
or possibly two recent occasions in addi- Molecular Biology of the Staphylococci, R. 

tion to the original one proposed. This P. Novick, Ed. (VCH, New York, 1990), pp. 
A1 -6FI . , --, 

might mean that one or two of the mecA 13. B. N. Kreiswirth eta/.. un~ublished data 
polymorphisms shown in Fig. 1A could 
have arisen in the putative donor species 
before horizontal transfer to S. aureus. 
Any such de novo progenitor could then 
have given rise independently to one of 
the mecA-based groups shown in Fig. 4. 
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Regulation of Heat Shock Factor Trimer Formation: 
Role of a Conserved Leucine Zipper 

Sridhar K. Rabindran, Raymond I. Haroun,* Joachim Clos,? 
Jan Wisniewski, Carl Wu$ 

The human and Drosophila heat shock transcription factors (HSFs) are multi-zipper pro- 
teins with high-affinity binding to DNAthat is regulated by heat shock-induced trimerization. 
Formation of HSF trimers is dependent on hydrophobic heptad repeats located in the 
amino-terminal region of the protein. Two subregions at the carboxyl-terminal end of human 
HSFl were identified that maintain the monomeric form of the protein under normal 
conditions. One of these contains a leucine zipper motif that is conserved between ver- 
tebrate and insect HSFs. These results suggest that the carboxyl-terminal zipper may 
suppress formation of trimers by the amino-terminal HSF zipper elements by means of 
intramolecular coiled-coil interactions that are sensitive to heat shock. 

Organisms respond to mild heat stress and erones, which are thought to maintain the 
to a variety of chemical inducers by rapidly native state and folding of cellular proteins 
increasing the transcription and translation under conditions of physiological stress (2). 
of heat shock protein genes (I). The syn- In eukaryotes, a preexisting transcriptional 
thesis of heat shock proteins leads to an activator, HSF (3), mediates activation of 
increased concentration of molecular chap- heat shock genes by binding to conserved, 

upstream response elements [heat shock 
Laboratory of Biochemistry, National Cancer Institute, elements (HSEs)] (4). HSF binds to the 
National Institutes of Health, Bethesda, MD 20892. HSE with high affinity as a trimer of iden- 
*Present address: College of Physicians and Sur- tical subunits (5. 6). . ,  , 
geons, Columbia university, New ~ o r k ,  NY 10032. 
?Present address: Bernhard Nocht Institute for Tropi- 

The synthesis of HSF protein is not 
cal Medicine, D-2000 Hamburg, Germany. regulated by heat shock, but the high- 
$To whom correspondence should be addressed. affinity binding of HSF to DNA is depen- 

dent on heat shock. The heat shock-induc- 
ible binding of HSF to the HSE in Drosoph- 
ikz, vertebrates, and plants but not in yeasts 
Saccharomyces cerevisiae and Kluyveromyces 
kzctis (3, 7-9) requires a transition of the 
HSF protein (1 0). Gel-filtration chroma- 
tography, sedimentation analysis, and 
chemical cross-linking of the two forms of 
Drosophikz HSF indicate that this transition 
is a conversion from monomer to trimer 
(11); studies of the human HSFl protein 
have found a similar change (12). In S. 
cerevisiae, the absence of control over HSF 
binding to DNA is reflected by the consti- 
tutive formation of HSF trimers, which can 
occupy chromosomal HSEs in vivo under 
normal as well as under heat shock condi- 
tions (13). Control of S. cerevisiae HSF 
activity is exercised at the level of transcrip- 
tional activation, which is correlated with 
increased phosphorylation at a number of 
serine and threonine residues (14). In- 
creased phosphorylation after heat stress 
has also been observed for human HSF (1 2, 
15), but the mechanism by which phos- 
phorylation may activate HSF is unknown 
(9, 14). 

Our efforts to understand the stress sig- 
nal transduction pathway have focused on 
the mechanism by which heat shock leads 
to the aggregation and high-affinity binding 
of HSF protein. The Drosophikz and human 
HSF proteins synthesized in Escherichia coli 
form trimers, hexamers, and higher oligo- 
mers at nonshock temperatures, suggesting 
that the HSF polypeptide has an intrinsic 
ability to form aggregates (12, 16). The 
formation of trimers of HSF is dependent 
on several arrays of evolutionarily con- 
served, hydrophobic heptad repeats (zipper 
motifs) located next to the DNA-binding 
domain at the NH2-terminal end of the 
protein (5, 16). Thus, the stability of the 
HSF monomer under normal conditions 
could be dependent on a mechanism that 
suppresses the aggregation of the NH2- 
terminal zipper elements. 

A comparison of the predicted se- 
quences of HSF proteins cloned from S. 
cerevisiae, Drosophikz, and a human source 
provides insight into the mechanism for 
trimer suppression. Whereas HSF proteins 
of all three species contain conserved se- 
quences in the NH2-terminal DNA-bind- 
ing domain and the adjacent zipper motifs, 
only Drosophikz and human HSF proteins 
have an additional hydrophobic heptad re- 
peat in the COOH-terminal region (16, 
17-1 9). Because this fourth zipper is absent 
from the constttutively trimeric yeast HSF, 
we suggested that it could be involved in 
the suppression of the aggregation of the 
metazoan HSFs under normal conditions 
(17). 

To test this hypothesis, we changed two 
hydrophobic residues in the fourth zipper 
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motif of human HSF1, the major HSF 
species in human tissue culture cells (19), 
to a charged amino acid (MeGgl to lysine) 
and a helixdestabilizing residue (Leu395 to DNA binding Hydrophobic repeats HSFlMSF2 
proline) to form the mutant HSFl: 1 I 1 homology 
M391K,W95P (Fig. 1). Wild-type and mu- 1 213 4 529 

tant HSFl (HSFl:M391K, L395P) genes hHsF m 15////A v/A F4 1 
were fused to the cytomegalovirus (CMV) 
promoter (20). and the constructs were 
transiently expressed in human embryonic K P 

+ ! A  E _ : S ~ H ~ ~ A Q ~ S N ~ D N L O T M ~ S S ~ ; F S ~ ~ T S A L L D ~ F ,  - - 
Fig. 1. Activity of wild-type and mutant human 

- --- c- -- -. _ e C  

HSFl proteins transiently expressed in 293 ,,, -_ _ - c C  5m 

cells. Map of wild-type and mutant human ~ 9 5 ~  - V/"lA V / A  R 

HSFl (hHSF) ORFs is at left. Numbers on the 
right indicate the end point of the truncated 
fragments; amino acids in the fourth hydro- 
phobic repeat and appended by cloning at 1 - 4 8 8 -  - 1 

488 
P 

the COOH-terminal and are represented by 
the single-letter code (30). The DNA binding 
region and hydrophobic repeats delineated v,,/,/l 

452 
vml lLTN 

by conserved sequence blocks are indicated 
by the filled and diagonally striped sections, 
respectively. The shaded section represents 428 

PO 
the 12-residue element conserved among 
vertebrate HSFs. The open and filled triangles 
denote hydrophobic residues at positions (a) r , l f x p a  388 AN 
and (d) of the heptad repeat. The gel mobili- 
tv-shift anabsis on extracts from unshocked 
@PC) and heat-shocked (44OC) transfected 380 

cells shown at riaht was carried out as de- 
scribed (17) with a 32P-labeled consensus 
HSE containing three [nGAAn] modules. Only 
the complex of HSF bound to the HSE is 
shown. 

Flg. 2. Specificity of HSFl antibodies and siz- A 
ing of mutant hHSFl proteins. (A) HSF1 and 6 ;  5 ;  
HSF2 cDNAs were cloned into pBluescript , , , , 
(Stratagene), transcribed in vitro with the mCAP 
RNA capping kit (Stratagene), translated in a 
rabbit reticulocyte lysate (Promega) according I. r94 
to the manufacturer's instructions with P5S]me- -67 

thionine, and transferred to nitrocellulose. Film 
was exposed to lanes 1 and 2 after the protein - 43 

immunoblot was probed with antibodies to 1 2  3 4  
HSFl (anti-hHSF1) (lanes 3 and 4). Molecular 

pm size markers are indicated at right (in kilodal- Immune hHSF1 
tons). We prepared polyclonal antibodies by N 

injecting rabbiis intradermally with 0.5 mg of + 
HSF1 protein (purified from E. coli to 90% c [I) [I) 2 iL [I) C i L  O [ I )  

homogeneity), followed by another injection I I I T I  

(0.5 mg) after 2 weeks. (B) HSFl and HSF2 
translated separately or together were reacted 
with preimmune or anti-HSF1 sera [1:50 in S- 

phosphate-buffered saline (PBS)] for 10 min 
I 

before mobility-shift analysis. The positions of HSFI - I) 
free DNA (F), the two HSF-HSE complexes, and HSF2 - 
the supershifted complex (S) are indicated. (C) 

1(1 
Gel-filtration chromatography of extracts from 
nonshocked and heat-shocked 293 cells. 
Whole cell extracts (of 25 PI; 30 to 40 pg) were 
fractionated on a Superose 6 PG 3.2130 column 
(Pharmacia) equilibrated in 20 mM tris (pH 7.9), 

F-- 

1.5 mM MgCI,, 0.2 M KCI, 5% glycerol, and 1 mM dithiothreitol. Fractions 
(50 pI) were collected and precipitated with 10% trichloroacetic acid in 
the presence of 0.5 pg of bovine serum albumin. Pellets were washed in 
acetone and analyzed by SDS-gel electrophoresis and protein immuno- 
blotting. Membranes were incubated with a 1 :2000 dilution of anti-HSF1 
antiserum diluted in PBS containing 0.05% Tween 20, washed, incubated 

Vector 

Temp ("C) 

2 a 

I 

"I) 

@@ 

- -  w 

01) 

0. 
ma 
II8 

- d 

with protein A-alkaline phosphatase conjugate (1:5000, Zymed, South 
San Francisco, California), and visualized with alkaline phosphatase 
substrate kt II (Vector Laboratories, Burlingame, California) according to 
the manufacturer's instructions. Arrows indicate mobility of molecular 
mass markers (thyroglobulin, 670 kD, and rglobulin, 160 kD) in parallel 
chromatograms. 
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kidney 293 cells by DNA transfection (2 1 ) . 
Human 293 cells have a low endogenous 
amount of HSF-binding activity, which is 
shown by the gel mobility-shift assay of 
extracts prepared from cells transfected 
with the expression vector alone (Fig. 1; 
vector). Extracts prepared from cells ex- 
pressing the wild-type human HSFl protein 
showed a range of basal HSF-binding activ- 
ity under normal conditions; two separate 
experiments that display the lower and 
upper limits of basal activity are shown 
(Fig. 1). Despite the variation in basal 
activity, all experiments performed with 
the full-length HSFl gene showed a signif- 
icant increase of binding activity (about 
tenfold) after heat shock. These observa- 
tions indicated that the wild-type human 
HSFl protein was regulated in 293 cells in 
a manner similar to the endogenous HSF 
proteins (22). When the binding activity of 
HSFl:M391K, W95P was analyzed, the 
amount of the binding activity in un- 
shocked cells was substantially increased 
(about sevenfold) over the activity of the 
wild-type HSFl protein (Fig. 1). In ad- 
dition, a small increase of HSF1: 
M391K,L395P binding activity (about 
1 -5:fold) was reproducibly observed after 
heat shock. In these and all subsequent 
transfection experiments, protein immu- 
noblot analyses indicated that equivalent 
amounts of HSFl proteins were expressed 
in cells with and without the heat shock 
treatment (1 2). Thus, the two amino acid 
changes introduced in the fourth zipper 

Fig. 3. Activity of wild-type and mutant Drosophila HSF proteins in transiently transfected SL2 cells. (A) 

motif caused significant, although incom- 
plete, derepression of HSFl -binding activ- 
ity in unshocked cells. 

To determine whether other regions of 
HSF were involved in suppressing the 
DNA-binding activity under normal con- 
ditions, we constructed a set of nested 3' 
deletions of the human HSFl open read- 
ing frame (ORF) (Fig. 1) and compared 
the activity of the mutant proteins with 
the activity of full-length HSFl (20). Like 
the full-length human HSF1, HSF1: 1-488 
showed little DNA-binding activity in 
unshocked cells and increased DNA-bind- 
ing activity after heat shock. In contrast, 
all other deletion mutants tested: 11-452, 
1-428, 1-388, and 1-380 (Fig. 1) and 
1-353, 1-339, and 1-283 (12)] showed 
high amounts of binding to DNA when 
expressed under normal conditions, and 
the binding activity did not increase fur- 
ther after heat shock. The constitutively 
high amount of DNA-binding activity ob- 
served with HSF1:1-452 and HSF1:l- 
428, both of which retain the fourth zipper 
motif, indicates that a separate region in 
the COOH-terminus must participate in 
stabilizing the HSF monomer (23). 

The observed increases in DNA-binding 
activity of the double point mutant 
(HSFl:M391K,W95P) and the deletion 
mutants (HSFl: 1452, 1428, 1-388, and 
1-380) under nonshock conditions suggest- 
ed that these mutant proteins should be 
constitutively aggregated as a trimer. To 
test this prediction, we fractionated trans- 

Map of wild-type and deletion mutants of Drosophila HSF (dHSF) is shown at left. Shading is as in Fig. 
22 * '- "t W??" '.. ' 

1, The stippled section represents the stretch of acidic residues at the NH,-terminal end. Gel 
mobility-shift analysis of whole-cell extracts (-4 pg of protein) from control (22°C) and heat-shocked ' 
(37°C) cells at right was performed as described in Fig. 1. Only the complex of HSF bound to the HSE 37 

z!? 
is shown. (6) Gel-filtration chromatography of the same extracts (-50 pg of protein) was performed 

fected cell extracts by gel-filtration chroma- 
tography and analyzed the column fractions 
by protein immunoblot analysis. Because 
human cells have two species of HSF 
(HSF1 and HSF2) that share sequence sim- 
ilarity in the DNA-binding domain and 
leucine zipper motifs, we first determined 
the specificity of the antibodies to HSF1. 
Antibody staining of HSFl but not HSFZ 
protein was shown by protein immunoblots 
(Fig. 2A). Antibodies to HSFl also reacted 
specifically by supershifting the protein- 
DNA complex containing HSFl but not 
the complex containing HSFZ in a gel 
mobility-shift assay (Fig. 2B). An identical 
result was obtained when both HSFl and 
HSFZ were cotranslated and treated with 
antibody in the same reaction, indicating 
that HSFl and HSFZ proteins do not form 
mixed oligomers. 

The wild-type HSFl monomer extracted 
from unshocked 293 cells chromatographed 
with a relative molecular mass of -200 kD, 
whereas the HSFl trimer extracted from 
heat-shocked cells chromatographed as a 
broad peak at -1000 kD (Fig. 2C) (24). 
In contrast, the majority of HSF1: 
M391K,L395P protein isolated from un- 
shocked 293 cells chromatographed at 
-1000 kD; no significant increase in size 
was observed when the transfected cells 
were subjected to heat stress. These obser- 
vations suggest that the COOH-terminal 
zipper motif is involved in maintaining the 
monomeric state of the HSF1. Gel-filtra- 
tion chromatography and protein immuno- 

106-691 
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blot analysis of the inducible mutant 
HSFl : l488 demonstrated a heat shock- 
dependent transition in the size of the 
native protein that was similar to the tran- 
sition of the full-length HSF1, whereas the 
constitutive mutants HSF1: 1428 ,  1-388, 
and 1-380 formed large species under nor- 
mal conditions, presumably trimers, and 
did not exhibit a significant increase in size 
after heat shock (Fig. 2C). The protein 
immunoblot analysis also confirmed that 
the amount of mutant HSFl proteins ex- 
pressed in unshocked and heat-shocked 293 
cells was approximately equivalent. 

The fourth leucine zipper is conserved in 
the sequence of Drosophila HSF protein. We 
deleted a region of the Drosophila HSF O W  
corresponding to the COOH-terminal 106- 
amino acid residues of the protein, including 
the fourth zipper (Fig. 3A), and expressed 
the mutant protein (Drosophila HSF: 1-585) 
in Drosophila Schneider 2 (SL2) cells under 
the control of the metallothionein promoter 
(25). Gel mobility-shift analysis of Drosoph- 
ila HSF:l-585 revealed a high amount of 
constitutive DNA-binding activity in the 
extracts of unshocked cells and no increase 
in binding activity after heat shock of the 
transfected cells (Fig. 3A) (26). Similar 
results were observed with COOH-terminal 
deletions of the Drosophila HSF ORF that 
extended to amino acid residues 473 and 
361, respectively (1 2). In contrast, the full- 
length Drosophila HSF protein displayed in- 
ducible binding activity after heat shock, 
similar to the endogenous Drosophila HSF 
present in cells transfected with the expres- 
sion vector alone. 

The DNA-binding region of Drosophila 
HSF is separated from the NH2-terminal end 
of the protein by a stretch of glutamic acid 
residues. We tested the ability of these NH2- 
terminal sequences to affect the regulation of 
HSF activity by deleting sequences corre- 
sponding to the NH2-terminal 33-amino 
acid residues of Drosophila HSF and analyz- 
ing the activity of the mutant protein in 
transfected cell extracts. As shown by the 
gel mobility-shift assay in Fig. 3A, Drosoph- 
ila HSF:33-691 retained heat shock regula- 
tion of the DNA-binding activity, indicat- 
ing that the stretch of acidic residues is not 
involved with this aspect of HSF function. 
Further deletion into the DNA-binding re- 
gion (Drosophila HSF: 106-391) completely 
abolished the ability of the mutant protein 
to bind to the HSE. 

We determined the extent of aggregation 
of the truncated Drosophila HSF proteins by 
gel-filtration chromatography and protein 
immunoblotting of the column fractions. 
The Drosophila HSF mutant lacking zipper 4, 
Drosophila HSF: 1-585, aggregated as a high 
molecular mass species when expressed un- 
der normal and heat shock conditions (Fig. 
3B). In contrast, the endogenous Drosophila 

Normal 

Heat shock 

Fig. 4. Model for the repression of HSFl trimer 
formation. The HSF molecule is shown as a line 
with the shaded oval representing the NH,- 
terminal DNA binding domain. The hydropho- 
bic heptad repeats are indicated by the L's (not 
necessarily leucines), and the regulatory region 
COOH-terminal to the fourth zipper motif is 
indicated by the square. The HSF monomer is 
proposed to be stabilized by direct interactions 
between the NH,- and COOH-terminal zippers. 
The orientation of the COOH-terminal regulato- 
ry regions with respect to the NH,-terminal end 
of the HSF monomer is arbitrary, as is the lack 
of interaction between COOH-terminal zippers 
in the HSF trimer. 

HSF, the full-length Drosophila HSF, and 
Drosophila HSF:33-691 showed a heat 
shock-dependent transition from a species of 
relative molecular mass -250 kD to a broad 
peak at -1000 kD (24). Drosophila 
HSF: 106-691, which lacks a large section of 
the DNA-binding region, retained a heat 
shock-inducible oligomeric transition that 
was roughly similar to the transition ob- 
served for the endogenous protein in the 
same cell extract. This result suggests that a 
major part of the DNA-binding domain is 
not involved, at least for Drosophila HSF, in 
the interactions that stabilize the HSF 
monomer. 

Our results show that two regions of 
human HSFl are necessary for the mainte- 
nance of the monomeric state under phys- 
iologically normal conditions. The first 
region is a leucine zipper motif that is 
conserved between the Drosophila and ver- 
tebrate factors; the second region, defined 
by the end points of the two deletion 
mutants HSFl:l-488 and 1-452, contains 
a 12-residue element (amino acids 463 to 
474) conserved among the vertebrate HSFl 
and HSF2 proteins (67% identity) (27). 
Both regions appear to be required for 
proper control because mutations in either 
lead to aggregation and high-affinity bind- 
ing to DNA in the absence of a heat stress. 

How these two regions act to repress 
trimer formation and the high-affinity DNA 
binding of HSF is unknown. We suggest 
that the COOH-terminal leucine zipper 
could associate with the zippers located at 

the NH2-terminal region of the protein by 
intramolecular coiled-coil interactions (Fig. 
4). Such an interaction would mask the 
NH2-terminal zippers and suppress their 
abilitv to form trimers. The second control 
region downstream of the leucine zipper 
may function through a direct interaction 
with another part of the human HSFl 
protein to stabilize the coiled-coil interac- 
tions or may be required for the proper 
folding of the COOH-terminal regulatory 
domain. The possibility that one or both 
regulatory regions of the protein are stably 
com~lexed with another molecule that 
masks the NH2-terminal zippers cannot be 
excluded (28). 

We suggest that the COOH-terminal 
interactions that constrain the structure of 
the HSF monomer are disrupted by heat 
shock, thereby freeing the NH2-terminal 
zippers for inteyolecular interactions in the 
HSF trimer. Such a disruption could be 
caused directly by a rise in temperature (29) 
or by secondary events caused by heat stress. 
These events may include posttranslational 
modifications of HSF protein, physicochem- 
ical changes in the cellular environment, or 
a decrease in the free pool of molecular 
chaperones. Disruption of the COOH-ter- 
minal zi~uer interactions could also occur 
through -the binding of chemical inducers 
known to activate the heat shock response. 
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Rate and Mechanism of Nonhomologous 
Recombination During a Single Cycle of 

Retroviral Replication 

Jiayou Zhang and Howard M. Temin* 
Oncogenes discovered in retroviruses such as Rous sarcoma virus were generated by 
transduction of cellular proto-oncogenes into the viral genome. Several different kinds of 
junctions between the viral and proto-oncogene sequences have been found in different 
viruses. Asystem of retrovirusvectors and a protocol that mimicked this transduction during 
a single cycle of retrovirus replication was developed. The transduction involved the 
formation of a chimeric viral-cellular RNA, strand switching of the reverse transcription 
growing point from an infectious retrovirus to the chimeric RNA, and often a subsequent 
deletion during the rest of viral DNA synthesis. A short region of sequence identity was 
frequently used for the strand switching. The rate of this process was about 0.1 to 1 percent 
of the rate of homologous retroviral recombination. 

Highly oncogenic retioviruses have incor- 
porated cellular proto-oncogene sequences 
between their long terminal repeats (LTRs). 
Most hypotheses for the origin of highly 
oncogenic retroviruses from cellular proto- 
oncogenes and replication-competent retro- 
viruses propose an initial formation of a 
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chimenc retrovirus-proto-oncogene RNA 
(1, 2). This chimeric RNA results either 
from transcription of DNA after a deletion 
that fuses 5' viral sequences to cellular se- 
quences or from readthrough transcription, 
which is often followed by abnormal splic- 
ing. An additional recombination step is 
then needed to add 3' viral sequences and to 
form a highly oncogenic retrovirus. The 3' 
viral-proto-oncogene junctions, when com- 
pared to the parental viral and proto-onco- 
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