammals and plants. Major physiological 
and biochcmical aspects of the HS response have been covered 
in  many reviews [e.g., Browder et al. (1989), Craig (1985), 
Lindquist (1986), Lindquist and Craig (1988), Nagao et al. 
(l986), Nagao and Key (1989), Neidhardt (1987), Neumann 
et al. (1989), Nover (1987), Pelham (1985), Schlesinger 
( 1  986), and Tanguay (1988)l and monograph/symposium 
volumes [e.g., Atkinson and Walden (1985), Morimoto et al. 
( 1  990), Pardue et al. (1 989), and Schlesinger et al. (1 982)]. 
The HS response is evolutionarily highly conserved, suggestive 
of an essential function or functions for survival of organisms 
exposed to excessively high temperatures (e.g., thermotoler- 
ance). 

The HS response after an 8-1 2 "C shift up from the normal 
growing temperature is characterized by very fast induction 
of HS gene transcription coupled with a precipitous decline 
in  the transcription of most other genes. The response is 
enhanced further by the selective translation of HS mRNAs 
at HS temperatures (or rapid turnover of non-HS mRNAs 
in bacteria and yeast for example), resulting in the selective 
and rapid accumulation of heat-shock proteins (hsp) a t  the 
elevated temperature. Plants generally have a more complex 
set of hsps than most other organisms; the complexity and 
abundance of families of low molecular weight hsps in plants 
are particularly unique (Key et al., 1981; Mansfield & Key, 
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1987). The response is fairly short-lived, ranging from 10-1 5 
min in bacteria to a few hours in most higher eukaryotes. The 
transient nature and the rapid, specific induction of a set of 
genes are the hallmarks of the HS response in all organisms 
studied to date. 

The focus of this paper is on the HS response in plants 
relating to the regulation of transcription of the HS genes. 
Since several aspects of the knowledge base are greater in other 
systems, this paper does provide a range of comparative 
analyses. Emphasis is placed on promoter analysis of HS 
genes, since this area of investigation has progressed at a faster 
pace than has the understanding of the mechanism of down- 
regulation (also referred to as self-regulation or autoregulation) 
of HS gene expression. The ability to dissect this regulatory 
mechanism is further complicated by the fact that many HS 
genes, in addition to their induction during heat stress, often 
exhibit low-level constitutive expression and are also responsive 
to developmental cues. Transduction of the HS stimulus into 
functional biochemistry remains the least well understood 
process [see Parker-Thornburg and Bonner (1987), and 
Tanguay (1988)], and conseuqently it is not reviewed here. 

Transcriptional Regulation of Plant Heat-Shock Genes Is 
Similar to That of Other Higher Eukaryotes. In plants, as 
well as other eukaryotes, the rapid accumulation of HS-specific 
mRNAs is primarily due to a large increase in the transcription 
of HS genes (Schoffl & Key, 1982; Schoffl et al., 1987; Kimpel 
et al., 1990). In soybean, a new set of mRNAs representing 
20% or more of the total poly(A)+ RNA is induced by 2 h 
of HS. These HS-specific mRNAs generally correspond to 
the small HS proteins (hsps) and accumulate to levels esti- 
mated at 20000 copies each per cell (Schoffl & Key, 1982). 
The dramatic thermoinducibility of HS genes has been at- 
tributed to the presence of cis elements designated as heat- 
shock consensus elements (HSEs), which are located in the 
5' flanking sequences. The occurrence of multiple HSE-like 
motifs within the TATA-proximal and upstream regions of 
plant genes strongly implied that the mechanism of tran- 
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scriptional activation of HS genes was conserved between 
animals and higher plants (Czarnecka et al., 1985; Nagao et 
al., 1985; Raschkc ct al., 1988; Rochester et al., 1986; Schoffl 
et al., 1984; Takahashi & Komeda, 1989; Wu et al., 1988). 
Thc HSE was originally identified in Drosophila hsp70 by 
deletion analysis and sequence comparison as a 14 base pair 
(bp) palindrome with the sequence 5'-CTnGAAnnTTCnAG-3' 
(Mirault et al., 1982; Pelham, 1982). More recent evidence 
has modified the definition of the HSE to be a cluster of three 
or more invcrtcd repeats of the sequence 5'-nGAAn-3' ar- 
ranged with alternating polarity (Amin et al., 1988; Xiao & 
Lis, 1988; Lis et al., 1990). The HSE was subsequently shown 
to serve as a binding site for the heat-shock transcription factor 
(HSF) that mediates the thermal activation of transcription 
(Goldenbcrg et al., 1988; Parker & Topol, 1984; Wu, 1984a,b). 

The univcrsality of the HS response in terms of the mech- 
anism of transcriptional induction has been well documented 
by thc hctcrologous expression of the Drosophila hsp70 gene 
in amphibian, nematode, insect, and vertebrate systems [for 
reviews, see Nover (1987), and Tanguay (1988)l. The first 
direct demonstration that plants also shared this highly con- 
served mode of promoter activation was seen in the heat-in- 
ducible transcription of the Drosophila hsp70 promoter in 
transgenic tobacco callus tissue (Spena et al., 1985) and later 
confirmcd in rcgcncrated tobacco plants (Spena & Schell, 
1987). In  these studies a 457-bp fragment from the Droso- 
phila hsp70 promoter was fused to the neomycin phospho- 
transferase I I coding region. The hsp70 fragment included 
258 bp of 5' flanking sequences containing four HSEs known 
to bind Drosophila HSF in vitro (Topol et al., 1985). The 
level of HS induction in tobacco ranged from 5 to 50 times 
the basal activity. Direct involvement of the HSE was dem- 
onstrated by Strittmatter and Chua (1987), who showed that 
two overlapping HSE-li ke sequences from the TATA-proximal 
promoter domain of the soybean hsp17.3B gene (-76 to -41; 
Figurc 1 ) confcrrcd thermoinducibility to heterologous pro- 
moters in transgenic tobacco plants. Thermal induction was 
obtained when the two overlapping HSEs were placed at -46 
upstream of a truncated cauliflower mosaic virus (CaMV) 35s 
promoter or when they were fused to the pea rhcS-3A pro- 
moter. When the HSEs were placed in the upstream region 
of the rbcS-3A promoter at positions -49 and -410, HS in- 
duction was obtained in each case, demonstrating both the 
TATA-proximal and long-range activity of the soybean HSEs 
in plants. 

This ability to act both as a TATA-proximal element and 
as an enhancer element was first demonstrated for animal HS 
genes. For example, HSEs are naturally located between -370 
and -270 in the Drosophila hsp27 gene but still retain function 
when placed >2 kb upstream (Riddihough & Pelham, 1986). 
The ability of the HSE to act at long range as an enhancer 
element is also seen in the Xenopus hsp70 gene where the three 
most proximal HSEs are positioned between -260 and -100 
(Bienz & Pelham, 1986). Removal of multiple upstream 
HSEs from position -298 to -181 of soybean HS gene 
GmhspI 7.3B by 5' deletion eliminated heat inducibility 
(Baumann ct al., 1987). Analysis of the closely related 
Gmhspl7.5E gene of soybean by internal deletions showed that 
this promoter could be fully inactivated by deletion of either 
the TATA motif, the TATA-proximal HSE, or a low-hom- 
ology HSE locatcd at  -100 to -87 (Czarnecka et al., 1989). 

In  animal systems, a minimum of one HSE positioned in 
either oricntation upstream of the TATA motif is generally 
sufficient for thermoinducibility [Amin et al., 1987; Kay et 
al., 1986; Wci ct al., 1986; for review, see Tanguay (1  988)]. 
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FIGURE I : TATA-proximal HSEs of plant HS genes. Partial hom- 
ology to the HSE as originally defined (Pelham, 1982) is indicated 
by the underline. The number of matching bases out of I O  is shown 
underneath the line (e.g., HSE at site 1 of the hspl7.5E gene is shown 
under the line to have a 9 out of I O  homology or HSE 9). The 
conserved bases of the 5-bp core repeats are boxed (GAA or TTC). 
Both perfect and imperfect repeats are shown with dots designating 
matches to the consensus. Hypothetical HSF trimer binding sites 
are indicated by shaded ovals. Only two contact points are shown 
although three may be possible in certain cases. The nonshaded oval 
in soybean hspl7.6L represents questionable HSF binding. The 
Drosophila HSE at site 1 is included for comparison. DNA sequences 
are taken from the following references: soybean genes Gmhsp17.3B 
(Schoffl et al., 1984), Gmhspl7.5E (Czarnecka et al., 1985). 
Gmhspl7.5M (Nagao et al., 1985), Gmhspl7.6L (Nagao et al., 1985). 
Gmhspl7.9D (Raschke et al., 1988). Gmhspl8.5C (Raschke et al., 
1988), and Gmhsp22K (R. Nagao, personal communication); Aru- 
hidopsis genes hsp17.4 (Takahashi & Komeda, 1989) and hspl8.2 
(Takahashi & Komeda, 1989); maize gene hsp70 (Rochester et al., 
1986); Drosophila hsp70 (Pelham, 1982). 

However, in most native promoter configurations, a single HSE 
confers only slight activity; full transcriptional activation 
generally requires at least two HSEs. 

The question of how many HSEs are sufficient to obtain 
thermal induction has also been addressed in plants. I n  ex- 
periments by Schoffl et al. ( 1  989), synthetic oligomers ho- 
mologous to the TATA-proximal overlapping HSEs of 
Gmhspl7.3B (Figure 1 ) were placed upstream of a truncated 
CaMV 35s promoter. When assayed in transgenic tobacco 
plants, the overlapping HSE pair was able to confer HS in- 
duction, with increasing activity as the number of overlapping 
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HSE oligomers was increased up to five copies. In similar 
experiments by Wing et al. (1989), segments of various lengths 
from the Drosophila hsp70 promoter were placed upstream 
of a minimal promoter (-78 to +8) from the T-DNA gene 
iaaH (from a tumor-inducing plasmid of Agrobacterium tu- 
mefaciens), which retained a CCAAT-like motif in addition 
to TATA and the start site for transcription. A single HSE 
(HSEI; -72 to -35; Figure 1) from the hsp70 promoter was 
sufficient for a 5-8-fold thermal induction of the iaaH pro- 
moter in transformed tobacco calli. DNA fragments con- 
taining additional upstream HSEs from the hsp70 gene re- 
sulted in activities ranging from 5 to 30 times the constitutive 
level. Thus, i t  appears that, in the proper context, a single 
nonoverlapping HSE is sufficient to confer HS activation of 
plant genes. 

Significance of Distal HSEs. Far upstream HSEs (located 
upstream of approximately -120) seem to be of minor im- 
portance in plants. In  a deletion analysis of the Gmhspl7.5E 
promoter, distal HSEs made only minor contributions to the 
overall activity of the promoter (Czarnecka et al., 1989). The 
region from -41 1 to -358 contains six HSEs with homologies 
ranging from six out of ten to eight out of ten matches with 
the Drosophila HSE. Yet, removal of these sequences by 5’ 
deletion resulted only in a 25% loss of activity when assayed 
in transformed sunflower tumors. A more substantial con- 
tribution of a distal HSE to promoter activity was obtained 
with the Gmhspl7.3B gene (Baumann et al., 1987). When 
the activity was assayed in transgenic tobacco plants, the 
removal of an HSE (nine out of ten match) located between 
-173 and -160 resulted in an approximately 50% loss of 
thermoinducible activity as compared to the activity of a 5’ 
deletion to position -298. The distance between the distal HSE 
and TATA is not as great in Gmhspl7.3B as that of the HSE 
clusters in  Cmhspl7.5E. The greater contribution of the 
Gmhspl7.3B distal HSE is therefore consistent with the 
general observation that HSEs are diminished in strength with 
increasing distance from TATA (Amin et al., 1987; Pauli et 
al., 1986). 

An unresolved question regarding the function of HSEs as 
enhancer elements in plants is whether or not there is a re- 
quirement for TATA-proximal elements, such as CCAAT, in 
addition to the TATA motif. This question is posed since there 
appears to be a difference in  the requirement for additional 
TATA-proximal elements between Drosophila and vertebrate 
systems. In Xenopus hsp70, two HSEs located between 
positions -260 and -100 of the hsp70 gene require a CCAAT 
box in the TATA-proximal domain for thermal activation of 
transcription when transfected into mammalian cells (Bienz 
& Pelham, 1986). The CCAAT box is also essential for 
thermal activation when HSEs from Xenopus hsp70 are placed 
upstream of the &globin promoter. This requirement for a 
CCAAT box and other elements in the TATA-proximal do- 
main is also seen for the stimulation of the P-globin promoter 
by the SV40 enhancer (Dierks et al., 1983; Grosveld et al., 
1982). I n  contrast, the Drosophila hsp27 gene contains a 
cluster of three HSEs (centered at approximately -500) that 
are capable of activating transcription at  long range in the 
absence of other elements between it and TATA when ana- 
lyzed by transient assay in Drosophila tissue culture (Rid- 
dihough & Pelham, 1986). The Drosophila hsp27 gene, 
however, is not active in mammalian cells. This question has 
not been directly addressed in plants. Although the issue will 
not be resolved without further experimentation, it may be that 
HSEs in plants do not require additional elements TATA- 
proximal for long-range activation by HSEs, since other plant 
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enhancer-like sequences do not appear to require CCAAT or 
other elements in the TATA-proximal domain (Bruce et al., 
1988). However, when the TATA-proximal overlapping set 
of two HSEs was deleted from the Gmhspl7.5E promoter, 
thermal induction was not seen even though TATA-distal 
clusters of HSEs were still intact (Czarnecka et al., 1989), 
suggesting that the total configuration of the promoter may 
be important in ways that are not understood. 

TATA-Proximal Promoter Structure. A compilation of 
TATA-proximal HSEs present in the promoters of plant HS 
genes is shown in Figure 1. It is evident that an overlapping 
configuration of HSEs is often present within 20 bp upstream 
of TATA. Although this pattern of HSE location is common 
in plant as well as animal HS genes, HSE function is not 
limited to its assignment to this position, nor is the overlapping 
HSE configuration a requirement for activation in plants. For 
example, maize hsp70 lacks the overlap motif, and the ex- 
periments of Wing et al. (1989) discussed above show mod- 
erate HS-inducible activity by a single nonoverlapping HSE 
from the Drosophila hsp70 gene. 

Recent studies in Drosophila have identified the core com- 
ponent of the HSE to be the 5-bp repeat 5’-nGAAn-3’, which 
is present as a head to head inverted repeat in the HSE as 
originally defined (Perisic et al., 1989). In view of this finding, 
a reappraisal of the HSE as an array of core repeats is war- 
ranted (Perisic et al., 1989; Xiao & Lis, 1988, 1989; Lis et 
al., 1990). Binding studies with HSF and synthetic HSEs 
indicate that at least two of the 5-bp core repeats are needed 
to form a stable complex in vitro (Perisic et al., 1989). The 
core repeats may be arranged either head to head or tail to 
tail for binding to occur. Naturally occurring (native) HSEs 
are frequently embedded in an array of perfect and imperfect 
core repeats. Since imperfect core repeats are often present 
adjacent to perfect repeats, it is assumed that the HSF is able 
to bind the imperfect core repeats if they are adjacent to 
perfect repeats of the opposite orientation (i.e., 
nGAAnnTTCn). Supporting this view is the DNase I foot- 
printing of site 2 of Drosophila hsp70 (Topol et al., 1985), 
which contains only perfect-imperfect pairs (Figure 2). 
Within the core, the guanine residue is highly conserved and 
is one of the sites of close interaction with the HSF (Perisic 
et al., 1989; Shuey & Parker, 1986). The HSF of Drosophila 
and yeast exists as a trimer in solution and when bound to 
DNA. Trimerization is thought to involve a 35 amino acid 
a-helical region of the HSF monomer capable of forming a 
coiled coil. A model of HSF binding to core repeats proposed 
by Perisic et al. (1989) predicts that the orientation of DNA 
binding sites of the trimer is in the tail to tail and head to head 
configuration (+ - e). Efficient binding of the HSF trimer 
to DNA requires that at least two of the monomer subunits 
be bound to HSE core repeats. Presumably synergistic in- 
teractions are involved in binding of an imperfect repeat ad- 
jacent to an intact core. 

In view of the models of Perisic et al. (l989), Xiao and Lis 
(1988, 1989), and Lis et al. (1990), the HSE and overlapping 
HSEs are best considered as tandem arrays of the 5-bp core 
repeat. In the case of the high-affinity HSE (Topol et al., 
1989,  which is TATA-proximal in the Drosophila hsp70 
promoter, the array is comprised of three perfect cores and 
one imperfect core (Figure 1). The two overlapping HSEs 
located TATA-proximal in five of the sequenced soybean HS 
genes are comprised of two perfect repeats formed by the 
overlap of two “flawed” HSEs (Figure 1). In this configu- 
ration, each of the perfect repeats is flanked by an imperfect 
repeat. This type of array has the potential of binding two 
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FIGURE 2: Two-site model for TATA-proximal domain of plant H S  promoters. Clusters of hypothetical HSF binding sites (shaded circles) 
are grouped into two sites on the basis of the analogy with Drosophila hsp70 and the mutation results for soybean Gmhsp17.5E (Czarnecka 
et al., 1989) indicating the presence of two TATA-proximal sites of HS regulation. CCAAT-like sequence motifs are noted by rounded rectangles. 
Thc lcgcnd and sourccs of DNA sequence information arc the same as in Figure 1 .  

trimers of the HSF, one bound to each perfect-imperfect pair. 
Two H S F  trimers arc also predicted to be bound to the 
high-affinity HSE at site 1 of the Drosophila hsp70 promoter; 
thc diffcrcncc is that, in the case of hsp70, the TATA-distal 
pair of core repeats are both perfect. 

Reinterpretation of the H S E  sequence (5’-CTnGAAn- 
nTTCnAG-3’) based on the Occurrence of core repeats suggests 
that the configuration of two central perfect core repeats 
flanked by two imperfect repeats is often utilized in native H S  
promoters. The flanking imperfect repeats are represented 
in the H S E  as single bases, with the highly conserved cytosine 
and guanine residues at  either end. 

The pattern of core repeats comprising native HSEs in plant 
(and animal) genes suggests that the optimum array of core 
repeats is able to bind two trimers of the HSF. Implicit in 
this model of the H S E  is the assumption that flanking im- 

perfect repeats are able to participate in HSF binding. Figure 
1 shows the theoretical pattern of HSF trimer binding to 
TATA-proximal core repeat arrays. A two-trimer model for 
the TATA-proximal HSE can be accommodated in every case 
except for the soybean hsp17.6L and hsp22K genes. The 
exceptions imply that a single trimer also retains a degree of 
activity depending on its context within the promoter. It also 
seems likely that the two HSF trimers do not necessarily need 
to be juxtaposed as seen in the predicted HSF binding for 
soybean hspl7.90 and Arabidopsis hsp18.2 genes. It seems 
noteworthy that in these two examples where the predicted 
HSF binding sites are separated, each site is comprised of two 
perfect core repeats, raising the possibility that cooperativity 
between HSF trimers may be necessary for binding to per- 
fec t-i m per fec t re peat s. 

Support for the two-trimer model of binding can be indi- 
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rectly inferred from the experiments of Wing et al. (1989). 
In this study, HS induction was obtained when the Drosophila 
hsp70 HSE a t  site 1 was placed upstream of a CCAAT-like 
sequence a t  -78 in the truncated iaaH promoter. However, 
no inducible transcription was observed when the bases from 
-72 to -58 (relative to hsp70) were deleted from the HSE 
leaving three core repeats (Figure 2). This change from an 
array of five core repeats (three perfect, two imperfect) to three 
repeats is predicted to result in the loss of one HSF trimer 
binding site with the remaining HSF site comprised of two 
perfect and one imperfect repeat. Even though three perfect 
repeats have been shown to bind a single HSF trimer with high 
affinity (Perisic et al., 1989), they failed to confer heat in- 
ducibility to the chimeric iaaH promoter. 

Two-Site Configuration of the TATA-Proximal Domain. 
Deletion analysis of the soybean hspl7.5E gene indicated that 
H S  induction was conferred by two sites containing HSEs 
within the TATA-proximal domain (Czarnecka et al., 1989). 
This two-site model of the TATA-proximal promoter structure 
is analogous to sites 1 and 2 present in the Drosophila hsp70 
promoter as defined by Topol et ai. ( 1  985). In the Drosophila 
gene, site 1 is TATA-proximal and is comprised of a single 
HSE with relatively high affinity for purified HSF in vitro. 
Site 2 contains a HSE that shows 12.5-fold less affinity for 
H S F  and is occupied after site 1 has been filled. The coop- 
erativity involved in the binding of HSF to site 2 is postulated 
to form the basis of a sharply delineated switch mechanism 
for promoter activation in response to HS. A comparison of 
the HSE homologies at sites 1 and 2 of the soybean hspl7.5E 
gene promoter (Figure 2) suggests a similar arrangement of 
high- and low-affinity sites for HSF  binding. Consistent with 
this interpretation are observations (Czarnecka et al., 1990) 
that a synthetic oligomer homologous to the overlapping HSEs 
a t  site I binds nuclear proteins from soybean plumules with 
much higher affinity than an oligomer homologous to the HSE 
a t  site 2. 

In spite of the striking similarity in the pattern of HSEs 
present in the TATA-proximal domains of Drosophila hsp70 
and soybean Gmhsp17.5E, there are also notable differences. 
For example, the four sites of HS regulation in the Drosophila 
hsp70 promoter are comprised entirely of HSEs (Topol et al., 
1985). In Gmhspl7.5E, only the TATA-proximal site 1 is a 
pure array of core repeats, whereas site 2 has potential for more 
complex interactions. This potential for multiple regulation 
a t  site 2 is based on the presence of a low-homology HSE (7 
out of I O  match) and an overlapping G T  motif (5’- 
GGTGTGGAGAATTC-3’) with an 1 1  out of 14 base match 
with the SV40 enhancer core (Laimins et al., 1982). Similar 
G T  motifs (box 11) have also been described in the rbcS-SA 
light-regulated promoter, which binds a nuclear protein that 
acts to repress transcription in the dark (Kuhlemeier et al., 
1987). Another G T  motif found in environmentally regulated 
plant promoters is present in Arabidopsis Adh, where it is 
associated with the region responsible for anaerobic regulation 
(McKendree et al., 1990); this motif appears to be involved 
in close protein contacts in vivo (Fer1 & Laughner, 1989). Site 
2 is flanked downstream by a sequence with CCAAT box 
homology (5’-CAACCAAATTG-3’). Although the function 
of the CCAATT-like sequence is untested for Gmhspl7..5E, 
the CCAAT factor has been postulated to form an anchor for 
long-range interactions between HSF bound to upstream HSEs 
and the TATA-proximal domain in vertebrate HS genes 
(Bienz & Pelham, 1986). 

The high degree of similarity in the organization of the 
TATA-proximal domains of Drosophila hsp70 and soybean 
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GmhspI 7 .5E  suggests that a two-site structure of the 
TATA-proximal promoter may be common among heat-in- 
ducible genes. A comparison of the pattern of HSEs found 
in the TATA-proximal domains of several plant HS genes is 
presented in Figure 2. The clusters of core repeats have been 
grouped into hypothetical sites 1 and 2 to illustrate the com- 
mon occurrence of this type of arrangement. Although the 
TATA-proximal site (site 1) usually has, as a minimum, the 
number of core repeats (both perfect and imperfect) required 
to bind two HSF trimers, site 2 sometimes has three or less 
with the proper spacing and orientation, suggesting that the 
binding of a single HSF trimer is sufficient in this context. 
Perhaps interactions between proteins bound a t  sites 1 and 2, 
or between adjacent heterologous elements, stabilize HSF 
binding to the low-affinity site 2, eliminating the requirement 
for a second HSF trimer in the formation of an active module. 
This principle of promiscuous cooperativity may have been 
involved in the partial restoration of HS induction by the 
substitution of an AT-rich element for the HSE a t  site 2 of 
soybean Gmhspl7.5E (Czarnecka et al., 1989). 

The requirement for a minimum of two arrays of core re- 
peats (sites 1 and 2 ) ,  and the ability of other elements to 
substitute, may reflect a general characteristic inherent in the 
design of the TATA-proximal promoter domain of eukaryotes. 
One interpretation of the two-site model is to equate the “sites” 
with promoter (or enhancer) modules as defined by Dynan 
(1989). According to this view a promoter module is com- 
prised of either one or two subelements analogous to enhansons. 
In  the case of HS genes, the enhanson would be equivalent 
to a HSF trimer binding site. Two enhansons would be re- 
quired for the TATA-proximal module (site I ) ,  while one 
would be sufficient for the upstream module (site 2). In other 
types of genes a minimum of two modules is usually required 
for activity as demonstrated for SV40 enhancer modules by 
Herr and Clarke (1986) and for HSV tk promoter modules 
(McKnight, 1982). This general requirement for two modules 
may be reflected in the organization of HSEs into sites 1 and 
2 within the TATA-proximal region of native HS promoters. 

Contribution of AT-Rich Elements to Activity of the HS 
Promoter. Six genes encoding low molecular weight hsps of 
soybean (Gmhspl7.3B, -17.5E, -17.5M, -17.6L, - l7 .9D,  and 
-18 .50  often have blocks of AT-rich sequences located within 
the 5’ flanking region. These sequences are usually comprised 
of 14, or more, contiguous A-T bp positioned upstream of the 
TATA-proximal domain. The potential regulatory role of an 
AT-rich block was first indicated by Baumann et al. (1987) 
by deletion analysis of the Gmhsp17.3B gene in transformed 
tobacco plants. An AT-rich block including 14 adenine res- 
idues is located between positions -274 and -254. A 5’ deletion 
from -298 to -242 removed this sequence and resulted in a 
substantial loss of transcriptional activity. 

Experiments using the Gmhspl7.5E sequence suggest that 
AT-rich sequences found upstream of a variety of inducible 
plant genes (Bustos et al., 1989; Datta & Cashmore, 1989; 
Jofuku et al., 1987; Jordano et al., 1989), including HS genes, 
may function as enhancer-like elements. Several AT-rich 
blocks located between -1 20 and -1 53, and far upstream from 
-830 to -970, of the Gmhspl7.5E promoter have been shown 
to bind nuclear proteins isolated from soybean plumules in vitro 
by DNase I footprint and gel mobility retardation assays 
(Czarnecka et al., 1990). Nuclear proteins also form stable 
complexes in vitro with synthetic oligomers homologous to AT 
blocks present in the Gmhspl7.5E and Gmhspl7.38 promoters 
(Czarnecka et al., 1990; Czarnecka et al., unpublished). These 
protein-DNA complexes are specifically competed with for 
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Arabidopsis 
HSE 5 hsp7O-1 
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FIGURE 3: Plant HS cognate genes. Shown are the TATA-proximal regions of three genes encoding HS proteins that are either expressed 
undcr conditions othcr than HS, constitutively expressed, or not expressed at detectablc levels. All protein-coding regions are interrupted by 
;1 singlc intron. CCAAT-like motifs are designated by rounded rectangles. The legend is the same as in Figure 1 .  DYA sequences are taken 
from thc following references: soybean Gmhsp26A (Czarnecka et al., 1988) and Arabidopsis hsp70-I and hsp70-2 (Wu et al., 1988). 

binding by synthetic oligomers homologous to AT-rich se- 
qucnccs prcscnt in several othcr inducible genes of soybean 
including 0-conglycinin, leghemoglobin, and lectin (Czarnecka, 
Ingcrsoll, and Gurley, unpublished). Competition for in vitro 
binding by a wide variety of AT-rich sequences indicates that 
a common protcin, or a family of proteins, exists in plants that 
is capablc of intcracting with 5' flanking regions of a variety 
of genes in addition to those regulated by HS. The best 
evidence that thesc AT-rich blocks may act as enhancer-like 
elcmcnts i f  the finding that multimers of a 33-bp synthetic 
oligomer homologous to an AT-rich block upstream of the 
Gmhspl7.5E promoter (AT composite; repeated several times 
betwccn -830 and -970) are able to stimulate heterlogous 
expression of a truncated maize Adhl promoter when placed 
at position - 1  40 (Czarnecka, Ingersoll, and Gurley, unpub- 
lished). I t  is now clear that certain AT-rich sequences play 
an active rolc in transcriptional activation of one group of HS 
promoters in soybean. 

Similar AT-rich elements have been found upstream of the 
0-phascolin gene of French bean (Bustos et al., 1989). A 55-bp 
synthetic oligomer homologous to this element was placed 
upstream of a minimal CaMV 35s promoter and shown to 
stimulate transcription of a &glucuronidase (GUS) reporter 
gene in transgenic tobacco plants. Expression was strongest 
in  roots of tobacco seedlings and in the cotyledons and the 
root-hypocotyl axis of mid-maturation to late-maturation 
embryos. I f  this clement is the same as the HS AT element, 
its role may be, by analogy, to confer a developmental bias 
on HS gene expression in the embryo and seedling stages of 
soybean development. 

Although blocks of AT-rich sequences are common to 
several HS genes encoding low molecular weight hsps of 
soybean, thcir distribution among plant HS genes is not 
universal. For example, hsp18.2 contains a single cluster of 
14 thyminc rcsidues between -583 and -568, but Arabidopsis 
hsp17.4 contains no obvious AT-rich elements (Takahashi & 
Komeda, 1989). Likewise, maize hsp70 also seems to lack 
AT-rich elements (Rochester et al., 1986). Thus, the preva- 
lence of AT-rich elements in  the sequenced HS genes of 
soybean may reflect the abundance of a specialized class of 
the low molccular weight hsp mRNAs isolated from the or- 
iginal cDNA library prepared from seedling RNA (Schoffl 
& Key, 1982) that are translated into the most abundant hsps 
of soybean. 

Activation of HSF. In Drosophila and humans, both DNA 
binding and transcriptional activation of the HSF are enhanced 
by HS (Goldcnbcrg et al., 1988; Kingston et al., 1987; Mosser 
et al., 1988; Sorger et al., 1987; Zimarino & Wu, 1987). This 
stands in contrast to activation in yeast where binding of HSF 
to the HSE occurs under both HS and non-HS conditions 

(Jakobsen & Pelham, 1988; Sorger et al., 1987) with the 
previously bound IJSF then becoming competent to mediate 
transcriptional activation after HS. Although the exact 
mechanism of activation of the HSF is not known, there is a 
strong correlation between activation of transcription and 
phosphorylation of the HSF in both yeast and human cells 
(Larson et al., 1988; Sorger et al., 1987; Sorger & Pelham, 
1988). 

As yet there is no experimental evidence regarding the role 
of phosphorylation in the direct activation of plant HSF. 
However, Krishnan and Pueppke (1987) proposed that the 
phosphorylation of cellular proteins may provide a mechanism 
for signal transduction for sensing the stress associated with 
elevated temperatares in plants. This hypothesis is based on 
the rapidity ( < l o  min) of protein phosphorylation in soybean 
in response to heat stress. The rapid kinetics of phosphory- 
lation correlates with the appearance of HS mRNA within 
3-5 min of HS (Nagao et al., 1986; Schoffl & Key, 1982). 
Recent experiments with soybean nuclear extracts indicate that 
HSE-binding activity increases from 2- to 3-fold in response 
to HS (Czarnecka et al., 1990), which corresponds well with 
thc 2-7-fold increase reported for HSF from HeLa cells 
(Goldenberg et al., 1988; Kingston et al., 1987). This ob- 
servation indicates that higher plants are more closely related 
to animals than to yeast with regard to the mechanism of 
HS-inducd activation of transcript ion. 

Promoters of Plant Cognate Genes. There are numerous 
examples of genes encoding hsps that are expressed constitu- 
tively and under non-HS conditions in Drosophila. These 
genes form the broad class referred to earlier as HS cognates. 
Most of the cognate genes in animals have one intron and are 
very weakly induced, if at all, by HS. In plants, the distinction 
between cognate and HS genes is not as sharp in that several 
hsp-encoding genes contain an intron, and both are exposed 
under non-HS conditions, often in a tissue-specific manner 
(Duck et al., 1989). For example, the soybean Gmhsp26A 
and the Arabidopsis hsp70-1 genes both contain an intron, 
and both are induced to a moderate extent (5-20-fold) by 
temperature stress (Czarnecka et al., 1984; Edelman et al., 
1988; Wu et al., 1988). The tomato hsp70 gene is expressed 
under non-HS conditions in root tip meristems, stems, leaves, 
the vascular system of the ovary, and the inner integument 
of developing seeds (Duck et al., 1989). The heat inducibility 
of this specific tomato hsp70 gene has not been determined. 
A notable case of heat inducibility in HS genes containing an 
intron is found in two maize hsp70 genes (Rochester et al., 
1986; Shah et al., 1985) where expression is increased 40- 
60-fold. This high level of HS induction of maize hsp70 
warranted its inclusion in the listing of HS promoters shown 
in Figure 1 .  
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The 5' flanking sequences of three other plant cognate genes 
are presented in Figure 3. The HSE-like sequences are 
designated along with the arrays of core repeats. In each of 
these genes a HSE-like sequence is present. In the case of 
soybean Gmhsp26A (Czarnecka et al., 1988), two core repeats 
are present but overlap such that the GAA/TTC regions are 
adjacent instead of separated by the optimal 2 bp. In terms 
of the model of H S  promoter structure proposed above, this 
gene should show very poor H S  inducibility. Yet, transcrip- 
tional activity is enhanced 10-20-fold in response to elevated 
temperatures (Czarnecka et al., 1984; Edelman et al., 1988). 
Even though this gene is activated by HS, a variety of other 
stresses induce activity, including treatment with abscisic acid, 
2,4-dichlorophenoxyacetic acid, poly(ethy1ene glycol), poly- 
amines, sodium arsenite, and heavy metals (Czarnecka et al., 
1988; Edelman et al., 1988). Apparently, the unique con- 
figuration of promoter elements within the 5' flanking region 
of Gmhsp26A creates a thermoinducible promoter. However, 
since the modular structure of this promoter has not been 
determined, it is premature to draw conclusions regarding the 
mechanism of induction or the role of low-homology HSEs. 

In Arabidopsis there are at least 12 hsps related to hsp70 
(Wu et al., 1988). The majority of these are expressed under 
both H S  and non-HS conditions in leaves, and at least three 
of these genes have introns. Expression of one cloned member 
of this family, hsp70-I, is increased 4-5-fold in response to 
HS. As seen in Figure 3, a low-homology HSE is positioned 
in the TATA-proximal domain that has a core array of a single 
perfect repeat flanked by sequences that match only 1 bp out 
of the core consensus. This HSE is predicted to accommodate 
only a single HSF  trimer. The other Asp70 gene, hsp70-2, 
contains an overlapping HSE in the TATA-proximal domain, 
but this gene is apparently not expressed. It has been proposed 
that the HSE cluster is positioned too close to TATA since 
the shortest distance reported between a functional HSE and 
TATA is I 5  bp (Holmgren et al., 1981). Another potential 
problem may be the occurrence of an additional TATA-like 
motif immediately upstream of the overlapping HSE. 

In overview, the HS cognates of plants exhibit a wide range 
of heat inducibility and tissue-specific expression. There do 
not seem to be clearly demarcated categories of heat indu- 
cibility versus constitutive or tissue-specific expression. The 
only common, but not unique, feature among cognates seems 
to be the presence of an intron within the protein coding region. 
The modular composition and organization of the constitutive 
and weakly heat-inducible promoters is largely unknown, but 
it is reasonable to expect the participation of promoter elements 
other than the HSE core repeat. 

Evolution of HS Genes. The presence of introns is often 
considered a primitive trait in genes (Doolittle, 1987). If this 
is true, typical HS genes may have lost their introns in the 
optimization of expression under conditions of temperature 
stress. This type of selective pressure would not have been as 
great for those copies that were used in non-HS situations. 
Under one of several possible scenarios, the original HS genes 
would have contained a typical HS promoter with reliance on 
the HSF for heat activation. Those that were solely expressed 
during HS would lose the intron through evolution but retain 
HSF-mediated promoter activation. Those HS genes that 
became adapted for specialized roles in stress tolerance, or 
development, retained the intron but gradually lost the 
HSF-mediated mode of promoter activation. The low-hom- 
ology HSEs in cognates may simply represent relics that no 
longer serve as the primary determinants of promoter acti- 
vation. The differences between animals and plants in the 

Biochemistry, Vol. 30, No. 1, 1991 7 

patterns of expression of HS genes containing introns could 
reflect a differential in efficiencies of mRNA splicing between 
plants and animals. If plants were able to process mRNAs 
under conditions of elevated temperatures more efficiently than 
animals, the selection pressure toward intron removal would 
have been less intense. Hence, the characterized maize hsp70 
genes may be viewed as primitive since they contain an intron 
yet exhibit strong HS induction. 

Although there is little evidence regarding the effect of 
temperature stress on the processing of plant RNA, splicing 
of primary transcripts in Drosophila and mouse cells is known 
to be inhibited by HS (Kay et al., 1987; Lindquist, 1986; Yost 
& Lindquist, 1986; Yost et al., 1990). A possible origin of 
this proposed difference between plants and animals might lie 
in the fact that, in general, plants have sought the sun and are 
nonmotile; this may have forced plants to better adapt to high 
temperatures, whereas animals are motile and can seek relief 
from temperature extremes in the shade, of course, of plants. 

Self-Regulation of Heat-Shock Gene Expression. As noted 
above, the expression of HS genes is transient, ranging from 
minutes in Escherichia coli to a few hours in higher eukaryotes. 
This transient expression has been referred to as self-regulation, 
feedback inhibition, or autoregulation. While there is no a 
priori reason to expect common mechanisms to relate to the 
self-regulation of HS gene expression in different groups of 
organisms, the high degree of conservation of the basic HS 
response and of some hsps is suggestive that such might be 
the case. 

A number of parameters of HS gene expression in plants 
have been experimentally determined to aid in elucidating the 
underlying mechanism(s) of regulation. In soybean seedlings, 
there is rapid activation of transcription of HS genes, evidenced 
by detection of HS mRNAs on Northern blots within 3-5 min 
after HS (Schoffl & Key, 1982). Nuclear runoff experiments 
(Schoffl et al., 1987; Kimpel et al., 1990) indicate that the 
accumulation of high levels of HS mRNAs is due primarily 
to enhanced transcription of the HS genes. The maximum 
level of HS mRNAs is achieved after 1-2 h of HS followed 
by a gradual decline in HS mRNA levels. Despite this decline, 
most of these HS mRNAs remain detectable on Northern blots 
after 12 h of continuous HS. Transcription of these genes is 
not detectable after 4 h of continuous HS. Thus, the continued 
presence of HS mRNAs a t  HS temperatures reflects the fact 
that HS mRNAs are quite stable a t  high temperatures. 
However, if seedlings are returned to the normal growth 
temperature after a 2- or 3-h HS, the levels of HS mRNAs 
decline rapidly, reaching undetectable levels within about 4 
h (Nagao et al., 1986; Key et al., 1987). A similar differential 
stability of HS mRNA a t  normal versus HS temperatures 
occurs in Drosophila cells [e.g., Petersen and Lindquist 
(1988)l. Even though the relative transcription rates of HS 
genes appear to be the primary factors in determining HS 
mRNA levels in eukaryotes, other factors such as differential 
stability of the mRNAs undoubtedly contribute to the actual 
level of HS mRNAs and hsps. While this observation can be 
generalized for all HS mRNAs, the kinetics of the response 
vary somewhat among the different families of HS mRNAs 
(Kimpel et al., 1990; Petersen & Lindquist, 1988). 

Plant seedlings undergo a new round of HS mRNA syn- 
thesis and accumulation when they are subjected to a second 
(or third) HS (e.g., 40-45 O C  for 1-2 h) following a 3-h 
recovery at the normal growing temperature. Thermotolerance 
is conferred by an initial permissive HS (e.g., 40 OC, 2 h; Lin 
et al., 1984) since an initial HS at 45 O C  for 2 h is lethal. The 
actual level of the HS mRNAs usually does not reach that 
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achieved during the initial HS period, but substantial levels 
do accumulate (70% during a second HS and somewhat lower 
levels during a third round of HS). As in the initial HS, 
transcriptional activation of HS genes occurs during each 
subsequent cycle; however, the measured level of transcription 
is significantly lower than during the initial HS, and it persists 
for a shorter time (Kimpel et ai., 1990). Thus, the parameters 
that influence levels of HS mRNAs must vary with each 
successive cycle of HS. These experiments also demonstrate 
that HS gene transcription is readily reactivated after cessation 
of detectable transcription following an initial HS. A series 
of experiments were done with soybean seedlings by using a 
gradual increase in temperature, 3 OC per hour, rather than 
an abrupt shift to induce the HS state. The level of HS 
mRNAs gradually increased to significant levels up to 40 OC; 
accumulation continued at a slower rate up to 45 OC (Kimpel 
& Key, 1985; Key et al., 1985). The synthesis of hsps con- 
tinued throughout the gradual rise in temperatures. Clearly, 
the HS response is not merely a response to abrupt shifts in 
temperatures. The ability of soybean seedlings (and un- 
doubtedly all organisms that undergo a HS response) to reg- 
ulate the level and magnitude of the response as a function 
of the type and duration of the heat treatment reflects the 
complexity of the regulatory controls operative in the HS 
response. 

Results from experiments in the Lindquist laboratory using 
Drosophila cells (DiDomenico et al., 1982) showed a strong 
correlation between the accumulation of hsp70, the major hsp 
of Drosophila, and the self-regulation of hsp synthesis. The 
inclusion of an amino acid analogue (azetidine or canavanine) 
in the incubation medium resulted in the synthesis of non- 
functional hsps based on the inability of the analogue-con- 
taining hsps to undergo differential selective localization during 
HS. Analogue treatment also impaired the normal self-reg- 
dation of HS mRNA synthesis with HS mRNAs continuing 
to accumulate for several hours. The inclusion of cyclohex- 
imide (CH) in the incubation medium prior to HS to inhibit 
protein synthesis also extended the period of HS mRNA ac- 
cumulation. Similarly, limiting the rate of synthesis of hsps 
by adding actinomycin D to reduce the level of H S  mRNAs 
also resulted in a proportional delay in repression of hsp 
synthesis. I n  contrast, addition of C H  1 h after HS did not 
cause a significant change in the repression of HS mRNA 
synthesis. Taken together, these results indicate that a 
threshold level of hsp(s) was critical for the self-regulation of 
HS mRNA and hsp levels. In  these experiments, the HS was 
accomplished at a temperature that resulted primarily in hsp70 
synthesis after the cells were returned to 25 "C for all ex- 
perimental analyses. The authors proposed that hsp70 was 
directly involved in its own synthesis at both the transcriptional 
and posttranscriptional levels. A similar conclusion was 
reached from studies of hsp70 synthesis in yeast (Craig et al., 
1989), namely that transcriptional expression of the SSAZ gene 
(a hsp70 gene) is responsive to the level of its encoded protein. 

Amino acid analogues induce the synthesis and accumula- 
tion of most HS mRNAs at the normal non-HS temperature 
in soybean seedlings (Lee, Lin, Nagao, and Key, unpublished 
data). However, some HS mRNAs are not induced by ana- 
logue treatment at normal growth temperatures. Only limited 
synthesis of hsps, primarily high molecular weight forms, 
occurs a t  normal growth temperatures in response to the 
analogues, which is similar to the observations in Drosophila. 
Analogue-induced accumulation of HS mRNAs is slower than 
in response to HS, but accumulation continues for at least 12 
h, in  contrast to the transient response to HS. A HS treat- 
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ment in the presence of amino acid analogues induces a normal 
HS response in that a full complement of HS mRNAs and 
hsps is synthesized; however, accumulation continues for a 
longer time period than when HS is accomplished in the ab- 
sence of the analogues. CH at a concentration that inhibits 
protein synthesis by 60-70% also extends the time by a factor 
of at least 2 during which H S  mRNAs accumulate. These 
observations with the plant system generally parallel those of 
the Lindquist laboratory using Drosophila. In soybean 
seedlings, in contrast to Drosophila cells, the most abundant 
hsps range from 15 to 18 kDa; this group includes about 20 
different but highly related hsps; the hsp70 family consists of 
at least 10 different proteins based on hybrid select-translation 
analyses, but these proteins do not accumulate to levels ap- 
proaching that of the 15-18-kDa hsps. There is currently no 
experimental basis to attach special significance to hsp70 in 
the self-regulation of the HS response in plants, although hsp70 
protein(s) is (are) not exlcuded from such a role. Another 
question about the possible role(s) of hsp(s) in the self-regu- 
lation response relates to the stability of hsps. In soybean 
seedlings, for example, a majority of the hsps have a half-life 
of many hours, possibly even days, based on pulse-chase ex- 
periments (and persistence of thermotolerance after HS). If 
the level of a hsp70 or another induced hsp determines self- 
regulation, the half-life of that hsp (or of its activity) neces- 
sarily would be much shorter than the majority in order to 
account for the observations during the repeat cycles of HS 
discussed above. It is also possible that sequestering or 
localization of previously synthesized hsps during the recovery 
from HS (i.e., incubation at  30 "C) at  sites not directly in- 
volved in autoregulation may occur, resulting in a requirement 
for new hsp synthesis for each round of repression. This might 
be especially true if the site of transcriptional autoregulation 
was near the ribosome, perhaps involved in the folding of newly 
synthesized proteins. Alternatively, the sequestration inherent 
in the migration of some hsps to the nucleus during HS and 
their return to the cytosol during recovery from H S  [e.g., 
Velazquez and Lindquist (1 984) and Key et al. (1  982)] may 
facilitate, or at least in part account for, repeated HS-induced 
transcription in the presence of accumulated hsps within the 
cell. 

The strongest argument in favor of hsp involvement in 
self-regulation comes from studies in E .  coli. The synthesis 
of hsps is transient, increasing within 1 min of the temperature 
shift and decreasing after 15-20 min. The activation of HS 
gene transcription results from a rapid increase in  the level 
of C T ~ ~  (the RNA polymerase u factor involved in HS gene 
transcription). The transient nature of the response is the 
result, at least in part, of the accumulation of a particular hsp, 
the dnaK protein, during HS [see Neidhardt et al. (1 984), 
Craig (1985); and Neidhardt (1987)l. The dnaK protein is 
a negative regulator of the HS response. [The dnaJ and grpE 
hsps are involved in the negative regulation of hsp synthesis 
in a way similar to that of dnaK; see Gross et al. (1990) and 
Georgopoulos et al. (1990)]. E .  coli strains carrying a ts 
mutation (dnaK756) in the dnaK protein do not turn off the 
HS response for several hours; consequently, these strains 
overproduce hsps. Revertants of this mutation regain the 
ability to regulate transiently the HS response. Strains of E .  
coli carrying the dnaK gene on an overproducing plasmid 
underproduce hsps during HS. Since the dnaK protein is itself 
a hsp, the HS response in E .  coli is a self-regulated or auto- 
regulated response. It is noteworthy that the dnaK protein 
has 4540% amino acid identity with eukaryote hsp70 proteins. 
As with hsp70-related proteins in eukaryotes, the dnaK protein 
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is required for normal growth in E. coli. The dnaK protein 
may function via its interaction directly or indirectly with ,32. 

A u32 antibody cross-reacts with the dnaK protein, and the 
dnaK protein is found in association with purified preparations 
of RNA polymerase (Ea70 in unstressed cells and Ea32 in HS 
cells; Skelly et 31.. 1988). The dnaK756 mutation that in- 
c r e a m  thc ratc and duration of synthesis of hsps rcsults in 
a simultancous increase in the half-life of d2 by 3-5-fold (Tilly 
et al., 1989). Thc level of u32 is rate-limiting to HS gene 
transcription under normal growth temperatures and increases 
rapidly upon HS. The positive control of HS gene expression 
thus relates to u32 concentration, which is altered rapidly upon 
HS by both an increase in its rate of synthesis and a transient 
decrcasc in its ratc of degradation (Grossman ct al., 1987; 
Erickson et al., 1987). The cellular concentrations of u32 and 
dnaK and their interaction thus provide for a multilevel control 
of thc HS rcsponsc in E. coli (Tilly et al., 1989). 

Unlike the 032 "transcription factor" in  bacteria. the HSF 
is prcscnt constitutively at sufficient levels to elicit a full HS 
response in cukaryotcs and requires only "activation" at the 
onset of HS. Thus, the induction of HS gene transcription 
at elevated temperatures between prokaryotes and eukaryotes 
is mechanistically quite different. Accordingly, there seems 
to be no particular reason to believe that the transient ex- 
pression. or self-regulated expression, of H S  genes will be 
controlled by the same mechanism in different groups of or- 
ganisms. Thc conscrvcd amino acid homology betwccn cu- 
karyote hsp70 proteins and the E. coli dnaK protein, in com- 
bination with the observations on their possible roles in self- 
regulation of the HS response. provides a basis for assuming 
that some commonality of mechanism may exist, howcvcr. 

Since even the specific role of the dnaK (or dnaJ/grpE) 
protein in autoregulating the HS response in E. coli is not 
known, several possibilitics for self-regulation of the HS re- 
sponse in eukaryotes should be considered. For example, the 
HSF may revert transiently to an inactive state; this could be 
accomplishcd by a rcvcrsal of the activation mcchanism, 
namcly changes in conformation and/or level of phosphory- 
lation. Thc rcvcrsion of HSF to its pre-HS inactive state is 
an cspccially attractive idea in experimental situations where 
a brief severe HS is given (DiDomenico et al., 1982; Nagao 
et al., 1986; Key et al., 1987). followed by analyses of HS 
mRNA and hsp synthesis at  normal growth temperatures. 
Such a model for self-regulation may not be as attractive when 
HS gcnc transcription shuts off during continuous HS; under 
thcsc conditions somc hsp such as hsp70, which is known to 
interact with a numbcr of ccllular proteins, could interact 
directly or indirectly with HSF to cause loss of HSE binding 
activity. HSF binding to the HSE is known to decrease with 
extcndcd HS in animal cells (Mosser et al., 1988). Alterna- 
tively, hsp(s) might interact with other components of the 
transcription complex to inhibit further HS gene transcription. 
However, the possible involvement of hsp(s) in the deactivation 
of HSF is purcly spcculativc. This hypothetical protein in- 
volved in downregulation would ncccssarily havc a short 
half-life of activity or localization at the active site, particularly 
in systems such as plants where a HS response is achieved 
during succcssivc cyclcs of HS and recovery as noted above. 

Any numbcr of variants on these themes could result in the 
transicnt cxprcssion of HS genes bascd on the number of 
different cis elements and trans-acting factors involved in the 
expression of HS genes (discussed above in detail). I t  is 
possible also that negative regulatory factors such as thosc 
described by Park and Craig (1989), which bind in an adja- 
cent/overlapping position to a functional HSE in thc SSAl 

1. Incmssd rMnlfy of HSF for M E  
2. HSFacflw IS  mnscrlpnm factor 

*ROIMSOO~RNA~O~I I  ' I  I 
TATA 

HS promoter 

' I  -I Synthesis of ns proteins 

FIGURE 4: Vodel for regulation of HS gene expression. This model 
represents an integration of current views regarding the mechanism 
of transcriptional regulation of thermally inducible genes in higher 
eukaryotes. Implicit is the assumption that the thermal sensor of HS 
is niulticomponcnt wi th  elevated temperatures affecting processes 
involved at several regulatory points including activation of HSF, 
selective translation of HS mRNAs, and stability of HS mRNA. 
Downregulation by hsps has been postulated to counteract the stim- 
ulatory effects of HS a t  both the transcriptional (DiDomenico et al., 
1982; Craig et al., 1989) and posttranscriptional levels (Yost et al., 
1990). Black arrows connect key steps in hsp induction. 

hsp70 gene of ycast, might accumulatc and play a role in 
transient expression. Some protein corresponding to the hy- 
pothetical factor "x", which is postulated to play a role in the 
arrcst of transcription on a Drosophila hsp70 gene prior to 
HS (Rougvie & Lis, 1988), might also undergo cyclic mod- 
ification or change in conccntration and contribute to self- 
regulation of thc HS response. 

Concluding Remarks. A hypothetical model outlining the 
major rcgulatory control points in higher eukaryotes is sum- 
marized in Figure 4. Thc effects of HS are sensed in acti- 
vation of thc HSF for control of transcriptional expression and 
in posttranscriptional processes. In human cells, activation 
is believed to be a two-step process involving an increase in 
HSF binding to the HSE and an additional modification of 
thc HSF to render it transcriptionally active. Support for this 
two-step activation procss is derived from the demonstration 
that HS-induced HSE-binding activity of HSF is separated 
from transcriptional activation in murine erythroleukemia cells 
(Hcnsold ct al., 1990). I t  has been proposed (Larson et al., 
1988; Hensold et al., 1990; Mosser et al., 1990; Zimarino et 
al., 1990b) that activation of HSE binding is due to a heat- 
induced changc in the conformation of the HSF that is sup- 
ported by the activation of HSE binding in vitro by heat 
(Larson et al., 1988). low pH, nonionic detergent (Mosser et 
al., 1990), and thc lack of a requirement for new protein 
synthesis for HSF activation at high temperatures in Droso- 
phila (Zimarino & Wu, 1987). The requirement for protein 
synthesis for activation of HSE-binding activity at intermediate 
temperatures in Drosophila complicates this simple model, 
suggesting that either a step in the activation pathway is labile 
at intermediate induction temperatures or newly synthesized 
HSF has a lower temperature threshold for activation than 
prccxisting pools of HSF (Zimarino et al., 1990a). The in- 
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duction of the HSF to become transcriptionally active is closely 
correlated with HSF phosphorylation, which results in a re- 
duction in electrophoretic mobility of HSF-DNA complexes 
in yeast and human cells (Sorger & Pelham, 1988; Larson et 
al., 1988). In murine erythroleukemia cells, HSE-binding 
activity is induced by HS, but the HSF is not transcriptionally 
active (Hensold et al., 1990). The underphosphorylation of 
the HSF in these cells appears to only partially account for 
differences in electrophoretic mobility between it and active 
HSF (Hensold et al., 1990), which raises the possibility that 
phosphorylation may not be the only posttranslational mod- 
ification to be considered in transcriptional activation. Very 
little is known regarding the details of HSF-mediated acti- 
vation of transcription. RNA polymerase I1 has been shown 
to be arrested in elongation after transcription of 25 bases of 
RNA on a Drosophila hsp70 gene (Rougvie & Lis, 1988). 
Since the HSE core repeat is staggered every 5 bp, the acti- 
vated HSF trimer must simultaneously interact with opposite 
helical faces of the DNA. It is plausible that the binding of 
the HSF trimers to sites 1 and 2 may alter the conformation 
of the preformed transcription complex comprised of TFIID 
and associated factors, facilitating the release of RNA po- 
lymerase for elongation. 

In summary, accumulated evidence indicates that the mo- 
lecular aspects of HS regulation in plants is very similar to 
that described for Drosophila and human cells. This con- 
servation in mechanisms of regulation is evident in the or- 
ganization of the HS promoter, the activation of HS mRNA 
accumulation, and differential stability of HS mRNAs. 
Distinguishing features of the plant HS response include the 
complexity and abundance of the low molecular weight hsps 
and a less stringent prohibition of introns in HS genes. With 
the use of transgenic expression in regenerated plants and the 
recent development of in vitro transcription systems from wheat 
germ, the path has been cleared for plant molecular biology 
to make a contribution to our understanding of the H S  re- 
sponse in higher eukaryotes. It is clear that the nature of the 
regulation of HS gene expression is highly complex; it is 
equally clear that much remains to be learned in order to 
understand this complexity a t  a biochemical level. 
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Four-Dimensional 13C/13C-Edited Nuclear Overhauser Enhancement Spectroscopy 
of a Protein in Solution: Application to Interleukin lpf 
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ABSTRACT: A four-dimensional 13C/13C-edited NOESY experiment is described which dramatically improves 
the resolution of protein N M R  spectra and enables the straightforward assignment of nuclear Overhauser 
effects involving aliphatic and/or aromatic protons in larger proteins. The experiment is demonstrated for 
uniformly (>95%) I3C-labeled interleukin 10, a protein of 153 residues and 17.4 kDa, which plays a key 
role in the immune response. NOES between aliphatic and/or aromatic protons are first spread out into 
a third dimension by the 13C chemical shift of the carbon atom attached to the originating proton and 
subsequently into a fourth dimension by the 13C chemical shift of the carbon atom attached to the destination 
proton. Thus, each N O E  cross peak is labeled by four chemical shifts. By this means, ambiguities in the 
assignment of NOES that arise from chemical shift overlap and degeneracy are completely removed. Further, 
NOES between protons with the same chemical shifts can readily be detected providing their attached carbon 
atoms have different 13C chemical shifts. The design of the pulse sequence requires special care to minimize 
the level of artifacts arising from undesired coherence transfer pathways, and in particular those associated 
with “diagonal” peaks which correspond to magnetization that has not been transferred from one proton 
to another. The  4D I3C/l3C-edited NOESY experiment is characterized by high sensitivity as the 
through-bond transfer steps involve the large lJCH (130 Hz) couplings, and it is possible to obtain high-quality 
spectra on 1-2 m M  samples of I3C-labeled protein in as little as 3 days. This experiment should open up 
the application of protein structure determination by N M R  to a large number of medium-sized proteins 
( 150-300 residues) of biological interest. 

T h e  key to protein structure determination by NMR’ spec- 
troscopy lies in the identification of as many nuclear Over- 
hauser effects (NOES) as possible, which yield geometric in- 
formation in the form of approximate interproton distance 
restraints (Wuthrich, 1986; Clore & Gronenborn, 1989). Over 
the last few years it has been convincingly demonstrated that 
solution structures comparable to 2-2.5 8, resolution X-ray 
structures can be obtained by NMR for proteins up to about 

100 residues (Kline et al., 1988; Kraulis et al., 1989; Clore 
et al., 1990a; Qian et al., 1990; Omichinski et al., 1990; Dyson 
et al., 1990). This accuracy and precision depend critically 
on the number of NOES that can be assigned (Clore & 
Gronenborn, 1991). As proteins get larger than about 120 
residues (- 13 kDa), resonance overlap and degeneracy are 
so extensive that it frequently becomes impossible to assign 
a large portion of the NOES with any degree of confidence 
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I Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear 
Overhauser effect; NOESY, nuclear Overhauser enhancement spec- 
troscopy; HMQC, heteronuclear multiple quantum coherence; IL-I@, 
interleukin 1 p. 
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