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Recent studies have demonstrated roles for Spt4, Spt5, and Spt6 in the regulation of transcriptional elongation
in both yeast and humans. Here, we show that Drosophila Spt5 and Spt6 colocalize at a large number of
transcriptionally active chromosomal sites on polytene chromosomes and are rapidly recruited to endogenous
and transgenic heat shock loci upon heat shock. Costaining with antibodies to Spt6 and to either the largest
subunit of RNA polymerase II or cyclin T, a subunit of the elongation factor P-TEFb, reveals that all three
factors have a similar distribution at sites of active transcription. Crosslinking and immunoprecipitation
experiments show that Spt5 is present at uninduced heat shock gene promoters, and that upon heat shock,
Spt5 and Spt6 associate with the 5� and 3� ends of heat shock genes. Spt6 is recruited within 2 minutes of a
heat shock, similar to heat shock factor (HSF); moreover, this recruitment is dependent on HSF. These
findings provide support for the roles of Spt5 in promoter-associated pausing and of Spt5 and Spt6 in
transcriptional elongation in vivo.
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The Drosophila melanogaster heat shock gene hsp70 has
a promoter architecture that is primed for activation un-
der non–heat shock conditions. The promoter sequences
of the uninduced gene are in a nucleosome-free open
configuration and are occupied by at least three tran-
scription factors: GAGA factor (GAF), TATA-binding
protein (TBP), and RNA polymerase II (Pol II; for review,
see Lis 1998). GAF elements have been shown to be im-
portant for establishing and maintaining the potentiated
chromatin architecture of hsp70 (Lee et al. 1992). It has
been proposed that GAF occludes nucleosomes from oc-
cupying the hsp70 promoter (Tsukiyama et al. 1994),
thereby enabling access to TBP, Pol II, and on heat shock,
heat shock factor (HSF) (Shopland et al. 1995). The Pol II
molecule at the uninduced hsp70 promoter has been
shown to be in a transcriptionally engaged but paused
state, having produced short RNA transcripts of ∼21–35
nucleotides (Rougvie and Lis 1988; Rasmussen and Lis
1993). Escape of the paused polymerase is thought to
represent the rate-limiting step in transcriptional elon-
gation and is a feature of other Drosophila, human, and
viral genes (Laspia et al. 1989; Rougvie and Lis 1990;

Krumm et al. 1992; Strobl and Eick 1992; Yankulov et al.
1994).

One hallmark of the paused polymerase molecule is
that its C-terminal domain (CTD), which is a substrate
for posttranslational modification by protein kinases, is
hypophosphorylated (Weeks et al. 1993; O’Brien et al.
1994). Previous studies have demonstrated that the hy-
pophosphorylated form of RNA Pol II (Pol IIa) enters the
preinitiation complex, whereas the hyperphosphorylated
form (Pol IIo) is actively engaged in transcription elon-
gation (Lu et al. 1991; Dahmus 1994). The CTD of Pol II
has a heptapeptide repeat that is conserved from yeast to
humans and contains the amino acid sequence
YSPTSPS. The second and fifth serines of each repeated
unit are major sites of modification by at least two can-
didate kinases: Cdk7 (Ser 2), a subunit of the general
transcription factor TFIIH (Roy et al. 1994), and Cdk9
(Ser 2 or Ser 5), a subunit of positive transcription elon-
gation factor b (P-TEFb; Zhou et al. 2000). P-TEFb is
composed of the cyclin-dependent kinase Cdk9 and its
cognate cyclin, cyclin T, and has recently been impli-
cated in the regulation of heat shock gene expression (Lis
et al. 2000).

Price and colleagues isolated P-TEFb as an elongation
factor that stimulated a shift from production of short to
long transcripts in vitro (Marshall and Price 1995). These
short transcripts are similar in size to those found in vivo
at promoters with paused polymerases. The inhibitor of
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P-TEFb kinase activity, 5,6-dichloro-1-�-D-ribofurano-
sylbenzimidazole (DRB), causes the production of short
transcripts both in vitro and in vivo (Wada et al. 1998a,
and references therein). This DRB effect in vitro requires
the presence of a factor termed DRB sensitivity inducing
factor (DSIF). DSIF is a heterodimer comprising the
mammalian homologues of yeast Spt4 and Spt5 and in-
teracts biochemically and genetically with Pol II through
Spt5 (Hartzog et al. 1998; Wada et al. 1998a). This inter-
action is thought to restrict Pol II to the synthesis of
short transcripts in the absence of P-TEFb. Spt5 has sev-
eral distinct domains, including four regions with simi-
larity to the bacterial transcriptional elongation factor
NusG, and two C-terminal elements, CTR1 and CTR2,
that have similar composition to the C-terminal domain
of the Pol II (Yamaguchi et al. 1999b). P-TEFb can phos-
phorylate the Spt5 CTR1 domain in vitro, suggesting
that P-TEFb-mediated phosphorylation of either the Pol
II CTD or the Spt5 CTR1 domain or both leads to re-
moval of DSIF inhibition (Ivanov et al. 2000).

Spt4, Spt5, and a related factor, Spt6, appear to have a
positive effect on transcriptional elongation. In vitro
transcription using limiting nucleotide concentrations,
and analysis of synthetic genetic interactions in yeast,
have shown that Spt4, Spt5, and Spt6 promote transcrip-
tional elongation (Hartzog et al. 1998; Wada et al. 1998a).
Biochemically, Spt4 and Spt5 have been shown to be in a
heterodimeric complex that excludes Spt6; nonetheless,
Spt5 and Spt6 are functionally related and have been
shown to interact, albeit very weakly, in extracts and
pull-down assays (Hartzog et al. 1998). Spt6 could poten-
tially exert its effect on elongation by facilitating tran-
scription through chromatin. It interacts genetically and
biochemically with histones H3 and H4 and regulates
chromatin structure in vivo and in vitro (Bortvin and
Winston 1996). Although these studies have provided in-
sights into the roles of Spt4, Spt5, and Spt6 in transcrip-
tional elongation, their mechanism of action in vivo re-
mains to be clarified.

In this article, we examine the locations of the D. me-
lanogaster homologs of Spt5 and Spt6 proteins on heat
shock genes in vivo at high and low resolution. We asked
whether their localization patterns were consistent with
their proposed roles in establishing a promoter-paused
polymerase, facilitating transcriptional elongation, or
both. We obtained antibodies to Spt5 (a marker for DSIF)
and to Spt6 and determined where these factors were
localized on chromosomes. We used polytene immuno-
fluorescence to investigate the low-resolution global and
local distribution of Spt5 and Spt6 and crosslinking and
immunoprecipitation with specific antibodies to address
the high-resolution localization of Spt5 and Spt6 under
non–heat shock and heat shock conditions. The immu-
noprecipitated material was examined using polymerase
chain reaction (PCR) or ligation-mediated PCR
(LMPCR). From these studies, we propose a role for Spt5
in regulating heat shock gene pausing and activation and
roles for both Spt5 and Spt6 in transcriptional elonga-
tion. The accompanying study (Kaplan et al. 2000, this
issue) also presents an immunofluorescence analysis

that corroborates and extends our findings, and strongly
supports a role for Spt5 and Spt6 in transcriptional elon-
gation.

Results

Generation and analysis of antibodies to Spt5, Spt6,
and HSF

Recent studies have implicated DSIF (Spt4 and Spt5) and
Spt6 in the control of transcriptional elongation in yeast
and mammals (Hartzog et al. 1998; Wada et al. 1998a,b).
We identified the Drosophila homologs of Spt5 and Spt6,
which was facilitated by the genome project (Adams et
al. 2000), and have generated antibodies to these proteins
to evaluate their roles in vivo. To ensure that the signals
obtained with the antibodies were specific to these pro-
teins, we performed experiments with antibodies raised
in guinea pig, rabbit, and chicken for Spt5 and in both
guinea pig and rat for Spt6. Three Spt5 antibodies were
generated to non-overlapping fragments of the 1054
amino acid (aa) protein: an N-terminal fragment (aa 112–
393) in chicken, a middle fragment (aa 389–733) in rab-
bit, and a C-terminal fragment (aa 732–1054) in guinea
pig. Each of the three Spt5 antibodies predominantly rec-
ognizes a ∼150 kD band (Fig. 1A, lanes 2,4,6). Although
this is larger than the 117-kD predicted molecular
weight, such a reduction in electrophoretic mobility is
not surprising for an acidic protein (Wu et al. 1987). The
preimmune serum does not detect any bands (Fig. 1A,
lanes 1,3,5). Combinations of Spt5 antibodies colocalize
mostly on polytene chromosomes (Fig. 2A). This result
indicates that although the antibodies to Spt5 were
raised in different animals and to different epitopes, they
appear to recognize the same protein in vivo. For anti-
bodies against Spt6, the same C-terminal fragment was
injected into both animals. Western blotting of whole
Drosophila Kc cell culture proteins shows that both Spt6
antibodies recognize a band of ∼215 kD, which is not
detected in preimmune serum (Fig. 1A, cf. lanes 7,9 with
lanes 8,10). This size is in agreement with the predicted
molecular mass of Spt6, which is 209 kD. The few addi-
tional bands vary among preparations and appear to be
degradation products of this very large protein (data not
shown). Coimmunofluorescence staining with both Spt6
antibodies showed a nearly complete colocalization on
polytene chromosomes (Fig. 2B), supporting the conclu-
sion that both specifically recognize Spt6 in vivo.

Antibodies were also raised to full-length HSF in both
guinea pig and rabbit. These clearly recognize a major
band that has the expected mobility of HSF (Wu et al.
1987; Fig. 1A, lanes 12,14). Moreover, the two HSF anti-
bodies gave identical immunofluorescence signals, and
preimmune serum produced no signals in Western blots
or on polytene chromosomes (Fig. 1A, lanes 11,13; data
not shown).

Immunolocalization of Drosophila Spt5 and Spt6
on polytene chromosomes

Clues to the potential function of transcription factors
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can be discerned by analysis of their distribution on poly-
tene chromosomes. To investigate the possible roles of
Spt5 and Spt6, we examined their chromosomal local-
ization by immunofluorescence using polytene chromo-
somes prepared from either wild-type or transgenic non–
heat shocked or heat shocked third instar larvae. Under
non–heat shock conditions, Spt5 is distributed through-
out the polytene chromosomes and stains the stage-de-
pendent, ecdysone-induced developmental puffs, which
are known to be transcriptionally active (Fig. 2A). The
Spt5 pattern is dependent on the developmental stage of
larvae and is most concentrated at sites of highly active
transcription. The pattern closely resembles that ob-
served previously and is mapped in detail for the cyclin T
subunit of P-TEFb (Lis et al. 2000; below). Spt6 is also
found at developmental puffs and shows an overall pat-
tern that is quite similar to that of Spt5 (Fig. 2, cf. B with
A). To determine whether Spt5 and Spt6 were localized
to the same chromosomal loci, we performed coimmu-
nofluorescence experiments with various combinations

of Spt5 and Spt6 antibodies. Irrespective of the combina-
tion of antibodies from different animals that were
tested, the results were the same: Spt5 and Spt6 dis-
played considerable colocalization on polytene chromo-
somes, especially at the most intensely labeled chromo-
somal puffs, which are known to be sites of highly active
transcription (Fig. 2C). Although the resulting merge of
staining patterns produces some bands that are more
green or red, close examination shows that most sites are
labeled by both to varying degrees. Hence, Spt5 and Spt6
are found together at sites of active transcription.

To verify that Spt5 and Spt6 are recruited to transcrip-
tionally active sites, we examined their localization to
heat shock loci. Whereas there is some Spt5 staining at,
or near, uninduced heat shock loci, both Spt5 and Spt6
were strongly recruited to the activated major heat shock
loci: hsp70 genes at 87A and 87C, small heat shock genes
at 67B, hsp83 at 63B, hsp68 at 95D, and the noncoding
heat shock transcription units at 93D (Fig. 1B,C). In ad-
dition, Spt5 and Spt6 can be observed during heat shock

Figure 1. Spt5 and Spt6 are recruited to heat
shock puffs on Drosophila polytene chromo-
somes. (A) Western blot analyses of Spt5,
Spt6, and HSF antibodies. Proteins from Dro-

sophila Kc cells were separated on an 8%
polyacrylamide gel and transferred to nitro-
cellulose. Blots were probed with antiserum
(even lanes) or with preimmune serum (odd
lanes) at a dilution of 1 : 1000. Appropriate
secondary antibodies were used and bands vi-
sualized using ECL (Amersham). Aligned ni-
trocellulose strips for each antibody are from
the same transferred gels. (Ch) chicken; (rab)
rabbit; (gp) guinea pig; (rat) rat. (B,C) Staining
of non–heat shock (NHS) and heat shock (HS)
polytene chromosomes with rabbit �-Spt5 (B)
or guinea pig �-Spt6 (C) antibodies. Major, en-
dogenous heat shock loci (87A, 87C, 63B, 67B,
93D, and 95D) as well as the transgenic sites
(hsp70–LacZ [70Z]) are defined. Note the re-
distribution of Spt5 and Spt6 on heat shock.
The staining pattern of both Spt5 and Spt6 is
quite similar to that seen previously with cy-
clin T (Lis et al. 2000).

Spt5 and Spt6 in transcription elongation
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Figure 2. Global immunofluorescence analysis of Spt5 and Spt6 on polytene chromosomes under non–heat shock conditions. (A)
Costaining with different Spt5 antibodies. (Rab) Rabbit; (gp) guinea pig. (B) Costaining with different Spt6 antibodies. (C) Costaining
with Spt5 (rab) and Spt6 (gp) antibodies. (D) Costaining with Spt6 (gp) and cyclin T (rab) antibodies. (E) Costaining with Spt6 (gp) and
Pol II (rab) antibodies. Overlap of the green and red stains appear in the merge as yellow, yellow-green, and orange.
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at sites containing transgenic hsp70–LacZ genes located
at 61A and 9E or 59B (70Z; Fig. 1B and C, respectively).
Thus, Spt5 and Spt6 are recruited to endogenous and
transgenic heat shock loci during heat shock gene acti-
vation.

Comparative immunofluorescence of Spt5 and Spt6
with HSF, cyclin T, and the largest subunit of RNA
polymerase II

We compared the distribution of Spt5 or Spt6 to those of
other factors that are critical for transcription elonga-
tion: cyclin T and Pol II. The coimmunofluorescence
patterns were examined initially under non-heat shock
conditions on polytene chromosomes. Because Spt5 co-
localizes with Spt6 (Fig. 2C), we present comparisons of
only Spt6 with the other factors. We have observed pre-
viously that cyclin T (P-TEFb) is concentrated at tran-
scriptionally active loci (Lis et al. 2000). Costaining
experiments with Spt6 and cyclin T show that they co-
localize most prominently at the highly active develop-
mental loci in noninduced animals (Fig. 2D). At this
early third instar stage (puff stage 2), the major sites la-
beled are 3C, 23E, 68C, 71E, and 90BC. Four out of five of
these loci contain the abundantly expressed salivary
gland secretory proteins. We observed a similar pattern
of colocalization between Spt6 and Pol II, specifically at
sites of highly active transcription (Fig. 2E).

HSF rapidly accumulates at major heat shock loci fol-
lowing heat shock. It also concentrates at an additional
set of ∼150 loci, most of which are not highly transcribed
during heat shock (Westwood et al. 1991). Spt6 does not
appear at these additional loci under heat shock condi-
tions (Fig 3A).

To extend our observation that Spt5 and Spt6 are re-
cruited to heat shock loci and to map the distribution of
these factors, we have performed high-resolution exami-
nations at major heat shock puffs (87A and 87C) and at
an hsp70–LacZ insert in a transgenic fly line (Simon et
al. 1985; Fig. 3B,C). Spt5 and Spt6 stained heavily the
endogenous heat shock puffs at 87A and 87C and appear
coincident within the puffs. Spt6 likewise colocalizes
with Pol II but partially resolves from cyclin T and HSF
(Fig. 3B). The transgenic insert allows for an unambigu-
ous assignment of a fluorescent band to a particular
DNA segment because it is located at a particular chro-
mosomal site that normally does not contain heat shock
genes. Also, the transgenic locus, unlike the endogenous
hsp70 loci, contains a single hsp70 gene. Thus, by local-
izing factors to this transgenic locus, we can make more
straightforward interpretations of protein distribution
within a puff. Staining this site under heat shock condi-
tions allows us to differentiate the discrete distributions
of Spt6 and HSF within the transgenic locus: Spt6
showed a staining pattern within the body of the heat
shock puff, whereas HSF was restricted to the edge of the
puff (Fig. 3C). Spt6 and cyclin T showed a similar distri-
bution, although cyclin T was more often concentrated
in the promoter-proximal half of the puff. The triple im-
munofluorescence labeling with HSF, cyclin T, and Spt6

antibodies shows that cyclin T and Spt6 significantly
overlap within native and transgenic puffs and resolve
from HSF (Fig. 3D). In addition, coimmunofluorescence
of Spt6 with Pol II always exhibited significant overlap of
staining within the body of the transgenic puff. In sum,
Spt5 and Spt6 colocalize with Pol II, resolve from HSF,
and may partially resolve from cyclin T in endogenous
and transgenic heat shock puffs on polytene chromo-
somes.

Crosslinking and immunoprecipitation analysis
of the heat shock genes hsp70, hsp26, and hsp83

The cytological localization of Spt5 and Spt6 at both na-
tive and transgenic heat shock loci indicates that these
proteins associate with heat shock genes. To confirm
this and to map the location of these proteins more pre-
cisely, we performed crosslinking and immunoprecipita-
tion assays. We treated Drosophila tissue culture cells
with formaldehyde under non–heat shock or heat shock
conditions, isolated crosslinked protein–DNA com-
plexes on CsCl gradients, and immunoprecipitated these
complexes using specific antibodies. The coimmunopre-
cipitated DNA was isolated and analyzed by polymerase
chain reaction (PCR) using primers that amplified pro-
moter and 5�- or 3�-transcribed fragments of hsp70 (Fig.
4A, fragments 2,3,4). The amount of coprecipitated DNA
was compared to standards consisting of 10-fold serial
dilutions of the total DNA used in the crosslinking and
immunoprecipitation assays. As a control for immuno-
precipitation of specific DNA, we used PCR primers far
upstream of the hsp70 promoter (Fig. 4A, fragment 1).
This analysis was repeated multiple times, and the
ethidium bromide-stained bands in the immunoprecipi-
tates were quantified using imaging software. Results
from a typical experiment are shown for each fragment
assayed by PCR (Fig. 4B), and the average values of sev-
eral experiments with standard deviations are also
shown (Fig. 4C).

Previous UV crosslinking studies have demonstrated
that in uninduced cells, Pol II is associated with hsp70
promoter-proximal fragments (Gilmour and Lis 1986).
Additional studies have demonstrated that this Pol II is
in a paused complex that has synthesized 21–35 nucleo-
tides of RNA (Rasmussen and Lis 1993). Here we also
observe that Pol II antibody immunoprecipitates the
hsp70 promoter and 5� fragments under non–heat shock
conditions (Fig. 4C). This observation is consistent with
a paused polymerase occupying the 5� end of the gene
before heat shock. We also observe a threefold increase
in the 5� DNA fragments and a greater than a 10-fold
increase in 3� hsp70 DNA fragments being immunopre-
cipitated with Pol II antibodies under heat shock condi-
tions. This is consistent with the estimated increase in
density of Pol II upon heat shock. The uninduced gene
contains a single Pol II associated with the 5� end of the
gene, whereas the induced gene has both a promoter-
proximal paused Pol II and, spaced every 100 bp, elon-
gating Pol II complexes (O’Brien and Lis 1993).

Recent in vitro studies have implicated Spt5 and Spt4
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Figure 3. Global and high-resolution analysis of Spt6 at native and transgenic heat shock puffs. (A) Comparative immunofluorescence
of Spt6 (rat) and HSF (rabbit) under heat shock conditions. Spt6 is recruited to heat shock loci but not to all sites of HSF localization.
(B,C) High-resolution study of Spt6 distribution in comparison to that of HSF, cyclin T, and Pol II. Maps of the native heat shock loci
87A and 87C and the hsp70–LacZ transgene are shown. HSF and cyclin T resolve from Spt6 at both the native and transgenic heat
shock loci. At the transgene, these antibodies stain the locus in a region that would be consistent with promoter and 5� sequences.
Note the HSF staining pattern (white arrow). The site above 87A and 87C in the cyclin T and Spt6 costain is the heat shock locus 67B.
Spt6 and Pol II show almost complete overlap within the heat shock puffs. (D) Triple label with cyclin T, HSF, and Spt6.
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in promoter-proximal pausing of RNA polymerase II
(Wada et al. 1998a). In order to determine whether this
could be the case in vivo, we performed crosslinking and
immunoprecipitation assays with Spt5 antibodies and
determined whether Spt5 was at the 5� end of hsp70.
With non–heat shocked samples, the Spt5 antibody im-
munoprecipitated approximately eightfold more hsp70
promoter and 5� DNA than 3� fragments. A quantitative
comparison of the immunoprecipitated DNA showed
that the association of Spt5 with the promoter and 5�

regions in samples prepared from uninduced and induced
cells were quite similar but appear to increase on heat
shock by ∼30% (Fig. 4C). We observe an approximately
fivefold increase in the 3� fragment being immunopre-
cipitated by Spt5 antibodies on heat shock. From these
results, we conclude that Spt5 is at a relatively high den-
sity on the promoter and 5� region of the hsp70 gene in
uninduced cells and that on heat shock, the density of
Spt5 on the transcription unit increases dramatically as
well.

Heat shock triggers the recruitment of several factors
to either the promoter or transcribed regions of heat
shock genes. Activated HSF binds tightly to elements in
the promoter regions of hsp70; therefore, we examined
HSF distribution using the crosslinking and immunopre-
cipitation assay. HSF antibodies immunoprecipitated

DNA fragments representing the promoter and 5� end of
the gene but not the 3� hsp70 fragment (Fig. 4C). The
levels of immunoprecipitated DNA increased approxi-
mately twofold in response to heat shock, and the accu-
mulation was restricted to the promoter and 5� regions
(Fig. 4C).

Immunofluorescence studies of polytene chromo-
somes have shown that both P-TEFb (cyclin T subunit;
Lis et al. 2000) and Spt6 (this study) are recruited to heat
shock puffs. We examined their recruitment and distri-
bution at higher resolution using crosslinking and im-
munoprecipitation. Both Spt6 and cyclin T antibodies
immunoprecipitate low levels of the promoter fragment
in uninduced cells, but four- to fivefold more from in-
duced cells (Fig. 4, C2). Spt6 and cyclin T are concen-
trated on the 5� transcribed sequence, as both antibodies
precipitate approximately threefold more 5� fragment
than promoter fragment (Fig. 4, cf. C3 with C4). In addi-
tion, Spt6 and cyclin T immunoprecipitates show a four-
fold increase in the 3� fragment from non–heat shock to
heat shock conditions, suggesting that these factors are
also recruited to the 3� end of the gene (Fig. 4, C4). These
data indicate that Spt6 and cyclin T may occupy the
uninduced hsp70 gene 5� region at low levels and accu-
mulate to higher density on the body of the gene follow-
ing heat shock.

Figure 4. Crosslinking and immunoprecipitation of Spt5 and Spt6 at hsp70. (A) Schematic representation of hsp70 and the PCR-
amplified fragments representing the upstream region (1), the promoter (2), the 5� end (3), and the 3� end (4) of hsp70. The promoter
elements, transcription start site, and stop are labeled but not drawn to scale. (B) PCR analysis of crosslinked and immunoprecipitated
DNA on ethidium bromide (EtBr)-stained 2% agarose gels. PCR reactions using 10%, 1%, and 0.1% of input DNAs are loaded to
determine the linear range of signal. NHS, non–heat shock; (HS) heat shock; (Pre) preimmune serum; (−) no DNA. (C) Quantitative
analysis of EtBr-stained bands for PCR analysis. Values on the abscissa represent the amount immunoprecipitated as a percentage of
total input DNA. Experiments were performed in triplicate, and standard deviations are shown. Note different scale for bar graph of
fragment 3 immunoprecipitates.
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To investigate the distribution of these proteins on
other heat shock genes, we performed crosslinking and
immunoprecipitation analysis on hsp26 and hsp83 using
the same collection of antibodies (Fig. 5). These results
with the primers amplifying either the hsp26 promoter
or 3� end are qualitatively similar to those seen with
analogous fragments of hsp70. The heat shock gene pro-
moters of hsp26 and hsp83, as at hsp70, are occupied by
high levels of Spt5 even before heat shock. In addition,
the 5� and 3� regions show a low level of association of
Spt6, cyclin T, and Pol II in uninduced cells, and their
levels increase on heat shock. Analysis of coimmunopre-
cipitated hsp83 DNA differs slightly from the pattern
seen with hsp26 and hsp70 in that more DNA is precipi-
tated with antibody to HSF from uninduced protein–
DNA preparations (cf. Fig. 5E with Figs. 4C and 5C). This
result is consistent with the immunofluorescence stud-
ies showing that hsp83 is the one heat shock locus that
is significantly stained with HSF antibody in non–heat
shocked flies (Westwood et al. 1991). Thus, these analy-
ses indicate that these different transcription factors

show characteristic distributions along the promoter and
transcribed regions of heat shock genes: HSF is restricted
to the promoter regions, and Spt5, Spt6, cyclin T, and Pol
II are more broadly distributed over the induced tran-
scription unit.

To analyze the distribution of these factors at even
higher resolution, we digested the crosslinked protein–
DNA complexes with a restriction endonuclease before
immunoprecipitation and analyzed the coprecipitated
DNA by ligation-mediated PCR (LMPCR; Guzman and
Lis 1999). This restriction endonuclease cleavage of pro-
tein–DNA complexes allows the location of protein–
DNA crosslinks to be defined at the level of a restriction
map. The digested DNA fragments, once immunopre-
cipitated, are processed as described in Materials and
Methods. As seen in Figure 6A, partial digestion of the
hsp70 DNA, followed by immunoprecipitation and
LMPCR, leads to the creation of several specific bands
that can be quantified. We calculated and plotted the
percentage of immunoprecipitated material relative to
totals for each fragment (Fig. 6B) and then plotted the

Figure 5. Crosslinking and immunoprecipitation of Spt5 and Spt6 at hsp26 and hsp83. (A,D) Schematic representations of hsp26 and
hsp83 and the PCR-amplified fragments representing the promoter (1) and the 3� end (2). (B,E) PCR analysis of crosslinked and
immunoprecipitated DNA on EtBr-stained 2% agarose gels of hsp26 (B) and hsp83 (E). (C,F) Quantitative analysis of EtBr-stained bands
for PCR analysis of hsp26 (C) and hsp83 (F). Experiments were performed in triplicate, and standard deviations are shown. (NHS)
non–heat shock; (HS) heat shock; (Pre) preimmune serum; (−) no DNA.
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relative protein density on the individual fragments (Fig.
6C). We used this higher-resolution LMPCR technique
to map the distribution of the set of transcription factors
analyzed by the conventional PCR method described
above.

The results with the LMPCR approach are in good
agreement with those of the lower-resolution PCR
analysis. For example, the promoter/5� DNA fragment
(−148 to +102) coprecipitates with Pol II antibody before
heat shock, and its level increases on heat shock (Fig.
6C). These observations are consistent with Pol II being
associated with the proximal-promoter region under un-
induced conditions and being recruited to high density

on heat shock. The −148 to +102 fragment also copre-
cipitates with Spt5 and HSF antibodies before heat
shock, and its level increases on heat shock (Fig. 6C).
Neither Spt6 nor cyclin antibodies coprecipitate detect-
able levels of the −148 to +102 fragment before heat
shock, but both do upon heat shock. Whereas our analy-
sis detects a low level of coprecipitated DNA from the
+102 to +238 region under non–heat shock conditions for
all five antibodies (Fig. 6C), the levels increase dramati-
cally on heat shock. The +238 to +330 segment is the
most distal fragment analyzed and is not detectably co-
precipitated before heat shock by any of the antibodies
analyzed; however, it is efficiently coprecipitated by an-

Figure 6. High-resolution determination of protein occupancy on hsp70. (A) Ligation-mediated PCR analysis on hsp70. hsp70 re-
striction endonuclease sites and fragments created by partial digestion at HinfI, and MboII sites are shown to right of the gel, and these
define one end of the region analyzed: EcoRII was used to cut the DNA to completion and thereby define the other end of the region
analyzed. The fragments produced by this digest are shown: a, b, c, and d. The complete analysis, starting with the immunoprecipi-
tation step, was performed in triplicate, and the different samples show very good agreement for all bands that were quantified. “Pre”
is an immunoprecipitation performed with a preimmune serum control. (B) Determination of amount of hsp70 DNA immunopre-
cipitated relative to input DNA. Bands were quantified, and background signals from the preimmune controls were subtracted in each
case. The percentage of the total sample that is immunoprecipitated for each of the four fragments is plotted. The triplet shown at
HinfI +102 (see A) results from small-length polymorphisms among the hsp70 genes, and the signal from the entire triplet was used
to quantify this fragment. Note that HSF and Pol II antibodies coimmunoprecipitate more DNA than do Spt6 and cyclin T antibodies
(note the different scales for the abscissae). (C) Determination of protein density on hsp70. The densities were calculated from the
measurements in part B. The densities from each interval were derived from subtraction of the next shortest fragment (except for a,
which is the shortest), and then dividing by the length of the DNA interval. Note the different scales for the abscissae. (%XL)
Percentage crosslinked immunoprecipitated DNA relative to input; (bp) base pair; (*) 32P end-label.
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tibodies to Pol II, Spt5, and Spt6 on heat shock. From
these observations, Spt5, Pol II, and HSF appear to oc-
cupy the region from −148 to +102 in uninduced cells.
Heat shock triggers the strong recruitment of Pol II,
Cyclin T, Spt5, and Spt6 into the +102 to +330 region of
the hsp70 gene; however, HSF is recruited predomi-
nantly to the fragment containing the promoter. Thus,
this LMPCR approach confirms and extends the lower-
resolution PCR and immunofluorescence analyses.

Rapid recruitment of Spt6 to heat shock loci
requires HSF

Heat shock induces the binding of HSF to the hsp70 pro-
moter within 2 min of a heat shock treatment (Zimarino
and Wu 1987; Weeks et al. 1993). Pol II transcription of
hsp70 is stimulated by heat shock with a similar rapidity
(O’Brien and Lis 1993). If Spt6 has a critical role in the
up-regulation of heat shock genes, then it should be rap-
idly recruited to these genes on their induction. To test
this, we examined the staining of Spt6 at heat shock loci
as a function of time following heat shock. As seen in
Figure 7A, Spt6 is recruited to endogenous heat shock
genes 87A and 87C with a heat shock of 2 min, and its
kinetics of recruitment mirrors HSF and what was seen
previously for cyclin T (Lis et al. 2000). Moreover, Spt6

and cyclin T persist at these puffs at 20 min, but they are
no longer present after a recovery period following heat
shock (data not shown). Thus, Spt6 localizes to heat
shock loci during their induction with kinetics that sug-
gest a role in the activated transcription of heat shock
genes.

We also addressed whether HSF recruitment was re-
quired for recruitment of Spt6 to heat shock genes. To
accomplish this, immunofluorescence analysis was per-
formed in a temperature-sensitive (hsf4) strain with Spt6
antibodies. Following a shift to the restrictive tempera-
ture in the hsf4 mutant, HSF loses its ability to bind to
DNA and is incapable of eliciting a heat shock response
(Jedlicka et al. 1997). In the hsf4 strain, puffs are absent
following a shift to the nonpermissive temperature, and
Spt6 is not recruited to the 87A and 87C loci on heat
shock (Fig. 7B). However, Spt6 persists at developmen-
tally expressed loci such as the one at the 3C locus (Fig.
7B). This result indicates that recruitment of Spt6 to heat
shock loci is dependent on HSF recruitment and binding.

Discussion

The heat shock inducible gene hsp70 is an extensively
characterized model system for studying the regulation
of transcriptional elongation, especially in the transition
from initiation to a fully competent elongation complex.
This is a critical phase in transcription, when Pol II must
break its contacts with the promoter and promoter-asso-
ciated factors and acquire the entourage of proteins
needed for efficient elongation and RNA processing. The
uninduced hsp70 gene has a promoter-proximal RNA
polymerase II molecule that has paused after transcrib-
ing a short RNA of 21–35 nucleotides (Lis 1998). The
escape of Pol II from this pause to a mature elongating
complex appears to be the rate-limiting step in hsp70
transcription. From studies in vitro, Spt5 and Spt4 (DSIF)
have emerged as critical factors in generating the pause
(Wada et al. 1998a,b), whereas in yeast genetic studies,
Spt4, Spt5, and Spt6 have been implicated in the control
of transcriptional elongation (Hartzog et al. 1998). Here,
we examined the roles of the Drosophila Spt5 and Spt6
in heat shock gene regulation. We analyzed the global
distribution of these factors using immunofluorescence
on polytene chromosomes and their local occupancy on
heat shock genes using crosslinking and immunoprecipi-
tation. We show that these factors localize to heat shock
genes in vivo by three independent methods. This study
and the accompanying study (Kaplan et al. 2000) rein-
force models that Spt5 plays a role in the regulation of
polymerase pausing and that Spt5 and Spt6 play roles in
transcriptional elongation.

Association of Spt5 and Spt6 with uninduced heat
shock genes

Previous studies have demonstrated that Pol II occupies
the 5� end of the uninduced hsp26 and hsp70 heat shock
genes (Gilmour and Lis 1986; Rougvie and Lis 1990). Our

Figure 7. Kinetics of recruitment of Spt6 to heat shock loci. (A)
Spt6 recruitment at major heat shock loci 87A and 87C on un-
treated (0�) polytene chromosomes or on 2- and 20-min heat
shock–treated chromosomes. A DNA Hoechst stain is shown
for the uninduced sample to allow mapping of the non-puffed
heat shock loci. (B) Recruitment of Spt6 to heat shock loci on
polytene chromosomes in hsf4 mutant. Shown are the 87A and
87C heat shock loci (left) and the developmentally active locus
at 3C (right) after a 20-min heat shock within the same polytene
chromosome spread. 87A and 87C display little or no staining
with Spt6 antibody, whereas Spt6 staining at the developmen-
tally active locus at 3C persists.
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crosslinking and immunoprecipitation data clearly show
that Spt5 also occupies the uninduced heat shock gene
promoters and 5� transcribed regions. One possible ex-
planation for this Spt5 localization is that it may act,
perhaps in a complex with Spt4, to retain the paused
polymerase. Alternatively, Spt5 may be responsible for
either the establishment or maintenance (or both) of the
potentiated chromatin architecture associated with pro-
moter-proximal paused polymerase at heat shock genes.
Spt6 and cyclin T also occupy the hsp70 5� end under
non–heat shock conditions, but unlike Spt5, these fac-
tors reside primarily from +102 to +238 at hsp70 by high-
resolution analysis. This is near to, but not overlapping
with, the peak of Spt5 and paused Pol II. Spt6 has been
shown previously to interact with histones and assemble
chromatin in vitro and modulate chromatin structure in
vivo (Bortvin and Winston 1996). Therefore, our obser-
vation that Spt6 associates with this region of hsp70 is
not inconsistent with Spt6 having a role in organizing
chromatin architecture at the 5� end of the uninduced
hsp70 gene. Alternatively, the Spt6 and cyclin T present
on the uninduced hsp70 gene represents a small portion
of these factors that are associated with Pol II molecules
that escape the pause.

Surprisingly, some HSF occupies the uninduced hsp70
and hsp26 promoters before heat shock, albeit at a level
lower than during heat shock. Although we cannot ex-
clude the possibility that HSF is recruited through a
formaldehyde-induced stress response, we observe the
same HSF occupancy of the hsp70 promoter using form-
aldehyde treatments of cells that are as short as 30 sec
(data not shown). Perhaps HSF binds the uninduced pro-
moter, although at levels and with an affinity lower than
during heat shock.

Spt5 and Spt6 are general transcription elongation
factors

The observations that Spt5 is present on the uninduced
heat shock promoter suggest that DSIF (Spt5/Spt4) may
function early in the process of transcriptional elonga-
tion. The DSIF complex causes the formation of short
transcripts in an in vitro transcription system (Wada et
al. 1998a) that are similar in size to those seen associated
with paused Pol II in vivo (Rasmussen and Lis 1993). The
addition of P-TEFb to the in vitro transcription system
leads to the production of full-length transcripts (Wada
et al. 1998a). From these in vitro observations, we predict
that Spt5 and cyclin T would colocalize at sites of tran-
scription in vivo—at least at the starts of transcription
units where these apparent antagonistic effects of DSIF
and P-TEFb are exerted. Spt5, Spt6, cyclin T, and Pol II
are associated within the developmentally expressed ec-
dysone and intermolt puffs and manifest temporal
changes consistent with a role in transcription. The im-
munofluorescence analyses show that these factors are
located throughout the puffs, indicating that they have
roles within the transcription unit. Thus, these studies
support the model that Spt5, Spt6, and P-TEFb may work

in concert and have broad roles in transcriptional elon-
gation in vivo.

Spt5 and Spt6 are recruited to heat shock genes

We observed recruitment of Spt5 and Spt6 to both native
and transgenic heat shock loci. And, as was observed at
developmentally expressed loci, Spt5 and Spt6 localize
within the heat shock puffs. The magnitude and kinetics
of recruitment of Spt5 and Spt6 are strikingly similar to
those of HSF and cyclin T. Recruitment also requires
active HSF, as a temperature-sensitive mutation in the
DNA binding domain of HSF blocks the association of
Spt6 (Fig. 7A) and cyclin T (Lis et al. 2000) with heat
shock puffs. These results demonstrate that Spt5 and
Spt6 are recruited early in transcriptional activation and
may work at any number of steps in transcription. Im-
portantly, recruitment of Spt5 and Spt6 to activated heat
shock genes indicates that they are likely to elicit posi-
tive effects on these genes. Within native and transgenic
heat shock puffs, Spt5 and Spt6 overlap with one another
and with Pol II but resolve from cyclin T and HSF. This
suggests that Spt5 and Spt6 have functions along the
transcription unit that are distinct from the promoter-
associated factors.

Higher-resolution crosslinking and immunoprecipita-
tion approaches confirm and extend the immunofluores-
cence findings. Although the immunofluorescence stud-
ies show that Spt5 and Spt6 are recruited to heat shock
puffs, crosslinking and immunoprecipitation analysis
showed that Spt5 and Spt6 were recruited to DNA seg-
ments at both the 5� and 3� ends of the hsp70, hsp26, and
hsp83 heat shock genes. Pol II is localized throughout
the induced heat shock genes, which is also consistent
with the immunofluorescence analysis, whereas HSF is
restricted to the promoter. Immunofluorescence and
crosslinking and immunoprecipitation analysis show
that cyclin T predominantly occupies the 5� half of the
puff and the gene, respectively. A higher concentration
of P-TEFb at the 5� end of the gene may reflect the tar-
geting of kinase activity to phosphorylate newly re-
cruited Pol II molecules or the Spt5 polypeptides that
appear to associate with the paused polymerase (Wada et
al. 1998a,b). Thus, the crosslinking and immunoprecipi-
tation results indicate that in heat shocked cells, Spt5,
Spt6, P-TEFb, and Pol II are strongly recruited through-
out the transcription unit but are more concentrated on
the 5� region than the 3� region of hsp70, and HSF is
mainly associated with the promoter.

Roles for Spt5 and Spt6 in pausing and transcriptional
elongation

What are the roles of Spt5 and Spt6 at uninduced and
induced genes? We propose that Spt5, which is present
on the 5� ends of uninduced heat shock of genes, has a
role in generating the promoter-proximal paused RNA
Pol II. This agrees with previous in vitro observations
that show that the DSIF complex causes formation of
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only short RNAs in vitro that are of a size similar to
those associated with the paused Pol II in vivo. Further-
more, the paused Pol II is unphosphorylated (O’Brien et
al. 1994), and it is this form that is acted on by DSIF in
vitro (Wada et al. 1998b). While the effect of Spt5 on Pol
IIa has been considered to be negative, this is in apparent
contrast with evidence for the positive roles of Spt5 (and
Spt4 and Spt6) in facilitating elongation (Hartzog et al.
1998). We suggest that Spt5 is an elongation factor that
provides a surveillance role in the early phases of elon-
gation at the 5� end of genes: Spt5 surveys the promoter-
proximal paused Pol II and ensures that it is modified by
and accesorized with factors for productive elongation
and RNA processing.

The recruitment of P-TEFb and its phosphorylation of
Pol II may be a critical step that increases the rate of
escape of the DSIF-paused Pol II into productive elonga-
tion. In vitro it is known that the DSIF complex does not
prevent Pol IIo from elongating through a transcription
unit (Yamaguchi et al. 1999a). The levels of Pol II, Spt5,
and Spt6 all increase together in concert over the acti-
vated genes, indicating that these factors could be part of
the elongation complex. Indeed, Spt6 interacts with
Spt5, and both Spt5 and Spt6 have both been implicated
in promoting elongation (Hartzog et al. 1998). This elon-
gation complex could potentially act in any of many
ways, but the previous demonstration of an interaction
between Spt6 and histones (Bortvin and Winston 1996)
evokes a model in which it might influence chromatin
architecture of transcription unit in a manner that facili-
tates transcription.

Materials and methods

Plasmid construction

Dong-ki Lee initially identified a Drosophila Spt5 gene by
searching the Drosophila genome database (Adams et al. 2000),
and Zhuoyu Ni cloned a pGEM–Spt5 plasmid containing
the entire Spt5 gene (data not shown), which was generously
provided for the subcloning and antibody production below.
Three portions of full-length Spt coding region contained in
pGEM–SPt5 were amplified by PCR Spt5 aa 112–393 (Spt5N;
EAO121a, CGCTCTAGAGGGGGCTTCATCATTGACGAGG
CC and EAO122, CGCGTCGACTTAGTGTACTTCACCTC
CAATTGCCC), Spt5 aa 389–733 (Spt5M; EAO123a, CGCTC
TAGAGGAGGTGAAGTACACTCAGATGG and EAO124, CG
CGTCGACTTACACGGCGCCCTTATAAGGTCCTCC), and
Spt5 aa 732–1054 (Spt5C; EAO125a, CGCTCTAGAGCCGTGG
GAATTGTGAAGGATGCC and EAO126, CGCGTCGACTTA
GTCGATGGACTTCATCTTGC) and cloned into pMAL-C2 as
XbaI–SalI (New England Biolabs [NEB]) fragments. All oligos
were obtained from Operon (Operon Technologies). MBP-Spt6
aa 1349–1831 was constructed by cloning a SalI (NEB) fragment
from a GAL4-activation domain hybrid isolated in an unrelated
two-hybrid screen (E. Andrulis, unpubl.), into pMAL-C2. MBP-
dHSF (aa 1–691) was kindly provided by P. Mason (Cornell Uni-
versity).

Recombinant protein purification and antibody production

Maltose binding-protein fusion constructs were transformed
into BL21-DE3 cells, and recombinant proteins were induced

using IPTG. Cells were lysed, and recombinant proteins were
processed on and eluted from amylose resin according to manu-
facturer’s recommendation (NEB). Protein was quantified either
by Bradford assay or direct comparison to BSA standard. 100 µg
aliquots of each recombinant factor were sent to Pocono Rabbit
Farm and Laboratory for antibody production. Spt5N, Spt5M,
and Spt5C were injected into chicken, rabbit, and guinea pig,
respectively. Spt6 was injected into rat and guinea pig. HSF was
injected into rabbit and guinea pig. Antibodies were tested via
Western blot and indirect immunofluorescence to determine
titer.

Indirect immunofluorescence

Salivary gland polytene chromosomes were isolated and
mounted on slides as previously described (Lis et al. 2000).
Polytenes were stained with primary antibodies at the following
dilutions: HSF, 1 : 50 or 1 : 100; Spt5, 1 : 100; Spt6, 1 : 50 or
1 : 100; cyclin T, 1 : 20; and Pol II, 1 : 50. Rabbit anti-Pol II (exon
2) was affinity purified and provided by E. Wong (Cornell Uni-
versity). Appropriate secondary antibodies with conjugated la-
bels (fluorescein isothiocyanate or rhodamine) were used, and
images were collected. For triple labels, the third secondary an-
tibody was conjugated to Alexa Fluor 350 (Molecular Probes).

Formaldehyde crosslinking of Drosophila cells

Drosophila Kc cells were maintained as previously described Lis
et al. 2000). Cells were grown to density of 5 × 106 cells/mL in
a spinner flask, and equal amounts of cells for non–heat shock
and heat shock samples were removed. Heat shocked cells were
grown at 36.5°C for 20 min before processing. Formaldehyde
was added to a final concentration of 0.1% and mixed with cells
on benchtop or shaker for no more than 3 min. Glycine was
added to a final concentration of 125 mM and mixed for 3 min.
Cells were centrifuged at 2000g for 5 min to collect cells, and
the supernatant was decanted. The cell pellet was resuspended
in Kc lysis buffer (100 mM KCl, 50 mM NaCl, 5 mM MgCl2, 10
mM Tris-HCl at pH 7.4, 0.5 mM PMSF). To the slurry, 0.1
volume of 10% nonidet P-40 (NP-40) was added, and the mix-
ture was placed on ice for 5 min with intermittent vortexing.
Lysed cells were centrifuged at 2000g for 10 min to collect nu-
clei. Following removal of the supernatant, nuclei were resus-
pended completely in suspension buffer (100 mM NaCl, 10 mM
Tris at pH 8, 1 mM EDTA, 0.1% NP-40). Nuclei were lysed with
the addition of 0.1 volume 20% sarkosyl. The viscous material
was transferred to an SS-34 tube and sonicated with a Markson
MK40 Ultrasonic Processor, five times at output setting 50, five
times at setting 60, and five times at setting 70. All sonication
steps were done on ice in a cold room for 20 sec with a 20-sec
break between each pulse. Sonicated DNA was checked on an
agarose gel to determine approximate size. To remove the in-
soluble nuclear debris, the material was centrifuged at 2000g for
10 min. This nuclear lysate was overlaid onto cesium chloride
step gradient (1.75 g/cm3, 1.5 g/cm3, and 1.3 g/cm3) and centri-
fuged in SW28 rotor at 26,000 rpm for 30 h at 20°C. Fractions
were collected after puncturing the bottom of the tube with an
18-gauge needle. Protein–DNA complexes were identified using
a refractometer, and fractions with a refractive index between
1.38 and 1.4 were pooled. Pooled fractions were dialyzed at 4°C
against at least three changes of SE buffer (0.1% sarkosyl, 50
mM Tris-HCl at pH 8.0, 2 mM EDTA). These protein–DNA
complexes were then aliquoted and stored at −80°C or used
immediately for immunoprecipitation.
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Immunoprecipitation of protein–DNA complexes

Protein–DNA complexes (1 mL at ∼1 mg/mL) were precleared
with 50 µL of a 50% suspension of protein A agarose beads
(GIBCO BRL). This was done for 2 h, the beads were spun down,
and the supernatant was collected and pooled. Protein–DNA
complexes were dispensed in 100-µL aliquots and treated with
antibody overnight on a rotating wheel at 4°C. The following
day, 50 µL of a 50% suspension of protein A agarose beads was
added to the immunoprecipitations and incubated for 4 h. The
washing steps were done at room temperature and were subse-
quently spun down for 1 min at 1000g. Each wash was carried
out with 1 mL of wash solution. The beads were washed seven
times in Wash Buffer (50 mM HEPES/KOH at pH 7.5, 140 mM
NaCl, 1 mM EDTA 1% Triton X-100, 0.1% sodium deoxycho-
late, 0.5 mM PMSF), once with Wash Buffer with 500 mM NaCl,
once with Lithium Wash Buffer (10 mM Tris-Cl at pH 8.0, 0.25
M LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate),
and once with TE. After the final wash, the protein–DNA com-
plexes were eluted by the addition of 100 µL of Elution Buffer
(50 mM Tris-Cl at pH 8.0, 10 mM EDTA, 1% SDS) and incu-
bation at 65°C for 15 min. The beads were spun down at 6000g,
and the supernatant was transferred to a new tube. The beads
were resuspended in 150 µL of Elution Buffer and centrifuged at
6000g. The supernatant from this wash was added to the first
elution, and the crosslinks were reversed overnight at 65°C.
From the starting material, 10% was used as a total DNA con-
trol. The total DNA control sample also had its crosslinks re-
versed by the addition of 230 µL of 1× TE and 10 µL of 10% SDS
and incubation at 65°C overnight. The DNA samples were sub-
sequently extracted twice with an equal volume of buffered
phenol and once with chloroform. The DNA was then precipi-
tated by the addition of 25 µL of 4 M LiCl, 2 µL of glycogen (10
mg/mL), and 625 µL of 100% ethanol. The coimmunoprecipi-
tated DNA was spun down for 30 min at 15,000g, washed with
70% ethanol, and finally resuspended in 50 µL of TE for use in
either PCR or ligation-mediated PCR.

Determination of protein–DNA interactions by PCR

For PCR analysis, 1 µL of coimmunoprecipitated DNA was in-
cubated in the presence of 5 pM primers, 5 mM dNTPs, 10× Taq
buffer (0.2 M KCl, 0.1 M Tris at pH 8.0), 25 mM MgCl2, 2U Taq
DNA polymerase, and water to a final volume of 20 µL. A typi-
cal PCR reaction would be: 94°C, 1 min; 60°C, 30 sec; and 72°C,
30 sec for 25 cycles followed by one cycle at 72°C for 10 min.
PCR primer are listed here in pairs: HSP70-998, GCCCCTTT
GAGTTCTAACCATCC and HSP70-572, GGTTTCTTTGCTT
AATTAAACGC; HSP70-365, GGCCTTTCTGGCGGACAAC
ATCC and HSP70-3, CGCTCCGTCGACGAAGCGCC; HSP70-
5, GCGTCAATTCAATTCAAACAAGC and HSP70+412, CCT
GGTTCTTGGCCGGTTCGCCG; HSP70+1758, CGACAAGG
GACGCCTCTCGCAGG and HSP70+2182, GGCCTTAGTCG
ACCTCCTCGACC; HSP26-382, CCGTTAGCCGGCTGTTT
CTTTTGCG and HSP26+113, AACTTGTTTGACTTGTAAG
CAAAGG; HSP26+702, CGCATCATTCAAATTCAGCAAGT
GG and HSP26+1195, GGTGAACTATTTTCGGACACCAA
GC; HSP83-458, CCACCAAGTCTCTGAAACTCTGG and
HSP83-18, GCGTCTGCTTTTATAGAAAAACC; HSP83+1620,
GGTGCCGACATTTCCATGATCGG and HSP83+2030, CCT
CATCCTCGCCAACATCCTCG. PCR reactions (20 µL) were
loaded onto a 2% agarose gel, and bands were detected by stain-
ing with ethidium bromide (EtBr). EtBr-stained bands were
quantified using QuantityOne imaging software with the Bio-
Rad Gel Doc 2000.

Determination of protein–DNA interactions by LMPCR

Crosslinked material was cut to completion with EcoRII that
cut upstream of the HSP70aDP1 primer (see below for sequence)
in order to minimize the contribution of upstream signals. Per
immunoprecipitation reaction, 100 µL of crosslinked material
was used. To cut the DNA, 900 µL of TE, 120 µL of Restriction
Buffer 2 (NEB), 12 µL of 10 mg/mL bovine serum albumin, and
10 µL of NP-40 was added to each sample. The tubes were
preincubated at 37°C for 15 min before restriction enzymes
were added. After the preincubation, 40 U of restriction enzyme
EcoRII was added to cut the DNA to completion. The reactions
were incubated at 37°C for 30 min. At this point, 20 U of MboII
and HinfI were added and the reactions incubated for another 30
min at 37°C for the partial digests. After the second incubation,
50 µL of 0.5 M EDTA (final concentration of 20 mM EDTA) was
added to each reaction in order to stop the digestion. Each re-
action was precleared with 50 µL of a 50% suspension of protein
A agarose beads. This was done for 1–2 h and then the beads
were spun down and the supernatant was collected and pooled.
The pooled material was dispensed in 1-mL aliquots and treated
with antibody. At this point, the protein–DNA complexes were
processed as described above for immonoprecipitation of pro-
tein–DNA complexes.

For LMPCR analysis of the 5� end of the hsp70 gene, primers
were constructed within the body of hsp70 (DP1 +299 to +275
and DP2 +282 to +256); HSP70aDP1 (TGGTAGACACCCACG
CAGGAGTAGG) and HSP70a DP2 (GGAGTAGGTGGTGC
CCAGATCGATTCC). Linker primers were L1, GCGGTGAC
CCGGGAGATCTGAATTC and L2, GAATTCAGATC. For li-
gation-mediated PCR, 9 µL of immunoprecipitated DNA was
mixed with 3 µL of Buffer 2 (200 mM Tris-Cl at pH 7.7, 250 mM
NaCl), and 3 µL of HSP70aDP1 at a concentration of 0.5 pmole/
µL. The sample was incubated at 95°C for 2 min and then trans-
ferred to a 60°C heat block and incubated for 30 min. After
annealing, the sample was then spun down to collect the con-
densation on the top of the tube and 7.5 µL of Buffer 3 (20 mM
MgCl2, 20 mM DTT, 0.2 mM dATP, 0.2 mM dCTP, 0.2 mM
dGTP, 0.2 mM dTTP) was added. The primers were extended by
the addition of 1.5 µL of Sequenase that had been diluted 1 : 5 in
TE and by incubation at 45°C for 5 min. The reaction was then
stopped by transferring the reaction to 60°C and incubating for
5 min. At this point, 6 µL of Buffer 4 (310 mM Tris-Cl at pH 7.7)
was added and the reaction was incubated for an additional 5
min. Finally, the reaction was cooled on ice and 20 µL of Buffer
5 (17.5 mM MgCl2, 42.3 mM DTT, 125 µg/mL BSA) and 25 µL
of Buffer 6 (10 mM MgCl2, 20 mM DTT, 3 mM ATP, 50 µg/mL
BSA, 50 mM Tris-Cl at pH 7.7, 100 pmoles annealed linkers, 3
U T4 DNA ligase) were added. This was incubated overnight at
17°C. The next morning, the ligation was precipitated by the
addition of 8.5 µL of 3 M sodium acetate, 1 µL of 10 mg/mL
yeast tRNA, and 200 µL of 100% ethanol. The precipitation was
carried out for 30 min on ice and subsequently spun down for 30
min at 4°C. The pellet was resuspended in PCR Master Mix (20
nmoles dATP, 20 nmoles dCTP, 20 nmoles dGTP, 20 nmoles
dTTP, 10 pmoles HSP70aDP1, 10 pmoles linker primer L1, 40
mM NaCl, 10 mM Tris-Cl at pH 8.9, 5 mM MgCl2, 0.01%
gelatin, 5 U Taq polymerase) and amplified in a thermal cycler.
The DNA went through 20 rounds of amplification followed by
five rounds of labeling. This was accomplished by the addition
of 10 µL of PCR Master Mix 2 (2 mM dATP, 2 mM dCTP, 2 mM
dGTP, 2 mM dTTP, 1–10 pmoles 32P end-labeled HSP70aDP2,
40 mM NaCl, 10 mM Tris-Cl at pH 8.9, 5 mM MgCl2, 0.01%
gelatin, 2.5 U Taq polymerase) after the first PCR was complete
and an additional five rounds of amplification. Once both PCR
steps were complete, the sample was chloroform extracted,
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ethanol precipitated, and resuspended in 16 µL of formamide
loading dye. Typically, 4–6 µL were run out on a 5.1% denatur-
ing sequencing gel.
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