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ABSTRACT We present an approach for determining the
in vivo distribution of a protein on specific segments of chro-
mosomal DNA. First, proteins are joined covalently to DNA by
irradiating intact cells with UV light. Second, these cells are
disrupted in detergent, and a specific protein is immunopreci-
pitated from the lysate. Third, the DNA that is covalently at-
tached to the protein in the precipitate is purified and assayed
by hybridization. To test this approach, we examine the cross-
linking in Escherichia coli of RNA polymerase to a constitu-
tively expressed, A cI gene, and to the uninduced and isopropyl
B-p-thiogalactoside (IPTG)-induced lac operon. As expected,
the recovery of the constitutively expressed gene in the immu-
noprecipitate is dependent on the irradiation of cells and on
the addition of RNA polymerase antiserum. The recovery of
the lac operon DNA also requires transcriptional activation
with IPTG prior to the cross-linking step. After these initial
tests, we examine the distribution of RNA polymerase on the
leucine operon of Salmonella in wild-type, attenuator mutant,
and promoter mutant strains. Our in vivo data are in complete
agreement with the predictions of the attenuation model of
regulation. From these and other experiments, we discuss the
resolution, sensitivity, and generality of these methods.

The structure and function of chromosomes depend on a
constellation of specific interactions between proteins and
nucleic acids. In prokaryotes, many specific protein-DNA
interactions have been defined in vitro and some have been
supported by genetic analyses. In eukaryotes such interac-
tions have been defined primarily by in vitro analyses using
transcription systems and DNA binding assays (1-3). How-
ever, the biological implications of in vitro studies alone
must be interpreted cautiously, because the conditions for
detecting specific protein-DNA binding in vitro necessarily
differ from those within intact cells. For example, the natu-
ral state of the DNA substrate (e.g., superhelical density and
chemical modification) and the contribution of additional
DNA-binding proteins are either poorly defined or un-
known.

Here, we describe and test an approach designed to identi-
fy specific protein-DNA interactions occurring in vivo by
using UV light to generate cross-links between protein and
DNA. Specific protein—-DNA complexes are isolated by
immunoprecipitation with antiserum to a specific protein.
The cross-linked DNA that is coprecipitated is isolated and
characterized by hybridization assays. Although the ap-
proach presented should be general, this paper focuses on
the association of RNA polymerase with specific bacterial
genes. We chose this model system to develop this approach
for several reasons. First, UV light has been shown to in-
duce cross-links between RNA polymerase and T7 promoter
DNA in vitro, and these adducts can be immunoprecipitated
with anti-RNA polymerase antibody (4). Second, many
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RNA polymerase molecules can be associated with an ac-
tively transcribed gene, thereby enhancing the probability of
generating a cross-link. Third, since regulatory mutations or
chemical inducers can modulate the amount of RNA poly-
merase associated with a gene, the specificity of the interac-
tions detected by our procedure can be rigorously tested.
Moreover, the transcription level of some genes will remain
unchanged, and these can serve as internal standards.

MATERIALS AND METHODS

Materials. Escherichia coli RN A polymerase had been pu-
rified as described (5). RNA polymerase antiserum was de-
rived from a rabbit that was immunized as described (6) ex-
cept 100 ug of purified RNA polymerase was used per injec-
tion. This antiserum immunoprecipitates the 8 and B’
subunits of both E. coli and Salmonella RNA polymerase.
Protein A Sepharose (Pharmacia) was stored at 4°C in 150
mM NaCl/50 mM Tris-HCI, pH 8.0/1 mM EDTA, and was
recycled after use by extensively washing with 50 mM
NaHCOs/1% NaDodSO,.

All plasmid DNAs were maintained in E. coli HB101. Sev-
eral of the plasmids are described elsewhere: pBGP120 (7),
pKK3535 (8), pCV12 (9), and PUC13 (10). Plasmid pLRI was
identical to pKB252 (11) except that Ind® repressor mutant
replaced the wild-type repressor. Subclones lex 7.1 and leu
14.7 were the 2.3-kilobase (kb) EcoRI/Sal I and the 2.9-kb
Sal 1/EcoRI fragments, respectively, from pCV12 and were
cloned in pUC13. Plasmid DNAs were prepared using the
alkaline procedure as described (12). Restriction fragments
from pKK3535, pLRI, and pPBG120 were electroeluted
from agarose gels as described (13).

Isolation of Protein~DNA Adducts. Cells were chilled on
ice for S min prior to irradiation and then transferred to dish-
es in which the depth of the medium did not exceed 0.5 cm.
These dishes were maintained on ice while the samples were
irradiated from above with an inverted transilluminator
(UV products Chromato-Vue transilluminator Model C-61)
whose filter had been removed. The transilluminator was
maintained at a distance of 10 cm from the surface, providing
a light intensity of 4 X 10* erg/cm?*sec (measured with a
YSI-Kettering Model 65 Radiometer). Cells were collected
by centrifugation at 10,000 X g for 15 min. The cell pellet
was resuspended in 800 ul of 50 mM Tris-HCI, pH 7.4/10
mM EDTA, and transferred to a 1.5-ml microfuge tube; 80 ul
of 20% sarkosyl was added, and each sample on ice was son-
icated with a microtip sonicator for four 30-sec periods inter-
spersed with periods of cooling. Sonication decreases the av-
erage DNA size to 600 base pairs (bp). At this time, samples
could be frozen at —70°C for 1 or 2 days with no noticeable
effect on subsequent procedures. Each sample was diluted
to 0.5% sarkosyl with 50 mM Tris-HCI, pH 7.4/10 mM
EDTA, and centrifuged 5 min in an Eppendorf microfuge to
remove insoluble material. Antiserum was added to the solu-

Abbreviations: IPTG, isopropyl B-D-thiogalactoside; kb, kilo-
base(s); bp, base pair(s).
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ble lysate at 5 ul per 1 ml of bacteria culture and incubated at
0°C for 1 to 3 hr. An aliquot (5 times the volume of antise-
rum) of suspended 40% protein A Sepharose (vol/vol) was
then added, and the lysate was shaken for 1 hr at 4°C with an
Eppendorf shaker. The protein A Sepharose was collected
with a 30-sec centrifugation in an Eppendorf microfuge. This
pellet was washed eight times. Each wash was for 5§ min at
4°C with at least 5 vol of 0.1 M Tris-HCI, pH 9.0/0.5 M
LiCl/1% Nonidet P-40/1% deoxycholate. Antigen and anti-
body were eluted from the protein A Sepharose by four suc-
cessive extractions with 100- to 300-ul aliquots of 50 mM
NaHCO3/1% NaDodSO,. Each elution was for 15 min with
shaking in an Eppendorf shaker at room temperature. When
the DNA was to be analyzed by dot blots, the elution buffer
contained 1 ug of calf thymus DNA per ml as carrier.

NaCl to 0.2 M and 2 vol of ethanol were added to the elu-
ate from the protein A Sepharose and to an aliquot of total
unfractionated lysate, which served as a standard. The sam-
ples were then incubated overnight at —20°C. The precipi-
tate was collected with a 15-min centrifugation in an Eppen-
dorf microfuge at 0°C, then rinsed with 70% ethanol at
—20°C, and finally dlssolved in 100 ul of 10 mM Tris-HCI,
pH 8.0/10 mM EDTA/0.5% NaDodSO,4. RNase A was add-
ed to 100 ug/ml and incubated 1 hr at 37°C. Proteinase K
was added to 50 ug/ml, and the sample was further incubat-
ed at 37°C for at least 5 hr. DNA was then precipitated with
ethanol. When the DNA was to be purified for nick-transla-
tion, the sample was brought to 0.2 M NaCl and extracted
with phenol/chloroform/isoamyl alcohol (50:50:1) followed
by ether extraction and then ethanol precipitation.

Hybridization Assays. DNAs were radiolabeled with 32P by
nick-translation (14) to specific activities of 10® to 10°
dpm/ug. All hybridizations were carried out as described
(15), except that the final washes of the hybridized filters
were performed at 60°C in 0.2x NaCl/Cit/0.1% NaDodSO,
(1x NaCl/Cit = 0.15 M NaCl/0.015 M Na citrate). Radiola-
beled DNA was removed from these filters for rehybridiza-
tion by rinsing the mtrocellulose in 0.2 mM EDTA (pH 8.0)
at 70°C.

RESULTS

Irradiation of E. coli Cells with UV Light Cross-Links RNA
Polymerase to a Transcribed Gene. The ability to detect
cross-links between RNA polymerase and a specific gene
should be enhanced by choosing a gene that is transcribed at
high levels and is present in multiple copies per cell. The
hybrid gene on the plasmid pLRI fits these criteria. This
gene consists of the coding region of the cI gene of phage \
fused to the lac UVS promoter and is transcribed constitu-
tively (11). E. coli cells carrying this plasmid were irradiated
with UV light for 0, 1, 2, or 4 min. Total cell lysates were
generated by the addition of sarkosyl followed by sonication,
which decreased the average DNA size to 600 base pairs.
Fig. 1A shows that the RN A polymerase antiserum efficient-
ly immunoprecipitates the 8 and B8’ subunits of RNA poly-
merase from lysates of these cells. These subunits are not
precipitated by preimmune serum (data not shown). ,

DNA covalently bound to the RNA polymerase was re-
covered from the immunoprecipitate and then assayed for
the presence of cI gene sequences by dot blot hybridization
(18). The results in Fig. 1B show that the cI gene sequences
are precipitated from 107 cells irradiated for 1, 2, and 4 min
but not from unirradiated cells. The fraction of cI gene se-
quences present in the immunoprecipitate is proportional to
the dosage of UV light (Fig. 1B). Moreover, the precipitation
of cI gene is dependent on the addition of the anti-RNA poly-
merase antiserum; preimmune serum fails to precipitate the
cl gene in all samples (data not shown). Only a small fraction
of RNA polymerase is cross-linked to DNA, because the
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FI1G. 1. In vivo cross-linking of RNA polymerase to the cI gene
in the multicopy plasmid pLRI. A 50-ml culture of E. coli HB101
containing plasmid pLRI was grown to an ODsso of 1.5 in YT medi-
um containing tetracycline at 10 p.g/ml (16). Cells were collected by
centrifugation at 10,000 X g for 10 min and resuspended in 200 m! of
10 mM Tris-HCl, pH 8.0/1 mM EDTA/10 mM MgCl, at 0°C. Fifty-
microliter aliquots were irradiated with UV light for 0, 1, 2, or 4 min
as indicated. (A) Total proteins and proteins precipitated with anti-
RNA polymerase antiserum were fractionated by electrophoresis on
NaDodSO.,/8% polyacrylamide gel and stained with Coomassie blue
(17). Each sample was derived from 5 x 107 cells. Only the region of
the gel containing the B and B’ subunits of RNA polymerase are
shown. (B) Total DNA and DNA precipitated with anti-RNA poly-
merase antiserum were bound to a nitrocellulose filter as described
(18). Total DNA is from 3.3 x 10* cells, and immunoprecipitated
DNA is from 1.3 x 107 cells. Each sample is accompanied by a 1:4
dilution. DNA homologous to the cI gene was detected by hybrid-
ization with a radiolabeled 1.1-kb Bg! I1/Pst I restriction fragment
from pLRI.

same amount of the B and B’ subunits are detected in immu-
noprecipitates from unirradiated cells and cells irradiated for
2 min (the mobility of RNA polymerase is shifted when
cross-linked to DNA). Nonetheless, densitometry shows
that 0.1% of the cI gene sequences are recovered in the
immunoprecipitates after a 2-min irradiation (Fig. 1B). Al-
though the fraction of DNA immunoprecipitated increases
proportionally with the UV dosage, the signal from the total
DNA isolated from equivalent numbers of cells decreases
with longer irradiation, presumably because of photochemi-
ca] damage. In addition, UV irradiation for 4 min causes sig-
nificant protejn damage, because the mobility of most of the
E. coli proteins is changed and the amount of the g and g’
subunit immunoprecipitated is. decreased (Fig. 1A4). For
these reasons, we have chosen a 2-min irradiation for all our
subsequent work with bacteria.

Several precautions were taken to eliminate RNA from
immunoprecipitates, because it too could contribute to the
hybridization signal. First, the antiserum contains an endog-
enous RNase that decreases the RNA present in the cell ly-
sate by at least a factor of 20 (data not shown). This result
also indicates that DNA is not immunoprecipitated by virtue
of indirect attachment to the RNA polymerase via an RNA
bndge Second, the preparation of immunoprecipitated
DNA includes a treatment with RNase A. Third, the samples
prepared for the dat blot assay are denatured in 0.15 M
NaOH at 85°C for 15 min, which further hydrolyzes RNA.

Efficient Cross-Linking of lac Operon DNA to RNA Poly-
merase in Vivo Is Dependent on Gene Transcription. The addi-
tion of 1sopropyl B—D-thlogalactomde (IPTG) causes a dra-
matic increase in transcription of the lac operon (19). To es-
tablish. that cross-lmkmg of RNA polymerase to DNA is
dependent on active transcription, we irradiated uninduced
and IPTG-induced cells of strain C600 and examined the
cross-linking of RNA polymerase to the single chromosomal
copy of the wild-type lac operon. Fig. 2 shows that there is
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Fic. 2. RNA polymerase cross-links to the lac operon in cells
induced with IPTG (+) but not in uninduced cells (=). A 120-ml
culture of E. coli C600 was grown to an ODsso of 0.5 at 37°C with
shaking in M10 medium supplemented with leucine (50 ug/ml), thre-
onine (50 ug/ml), thiamine HCI (1 ug/ml), and 0.2% fructose (16).
One-half of the culture was induced for 10 min in 0.25 mM IPTG.
Cells were chilled 5 min on ice and then irradiated for 2 min. Total
DNA from 6.35 x 10° cells and anti-RNA polymerase immunopre-
cipitated (Imm. ppt.) DNA from 6.35 x 108 cells were bound to a
nitrocellulose filter supported in a Bethesda Research Laboratories
Hybridot Manifold (Schleicher & Schuell sequences application up-
date no. 363). We included a layer of Whatman 3 MM filter paper
under the nitrocellulose to prevent the samples from leaking. Dilu-
tions are 1:3. DNA homologous to the lac operon was detected with
a radiolabeled 2-kb HindIlI/Hpa 1 restriction fragment from
pPBG120. After this autoradiographic exposure (left panel, lac), the
radiolabeled DNA was removed and the rDNA genes (rDNA) were
detected by hybridization with a radiolabeled 2.2-kb EcoRI/EcoRI
restriction fragment from pKK3535.

30- to 60-fold more DNA homologous to the radiolabeled lac
DNA in the anti-RNA polymerase immunoprecipitates from
IPTG-induced cells than from uninduced cells. Assays of ri-
bosomal DNA recovered from these immunoprecipitates
show that DNA was not lost during the preparation of the
uninduced sample (Fig. 2, rDNA). Ribosomal gene tran-
scription should be comparable in these two batches of cells
(20).

The 30- to 60-fold increase in the amount of RN A polymer-
ase cross-linked to the lac operon in IPTG-induced cells is
lower than the 60- to 200-fold increase in the level of tran-
script (21). This difference may reflect the background in
uninduced cells of nonspecific binding of RNA polymerase
to the DNA helix (22).

The Cross-Linking of RNA Polymerase to the Leucine Oper-
on Is Consistent with the Attenuation Model. The previous
experiments demonstrate that these methods correctly de-
termine the association of RNA polymerase with actively
transcribed genes. We now show that these methods have
sufficient resolution and sensitivity to test models of gene
regulation. In particular, we test the attenuation model of
gene regulation with regard to its predictions of the in vivo
distribution of RN A polymerase on the leader and structural
genes of the leu operon in wild-type and regulatory mutant
strains of Salmonella. The attenuation model is supported by
many genetic and biochemical studies (23, 24). In the wild-
type strain CV468 grown under repressed conditions (leu-
cine present), a leader region of about 165 bp is transcribed
at a higher rate than are the structural genes located immedi-
ately downstream (25). This is due to premature_termination
of transcripts 165 bp downstream from the leu promoter.
Thus, the RNA polymerase density should be higher on this
leader region than on the downstream structural genes. In
the attenuator mutant strain CV6, a single base change in the
leader region causes RNA polymerase to transcribe the en-
tire operon by increasing the frequency of terminator read-
through (25). Thus, the density of RNA polymerase should
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be high on both the leader and structural genes. In the pro-
moter mutant strain leu500, a single base change in the Prib-
now box dramatically decreases transcription initiation (26).
Thus, a very low density of RNA polymerase is expected
over the entire operon.

Fig. 3 shows that the sequences cross-linked to RNA poly-
merase in each of the three Salmonella strains coincide with
the predicted transcription pattern. Very small amounts of
RNA polymerase are cross-linked to the leu region in the
promoter mutant (Pr™), indicating that very little RNA poly-
merase is associated with the unexpressed operon. In con-
trast, significant amounts of RNA polymerase are cross-
linked to the leader region of the operon in both the wild-
type and attenuator mutant strains (WT and Att™,
respectively). In contrast to the attenuator mutant strain,
much less RNA polymerase is cross-linked to the structural
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Fi1G. 3. The density of RNA polymerase on the leu operon of
wild-type (WT), promoter mutant (Pr-), and attenuator mutant
(Att") strains. Salmonella strains were grown to an ODsso of 0.5 in
46 ml of minimal salt solution (27) supplemented with 0.2% glucose/
leucine (50 ug/ml). Cells were chilled S min on ice and then irradiat-
ed 2 min. Total DNA from 9 x 10° cells and anti-RNA polymerase
immunoprecipitated DNA from 9 x 10® cells were bound to each of
eight nitrocellulose filters. DNA homologous to particular restric-
tion fragments from the leu operon (delineated on the horizontal
axis) was detected by hybridization with the corresponding radiola-
beled restriction fragment isolated from the plasmid lex 7.1. The re-
striction fragments from leu 7.1 were isolated from a 5-cm long 6%
polyacrylamide gel cast in a Bethesda Research Laboratories Pre-
parative Gel Electrophoresis System. Manufacturer’s instructions
were followed, except that 10 ul of N,N,N',N'-tetramethylethylene-
diamine was used per 10 ml of acrylamide gel mix (17), and the run-
ning buffer was 90 mM Tris*HCIl, pH 8.3/90 mM boric acid/4 mM
EDTA. Before nick-translating the restriction fragments from leu
7.1, these fragments were treated for 12 hr with 80 units of T4 ligase
at 12°C in 10 ul of 50 mM Tris*HCIl, pH 7.4/10 mM MgCl,/1 mM
dithiothreitol/1 mM ATP, and then ethanol-precipitated. After auto-
radiographic exposure, these radiolabeled DNAs were removed
from filters and the rDN A genes were detected by hybridizing all the
filters simultaneously with a radiolabeled 2.2-kb EcoRI/EcoRI re-
striction fragment from pKK3535. The identity of each restriction
site and the molecular weight of each restriction fragment are given
in Fig. 4A. The hybridization signals from the immunoprecipitates
are proportional to the product of fragment length times the average
density of RNA polymerase on the fragment. The signal per base
pair, which represents the RN A polymerase density, was calculated
by dividing the signal from immunoprecipitates by the signal from
total DNA. This standardizes for differences in fragment length, in
copy number, and in hybridization efficiency. To relate polymerase
densities from different strains, these ratios were further divided by
the internal standard, which is the density of RNA polymerase on
the rDNA genes.
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genes in the wild-type strain. This is particularly evident for
sequences well-separated from the leader region, such as the
845-bp Hincll/Hincll segment which exhibits 17-fold more
RNA polymerase cross-linked in the attenuator mutant
strain than in the wild-type.

An alternative method for analyzing the sequence compo-
sition of the immunoprecipitated DNA is to nick-translate
this DNA and hybridize it to an excess of leucine operon
restriction fragments that have been separated by agarose
gel electrophoresis and blotted to nitrocellulose (28). The in-
tensity of each band on the resulting autoradiogram reflects
the amount of homologous DNA present in the immunopre-
cipitate. Such an approach eliminates the need to isolate sev-
eral hybridization probes and can be used to quickly map the
distribution of a protein within a particular locus or on sever-
al genes simultaneously.

A

Total WT Pr~

Att™
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F1G. 4. Hybridization of nick-translated anti-RNA polymerase
immunoprecipitated DNA to restriction fragments from the leu op-
eron. (A) Map identifies the location of restriction fragments, the
promoter (P), and the site of premature termination (T) in the leu
operon. Symbols for restriction enzyme sites are as follows: I,
EcoRL; ¥, Pst 1; ¥, Hincll. The 535-, 250-, 320-, 365-, and 845-bp
fragments reside on plasmid lex 7.1, while the 540-bp Hincll/EcoRI
fragment at the right end of the map resides in plasmid leu 14.7. (B)
Cells were grown as described in Fig. 3. Total DNA from irradiated
wild-type cells and anti-RNA polymerase immunoprecipitated DNA
from 3.75 x 10° cells of wild-type (WT), promoter mutant (Pr~), and
attenuator mutant (Att™) strains were hybridized to restriction frag-
ments from the lex operon. Restriction fragments were separated on
horizontal agarose gels and blotted to nitrocellulose (28). Lane a
contains fragments derived from lex 7.1; lane b contains a 540-bp
fragment derived from leu 14.7. The marked bands (*) are fragments
resulting from partial cutting and consist of the 365-bp and 320-bp
fragments and the 250-bp and 535-bp fragments. (C) The nick-trans-
lated DNA in B was simultaneously hybridized to restriction frag-
ments from the rDNA clone pKK3535 cut with BamHI, EcoRI, and
HindIII. Hybridization to all the restriction fragments homologous
to the DN A was observed; only the signal from the 650-bp fragment
containing part of the 16S rDNA gene is shown. The autoradio-
graphic exposure of the immunoprecipitated DNAs is 8 times
shorter than those in B, while exposure of the total is only 2.5 times
shorter.
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Fig. 4A presents the restriction map of the lex locus. Hy-
bridization of nick-translated immunoprecipitated and total
DNA to restriction fragments from the leu locus are shown
in Fig. 4B. Immunoprecipitated DNA from the promoter mu-
tant strain (Pr~) shows very weak hybridization to all restric-
tion fragments. In contrast, immunoprecipitated DNA from
the attenuator mutant strain (Att™) shows strong hybridiza-
tion to all fragments except the 535-bp fragment that is 5’ to
the operon. Immunoprecipitated DNA from the wild-type
strain (WT) shows the strongest hybridization to a 320-bp
fragment that contains the 165-bp leader sequence.

In the hybridization of nick-translated total DNA from ir-
radiated cells, the 250-bp and 535-bp fragments are less visi-
ble than fragments of comparable size. This was unexpected,
because the 250-bp and 535-bp fragments are present in mo-
lar amounts equal to the remaining fragments. These two
fragments possess a high content of adjacent thymine bases,
which can form dimers during UV irradiation of cells. Such
dimers are known to inhibit nick-translation (29). Nonethe-
less, measuring the ratio of hybridization signals from im-
munoprecipitated DNA to total DNA taken from the same
irradiated sample permits direct comparison of fragments
even if they nick-translate with differing efficiencies.

As a control, the nick-translated DNAs were also hybrid-
ized to restriction fragments from a rDNA clone (8). We ex-
pect the RNA polymerase densities on these genes in the
Salmonella strains to be equal, because transcription of ribo-
somal DNA genes is related to the rate of growth (19), and all
three strains grew comparably. Fig. 4C shows that similar
rDNA signals are obtained from all three immunoprecipitat-
ed DNAs, indicating that the hybridization signals to lex op-
eron fragments can be directly compared.

The results of Fig. 4 agree well with the results presented
in Fig. 3. Both assays show that in repressed wild-type cells
most of the RNA polymerase resides on the leader region.
Moreover, the density of RNA polymerase on the leu struc-
tural genes in the attenuator mutant strain is nearly as high as
the average density on the rDNA genes under these growth
conditions.

The following observations indicate that the hybridization
signals are due to DNA and not to contaminating RNA.
First, a probe upstream of the leu transcript of Salmonella
hybridizes to DNA in the immunoprecipitates, presumably
because of hybridization to randomly sheared DNA mole-
cules that overlap both the transcribed and nontranscribed
regions. Such a probe would not hybridize the RNA tran-
script, which initiates downstream. Second, the DNA in the
immunoprecipitates can be nick-translated and hybridized to
specific restriction fragments, giving results consistent with
those found by dot blot analysis. Finally, treatment of the
immunoprecipitated material used for the experiment in Fig.
3 with DNase I before application to the nitrocellulose elimi-
nates the hybridization signal (data not shown).

DISCUSSION

Studies of adducts formed by UV irradiation of a variety of
amino acid—nucleic acid mixtures indicate that the formation
of covalent bonds between protein and DNA can in-
volve many different amino acids and both purines and py-
rimidines (30, 31). Model studies demonstrate that sites of
cross-linking are at points of known interaction. For exam-
ple, RNase A cross-links to pyrimidine dinucleotides via
amino acids at the active site (32), while RNA polymerase
cross-links to specific nucleotides of the lac promoter (33).
In this study, we have coupled the use of UV light cross-
linking and immunoprecipitation to examine protein-DNA
interactions that occur in vivo.

Our results indicate that a RNA polymerase can be local-
ized on DNA to within 100-200 bp when the immunoprecipi-
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tated DNA is hybridized to restriction fragments of a few
hundred base pairs in size. For example, hybridization of
nick-translated immunoprecipitated DNA from wild-type
Salmonella cells to restriction fragments of the leucine oper-
on indicate a higher density of RNA polymerase on the 320-
bp fragment that overlaps the leader sequence than to flank-
ing fragments. Also, the proximity of the flanking fragments
can be ascertained from the relative hybridization signals.
Since the cellular DNA isolated by the immunoprecipitation
had been randomly sheared by sonication, sequences flank-
ing sites of protein association are also precipitated. The 365-
bp fragment, which is 125 bp downstream from the attenua-
tor, is more enriched in the precipitated fraction than frag-
ments further downstream, but it is still less enriched than
the 250-bp fragment, which is only 20 bp upstream from the
—35 consensus sequence with which RNA polymerase con-
tacts (34). These in vivo data are completely consistent with
the attenuation model of regulation of the leu operon and are
inconsistent with models in which the RNA polymerase tran-
scribes beyond the attenuator under repressed conditions
(e.g., retroregulation; see ref. 35).

The methods are sensitive enough to detect a protein
bound to a single site on chromosomal DNA even if it cross-
links with an efficiency only one-tenth that of RNA polymer-
ase to the leu leader. RNA polymerase transcribing at 55 nu-
cleotides per sec will take 3 sec to traverse the entire leu
leader (36). Given that the strongest E. coli promoter initi-
ates transcription once every 5-10 sec (19), we estimate that
on average less than one polymerase molecule per cell is as-
sociated with this 165-bp region. RNA polymerase is easily
detected on this region (Fig. 4, lane WT) after hybridization
to the immunoprecipitated DNA from 10° cells.

It is possible that UV irradiation could chemically modify
protein and DNA and thereby generate abnormal protein—
DNA interactions. Two observations indicate that this does
not affect these studies. First, our results are consistent with
the proposed transcriptional state of the genes analyzed.
Second, it has been shown that RNA polymerase cross-links
to DNA in vitro in a comparable manner for a given UV dos-
age regardless of whether the UV source is a 100-usec pulse
from a laser or a 20-min irradiation from a germicidal lamp
a37n.
UV irradiation may also elicit a cellular response that
could cause new protein-DNA interactions. We have at-
tempted to minimize this by maintaining the cells at 0°C prior
to and throughout the irradiation. The cells are not respond-
ing to the UV light in a manner that we can detect, because
the amount of DNA cross-linked to RNA polymerase is di-
rectly proportional to the irradiation dosage.

The methods should be applicable to other proteins, pro-
vided that the proper geometry exists between protein and
DNA residues for cross-linking. Studies of UV-induced
cross-linking of chromatin and nuclei of chicken erythro-
cytes reveal that histones cross-link to DNA (38). At pres-
ent, we are using a minor modification of this approach to
map the distribution of RNA polymerase on genes in Dro-
sophila cells (unpublished results).
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