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We have examined the formation of a DNA "enhancer" - protein complex 
occurring in situ. Oligonucleotides corresponding to the human 
immunodeficiency virus (HIV) core enhancer sequence were synthesized, annealed 
and radiolabeled. The DNA was electroporated either into Jurkat cells or into 
fresh human peripheral blood T lymphocytes. After the appropriate incubation 
time and stimulation with various mitogenic agents, cells were lysed and the 
lysates were electrophoresed on a native polyacrylamide gel. The specific 
protein-nucleic acid complexes which we obtained were apparently identical to 
those observed with the "classical" in vitro gel mobility shift assay: one 
complex seems to be constitutive and the other is induced by mitogens. 
Additionally competition experiments using "cold" oligonucleotides 
demonstrated binding specificity in situ. We recommend this novel method for 
stydying DNA-binding proteins and their activation since it requires as few as 
10 cells, may use primary tissue isolates, and furthermore, allows the rapid 
assessment of cellular activation signals involved in the post-transcriptional 
modification of trans-acting factors. 0 1989 Academic Press, Inc. 

Genes transcribed by polymerase II in eukaryotic cells are primarily 

regulated by enhancers and promoters. Enhancers are defined as sequences of 

DNA that can increase transcription in an orientation independent manner both 

ABERWIATIONS USED: 
HIV LTR, Human irmnunodeficiency virus long terminal repeat; PHA, 

phytohemagglutinin; PMA, phorbol 12-myristate 23-acetate; MONO HIV, 16 mer 
oligonucleotide corresponding to the HIV LTR enhancer element; TANDEM HIV, 31 
mer oligonucleotide corresponding to the HIV LTR enhancer element. 
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upstream and downstream and at variable distances from the start site of 

transcription (l-3). Both enhancers and promoters consist of multiple short 

binding sites for trans-acting nuclear factors. Some of these trans-acting 

factors are constitutively active in various cell types (4-7), but others are 

tissue-specific (8-10) or are inducible in response to extracellular stimuli 

which modulate gene expression (11-13). We have focused our study on this 

latter class of factors induced in T cells by external signals. 

It is well known that human immunodeficiency virus (HIV) production from 

latently infected T lymphocytes can be induced by mitogenic compounds which 

activate cells to proliferate or to differentiate (14,15). One of the trans- 

acting factors which stimulates viral transcription is a cellular protein 

called NF-kB (6). This protein is constitutively activated only in mature B 

cells which transcribe k (kappa) light chain genes, but it can be induced in 

pre B cells by LPS stimulation and in Hela or T cells by phorbol ester 

treatment (II). NF-kB binding sites have been found in the regulatory regions 

of many genes including the HIV enhancer (16), SV40 enhancer (17), the 

cytomegalovirus enhancer (18), upstream of major histocompatibility complex 

class I genes (19-20) and in the interleukin 2 receptor alpha chain gene (21). 

Currently the two most widely used techniques for the study of protein- 

nucleic acid interactions are the gel mobility shift assay (22-23) and the 

DNase I footprinting assay (24). These are useful assays with reasonable 

specificity and resolution but also some disadvantages. They require large 

cell cultures, lengthy preparation of protein extracts and are difficult to 

utilize with primary cells. Here we present a rapid and convenient method to 

investigate the specific interaction between the HIV core enhancer sequence 

and trans-acting factors in Jurkat cells, a CD4+ human T leukemia cell line, 

and in freshly human peripheral blood T lymphocytes. 

Oligonucleotides: The complementary oligonucleotide sequences 
corresponding to the binding domains of the HIV LTR enhancer element (5' - 
ACAAGGGACTTTCCGCTGGGGACTTTCCAGC-3' TANDEM; 5' - ACAAGGGACTTTCCGC - 3' MONO) 
and of the negative regulatory element: (5' - TAGCATTTCATCACA - 3' NRE) were 
synthesized on a Biosearch multiple column DNA synthesizer model 8700, 
purified on acrylamide-urea gels followed by electroelution and ethanol 
precipitation. The two complementary strands were annealed (25) and after 
ethanol precipitation, followed by several washes, the double stranded 
oligonucleotides were resuspended in ultrapure,yater. The double stranded 
oligonucleotides were end-labeled with [gamma PI ATP (3000 Ci/mmol; New 
England Nuclear) and T4 polynucleotide kinase (BRL) and purified twice on a 
625 column. 

Cell Culture: Jurkat cells, a CD4+ human T leukemia cell line, were 
cultured in RPM1 1640 medium supplemented with 10X fetal calf serum and 
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standard concentrations of L-glutamine and antibiotics. Stimulation was 
carried out with phytohemagglutinin (PHA-Burrough's Welcome) at 1 ug/ml and 
phorbol 12-myristate 13-acetate (PMA-Sigma) at 50 rig/ml for 3 hrs. Fresh 
human peripheral blood T lymphocytes were purified by Ficoll/Hypaque 
centrifugation followed by a nylon wool column and Percoll density-gradient 
centrifugation (26) and maintained in culture in the same medium as Jurkat 
cells. 

Oligonucleotide Transfection and In Situ Gel Retardation Assay: 
cpm of double stranded oligonucleotide (specific radioactivity: 2-5~10' 

4~10~ 

cpm/ug) were electroporated into Jurkat cells or resting peripheral blood 
lymphocytes using a Bio-Rad cell electroporator (500 uF, 200 volts). Several 
concentrations of poly dI:dC (polydeoxyinosinic deoxycytidylic acid - Sigma) 
were added as a non-specific carrier to avoid non-specific binding. For 
competition experiments, 1 or 5 ug of unlabeled double stranded 
oligonucleotides (specific and unrelated) were co-electroporated into the 
cells. 16 hrs after transfection cells were purified on a lymphocyte 
separation medium (Organon Teknica Corporation) gradient and the viable c+ls 
were maintained in cultut;e or, when indicated, treated with PHA, (1 ug/lO 
cells) and (PMA 50 ng/lO cells). After 3 hrs cells were washed in PBS 
several times, resuspended in a gmall volume of 1X TBE (1OOmM Trig-borate 
pH=8.3, Z&l EDTA) (15 ul/l- 3X10 for Jurkat cells and 15 u1/2XlO for resting 
human T cells) and lysed by three cycles of freeze/thawing. The lysates were 
centrifuged 5 min to eliminate particulate debris. When indicated, NaCl was 
added or, alternatively, lysates w$Te treated with proteinase K (50 ug/ml, 15 
min at 37oC; similar treatment of P-labeled enhancer alone showed that the 
proteinase K used in this study was totally devoid of nuclease activity). 
Lysates were electrophoresed through a native 6X polyacrylamide gel in 0.25X 
TBE buffer. Electrophoresis was carried out at lOV/cm for 90 min. Gels were 
dried and exposed to Kodak XAR-5 film at -7O'C. 

Mobility Shift Assay: Total proteins were extracted as described (26). 
Protein extracts (10 UK) were preincubated for 10 min on ice with 20 UK of 
Sa&mon Speq,DNA in Hepes pH 7:8 20 mM/ KC1 0.6 M/DTT 10 mM/Glycerol 15.5%. 
IO cpm of P-labeled oligonucleotide was then added to each sample; 
following an additional 15 min at room temperature loading buffer was added 
and the mixture was analyzed by electrophoresis on native 6% polyacrylamide 
gels in 0.25X TBE buffer. Gels were then dried and autoradiograph performed 
as described above. 

RJZHJLTSANDDISCUSSION 

The principal aim of this study was to examine the regulation of genes 

involved in T cell proliferation and differentiation, by investigating the 

intracellular pathways involved in DNA-binding protein activation. We have 

introduced radiolabeled double stranded oligonucleotides corresponding to the 

HIV regulatory regions into T cells by electroporation. The double stranded 

oligonucleotide sequences used in our experiments and their locations in the 

regulatory region of the HIV LTR are shown in Fig. 1. The method which we 

have developed for detecting DNA protein complexes formed within the cells is 

schematically depicted in Fig. 2. The conditions for electroporation are 

critical. The percentage of viable cells under some conditions of 

electroporation was very low, but using our optimized procedure with 2-20~10~ 

cells in 100 ul of PBS the recovery of viable cells was at least 50%. 
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-173 -150 -107 -80 -42 -14 +52 

b) Ollgonucleotides 

HIV 

-107 
Tandem ACAA~GGACTTTCC~GGGGACTTTCCAGG 31 mer 

I J 

-107 
Mono ACAAGGGACTITCCGC 16 mer 

-170 
Neg. Reg. Elem. TAGCATTTCATCACA 15 mer 

Figure 1 - Oligonucleotides used and their location in the HIV LTR. 
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Figure 2 - Panel describing the protocol for the in situ DNA-binding 
proteins detection assay. 
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Figure 3 - MONO HIV transfected in fresh human peripheral blood T lymphocytes. 
Increased salt concentrations were added to the lysates or, where 
indicated, they were treated with proteinase K (50 ug/ml) at 37 C 
for 15 min before loading them on a 6% native polyacrylamide gel. 

Figure 4 - Comparison of in situ gel retardation (a) and in vitro gel 
retardation (b) with double stranded oligonucleotide corresponding 
to the TANDEM HIV. Cells were treated either with no stimulant (-) 
or PHA-PMA (+) for 3 hrs. 

32 
When P labeled double stranded synthetic MONO or TANDEM HIV "enhancer" 

oligonucleotides were electroporated into peripheral blood T cells the 

oligonucleotides remained undegraded over 1-2 days (data not shown) and, 
32 

interestingly, a portion of the P-labeled oligonucleotide was retarded in 

gel electrophoresis indicating that it bound proteins in the cell. To confirm 

this observation we have treated the lysates from normal peripheral blood T 

lymphocytes electroporated with 32 P labeled MONO with various concentrations 

of NaCl and with proteinase K. We found that 0.5 M or 1 M NaCl completely 

dissociated the oligo-protein interaction and the complex was completely 

absent in the presence of proteinase K; in contrast, incubation at 37'C for 15 

min did not dissociate the complex (Fig. 3). These results indicate that the 

retarded radioactivity was due to the synthetic oligonucleotide and not to the 

incorporation of free 
32 

P, from degraded MONO into other cellular components, 

and that the shift in mobility was due to binding of proteins since the 

retarded band was disrupted by agents affecting DNA-protein interactions. 

Upon further characterization , we found that by decreasing the number of 

cells and cotransfecting them with radiolabeled DNA and excess Poly dI:dC (to 
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decrease non-specific binding), we gained increased resolution and 

sensitivity. When 2~10~ Jurkat cells were transfected with 4~10~ cpm of =p- 

labeled TANDEM or MONO and 5 ug of Poly dI:dC; we were able to detect a 

constitutive lower band and an inducible upper band, representing proteins 

able to recognize the core enhancer sequence of the HIV-LTR. Figure 4 shows, 

in fact, that the in situ detection method produces the same results obtained 

in our laboratory and in others (16) utilizing the mobility shift assay. 

Three hrs of PHA-PMA stimulation before lysis induces the same "upper" complex 

in situ that is found with the classical gel retardation assay using extracts 

from stimulated Jurkat cells. Furthermore, when a mutant of the MONO 

oligonucleotide, which does not bind to the proteins in vitro, was 

electroporated into the cells no bands were detected (data not shown). 

To further ensure that the intracellular binding is sequence specific we 

performed competition experiments with an excess of unlabeled MONO 

oligonucleotide or of an unrelated sequence such as the NRE (negative 

regulatory element) (28). These "cold" competitors were co-electroporated 

into Jurkat cells along with the labeled oligonucleotide. After three hrs of 

PHA-PMA stimulation, the cells were lysed and the lysates electrophoresed on a 

native polyacrylamide gel. As shown in Fig. 5, a 250-molar excess of cold 

MONO completely inhibited the complexes , which are not effected by the same 

molar excess of NRE. Analogous results were obtained with double stranded 

oligonucleotides corresponding to other regulatory elements such as the beat 

1 2 3 4 5 6 

- 

- 

Figure 5 - Competition experiment. 4~10~ gpm of MONO HIV with 5 ug of poly 
dI:dC were transfected in 2x10 Jurkat cells in the absence (lane 
2) or in the presence of cold MONO HIV (50 fold excess = lane 3, 
250 fold excess = lane 4) and in the presence of cold NRJZ (50 fold 
excess = lane 5, 250 fold excess = lane 6). Lane 1 shows 
the probe alone. Next day after trsnsfection cells were treated 
with PHA-PM.4 for 3 hrs before lysis. 
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shock element (HSE) (29-30) and the CRE (CAMP responsive element) (31), whose 

specific DNA binding proteins were induced, in Jurkat cells, after heat shock 

for 20 min at 42'C or 8-bromoadenosine 3':5'-monophosphate (1mM) treatment, 

respectively. 

This study suggests a new approach to investigate DNA-protein 

interactions occurring in situ and accelerates the detection of transacting 

factors on their sequence targets. We have used as little as lo6 cells and 

detected specifically retarded bands. The method can obviously be used on 

freshly isolated cells and subpopulations. The in situ binding of labeled 

sequences can also offer an approximation of the number of proteins bound in 

situ. Furthermore, the increased binding with mitogenic stimulation shows 

that cellular activation signals are detectable and thus the technique may be 

suitable for the study of receptor mediated signal transduction. For example, 

by pretreating Jurkat cells with actinomicin D (50 ug/ml) and cycloheximide 

(10 ug/ml) before stimulation, we can confirm that the NF-kB like protein is 

already present in the cells and that its complex with the HIV core enhancer 

could be due to post-translational modifications or to displacement of an 

inhibitor (32) (data not shown). The use of protein kinase inhibitors or 

other modulators of second messenger systems may be useful in understanding 

how the activation of DNA binding proteins occurs in situ. 
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Ferris, Joost J. Oppenheim and Dan Longo for very helpful discussion and 
comment on the manuscript. This project has been funded at least in part with 
Federal funds from the Department of Health and Human Services under contract 
number NOl-CO-74102 with Program Resources, Inc. The content of this 
publication does not necessarily reflect the views or policies of the 
Department of Health and Human Services , nor does mention of trade names, 
coaxmarcia products, or organizations imply endorsement by the U.S. 
Government. 

1. 

2. 
3. 
4. 

5. 
6. 
7. 
8. 

9. 

Moreau,P., Hen,R., Wasylyk,B., Everett,R., Gaub,M.P. and Chambon,P. 
(1981) Nucleic Acid Res. 9, 6047-6068. 
Banerji,J., Rusconi,S. and Schaffner,W. (1981) Cell 27, 299-308. 
Fromm,M. and Berg,P. (1983) Mol. Cell. Biol. 3, 991-999. 
Briggs,M.L., Kadonaga,J.T., Bel1,S.P. and Tjian,R. (1986) Science 
234, 548-551. 
Sawadogo,M. and Roeder,R.G. (1985) Cell 43, 165-175. 
Sen,R. and Baltimore,D. (1986) Cell 46, 705-716. 
Sen,R. and Baltimore,D. (1987) Cell 47, 921-928. 
Jones,K.A., Kadonaga,J.T., Rosenfeld,P.J., Kel1y.T.J. and Tjian,R. 
(1987) Cell 48, 78-89. 
Landolfi,N.F., Capra,J.D. and Tucker,P.A. (1986) Nature 323, 
548-551. 

274 



Vol. 160, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

10. 
11. 

12. 

13. 
14. 
15. 

16. 
17. 

18. 

19. 

20. 
21. 

22. 
23. 
24. 
25. 
26. 
27. 
28. 

29. 

30. 

31. 

32. 

Petterson,M. and Schaffner,W. (1987) Genes Dev. 1, 962-972. 
Johnson,P.F., Landschulz,W.H., Graves,B.J. and McKnight,S.L. (1987) 
Genes Dev. 1, 133-146. 
Angel,P., Imagawa,M., Chiu,R., Stein,B., Imbra,R.J., Rahmsdorf,H.J., 
Jonat,C., Herrlich,P. and Karin,M. (1987) Cell 49, 729-739. 
Lee,W., Mitchell, P. and Tjian,R. (1987) Cell 49, 741-752. 
Zaguri,D. (1986) Science 231, 850-853. 
Harada,S., Koyanagi,Y., Nakashima,H., Kobayashi,N., and Yamamoto,N. 
(1986) Virology 154, 249-258. 
Nabel,G. and Baltimore,D. (1987) Nature 326, 711-716. 
Zenke,M., Grundstrom,T., Matthes,H., Wintzerith,M., Schatz,C., 
Wildeman,A. and Chambon,P. (1986) EMBO J. 5, 387-397. 
Boshart,M., Weber,F., Jahn,G., Dorsh-Hasler,K., Fleckenstein,B. 
and Schaffner,W. (1985) Cell 41, 521-530. 
Weiss,E., Golden,L., Zakut,R., Mellor,A., Fahrner,K., Kuist,S. and 
Flavel1,R.A. (1983) EMBO J. 2, 453-462. 
Baldwin,A.S. and Sharp,P.A. (1987) Mol. Cell. Biol. 7, 305-313. 
Bohnlein,E., Lowenthal,J.W., Siekevitz,M., Ballard,D.W., Franza, 
B.R. and Greene,W.C. (1988) Cell 53, 827-836. 
Garner,M.M. and Renzin,A. (1981) Nucleic Acid Res. 9, 3047-3060. 
Fired,M. and Crothers,D.M. (1981) Nucleic Acid Res. 9, 6505-6525. 
Galas,D.J. and Schmitz,A. (1978) Nucleic Acid Res. 5, 3157-3170. 
Timonen,T. and Saksela,E. (1980) J. Immunol. Methods 36, 285-290. 
Sorger,P.K. and Pe1hamH.R.B. (1987) EMBO J. 6, 3035-3041. 
Piett, J. and Yaniv.M. (1987) EMBC J. 6, 1331-1337. 
Garcia,J.A., Wu,F.K., Mitsuyasu,R. and Gaynor,R.B. (1987) EMBC J. 
6, 3761-3770. 
Wu,B., Kingston,R.E. and Morimoto,R. (1986) Proc. Natl. Acad. Sci. 
83, 629-633. 
Harel-Bellan,A., Brini,A.T., Ferris,D. and Farrar,W.L. Nucleic Acid 
Res., submitted. 
Comb,M., Birnberg,N.C., Seasholtz,A., Herbert,E. and Goodman,H.M. 
(1986) Nature 323, 353-356. 
Baeuerle,P. and Baltimore,D. (1988) Science 242, 540-546. 

275 


