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ABSTRACT
The use of gel electrophoresis for quant i ta t ive studies of DNA-protein

interact ions is described. This rapid and simple technique involves separ-
ation of free DNA from DNA-protein complexes based on differences in t he i r
electrophoretic mob i l i t i es in polyacrylamide gels. Under favorable condi-
t ions both unbound DNA and DNA associated with protein can be quant i f ied.

This gel method is applied to the study of the E. co l i lactose operon
regulatory system. At ionic strengths in the physiological range, the cat-
abol i te act ivator protein (CAP) i s shown to form a long- l ived complex with
the wi ld type lac promoter, but not with a CAP-insensitive mutant. Forma-
t ion of a stable "open" or "melted-in" complex of RNA polymerase with the
wi ld type promoter requires the par t ic ipa t ion of CAP and cyc l i c AMP. Fur-
ther , i t is demonstrated that even when pre-formed in the presence of
CAP-cAMP, the polymerase-promoter open complex becomes unstable i f CAP is
then select ively removed.

INTRODUCTION

The interact ions of regulatory proteins with the speci f ic DNA

sequences which they recognize and bind to in vivo have been studied by a

number of methodologies. A technique which has found wide use is a f i l t e r

assay (1,2) i n which DNA-protein complexes, but not f ree DNA, are retained

on a n i t roce l lu lose f i l t e r . This approach has been applied successfully to

determine thermodynamic and k inet ic parameters fo r the DNA binding of _E.

col i RNA polymerase (1,3,4) and of the ]_ac repressor protein (2 ,5 ,6 ) , which

prevents t ranscr ip t ion when bound to the operator s i t e in the lactose oper-

on control region. J_a£ and other catabol i te sensit ive operons are also

subject to posi t ive regulat ion by the catabol i te act ivator protein (CAP)

which somehow stimulates i n i t i a t i o n of mRNA synthesis by RNA polymerase

( for review, see re f . 7) . Studies of CAP-DNA interact ions by f i l t e r assays

have been more d i f f i c u l t due to problems in separating CAP-promoter binding

from the nonspecific association of CAP with other regions of DNA (8 ,9) .

Elucidation of the molecular mechanisms involved both in i n i t i a t i o n by

RNA polymerase and in control of t h i s process by CAP remains a subject of
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intense study. Mcf.lure and coworkers have developed an "abort ive i n i t i a -

t i o n " assay to quanti fy polymerase-promoter binding (10). In th i s approach

the appearance of an RNA dinucleot ide, complementary to the f i r s t two bases

of the DNA template being transcr ibed, is monitored by paper chromato-

graphy. The technique can be used to investigate the k inet ics of the i n i -

t i a t i o n react ion. McClure observed that upon mixing polymerase with d i f -

ferent promoters the steady state rate of dinucleotide formation was

approached re la t i ve l y slowly (11,12); th is implies that the ra te - l im i t i ng

steps in i n i t i a t i o n involve the binding of RNA polymerase to DNA. McClure

interpreted his data in terms of the usual model for polymerase-promoter

binding, in which the enzyme f i r s t forms a "closed" complex with double

hel ical DNA at the promoter followed by an "isomerization" to the "open" or

"melted-in" complex (13,14). Under the quite reasonable assumptions of the

model he extracted values of the equi l ibr ium constant fo r the binding step

and of the rate constant fo r the isomerization (11,12).

Chelm and Geidushek used agarose gel electrophoresis to study the very

stable ternary t ranscr ip t ion complexes composed of RNA polymerase, DNA, and

radioact ively labeled nascent RNA chains (15). This approach y ie lds

information on the se l ec t i v i t y of polymerase binding, and permits mapping

of promoter regions by i den t i f i ca t i on of DNA res t r i c t i on fragments which

can form ternary complexes. We present here a new gel electrophoresis

technique for more quant i ta t ive studies of speci f ic DNA-protein in terac-

t ions . The essence of the experiment is to separate unbound DNA fragments

from complexes by electrophoresis in polyacrylamide ge ls ; the amount of

uncomplexed DNA is then determined by densitometry of the ge l . This fast

and easy method uses small amounts of materials and does not require that

the protein be an enzyme. I n i t i a l applications of the technique to char-

acterize CAP-poiymerase-lac promoter interact ions reveal some heretofore

unknown features of th i s system.

EXPERIMENTAL

Mater ia ls. Unless otherwise noted a l l reagents were ACS reagent grade

obtained from normal commercial sources and were used without fur ther pu r i -

f i c a t i o n . RNA polymerase holoenzyme was isolated from £ . col i K-12 s t ra in

PR 7 by the method of Burgess and Jendrisak (16) as modified by Lowe et a l .

(17). Pur i f ied sigma factor was added to assure f u l l sigma saturat ion as

described by Revzin and Woychik (18). Enzyme preparations t yp i ca l l y were

about 25% act ive according to the quant i tat ive assay of Chamberlin et a ! .
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(19). CAP was isolated from E_. col i K-12 strain CR 63 by a modification of

the method of Boone and Wilcox (20); th is involved chromatography on

phosphocellulose, hydroxyl apatite, and DNA-DEAE cellulose, followed by

concentration using a Bio-Rex 70 column. For storage the protein was

dialyzed into 0.2 M NaCl, 0.02 M Tris (pH 8 at 22°), 0.0001 M Na2EDTA,

50% glycerol. The CAP was greater than 95% pure as judged by sodium

dodecyl sulfate polyacrylamide gel electrophoresis.

DNA restr ict ion fragments, 203 base pairs long, containing either the

wild type or the L8-UV5* mutant lac promoter, were isolated from recom-

binant pMB9 plasmids which were graciously provided by Dr. Forrest Ful ler.

These plasmids were used to transform £ . col i strain K802; after amplif ica-

t ion on chloramphenicol, they were isolated using a modified cleared lysate

method (21) followed by CsCl density gradient centrifugation in the pre-

sence of propidium di iodide. The propidium was removed on Dowex-50/Na+;

during these manipulations exposure of the DNA solutions to l igh t was

minimi zed.

The promoter-containing inserts are flanked by Eco Rl rest r ic t ion

si tes. Plasmids were digested using Eco Rl prepared from j : . col i strain

pMB4 (kindly provided by Dr. H.-J. Kung) as described by Greene et aK

(22). After incubation at 37° for two hours the digestion mixture was

extracted twice with phenol and three times with ether, and the DNA was

concentrated by ethanol precipi tat ion. The desired fragments were isolated

using sucrose gradients (23). No contaminating DNA was observed on poly-

acrylamide gels, even when large amounts of the purif ied DNA inserts were

tested.

Concentrations of macromolecules were based on absorbance measurements

using the following extinction coefficents: for DNA, ^60 = 1 3 > 0 0 0

M~'cm , per mole of base pairs (24); for RNA polymerase, e280 =

3xl05 M^cm'1 [using e 280 = 6 * 5 (25) a n d a m o 1 e c u l a r weight of

460,000 (17)] ; for CAP, e 28Q = 3.5xlO4 M^cm"1 (26).

Binding assays. The buffers used in binding experiments contained

0.02 M Tris (pH 8 at 22°), 0.003 M MgCl2> 0.0001 M Na2EDTA, 0.0001 M

d i th io th re i to l , plus KC1 at the indicated concentration. I f present, cAMP

*L8-UV5 is a double mutant. The L8 mutation renders the lac promoter
CAP-insensitive in vivo (27). The UV5 promoter is a strong "up" mutant at
which i n i t i a t i on of transcription is quite e f f i c ien t , even in the absence
of CAP (28).
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was at 2x10" M. Control experiments showed that higher levels of cAMP had

no effect on our resul ts . The to ta l volume of an assay mixture was 30 p i .

Unless otherwise indicated electrophoresis was performed at room tempera-

ture i n "TBE" buffer (0.09 M Tri s base, 0.09 M H3BO3, 0.0025 M Na2EDTA).

A typical binding experiment involved mixing the appropriate amounts

of DNA (0.1-0.5 yg) and protein under the desired ionic conditions, then

incubating the samples for 10 mi n at 37°. I f no other components were to

be added, 5 ul of dye mix (two parts 50% glycerol :one part 0.1% bromphenol

blue in water) was added and the samples were immediately loaded onto 7.5%

polyacryl amide gels (46:1 , acrylamide:bis) and electrophoresed. Following

electrophoresis the gels were stained with ethidium bromide and photograph-

ed. The DNA bands were quantitated by scanning the gels at 260 nm using a

Gi l ford Model 250 spectrophotometer with recorder and a Model 2410S l inear

transport device. Scanning the gels before or af ter staining gave iden t i -

cal resu l ts .

RESULTS

Technical de ta i l s . The essence of th i s technique is to layer a DNA-

protein solut ion onto a gel and to rapidly separate unbound DNA from DNA

which is complexed with proteins and hence has a diminished electrophoretic

mobi l i ty . I t is c r i t i c a l that the level of ' f r ee ' DNA seen in the gel

corresponds to the amount actually free i n the i n i t i a l DNA-protein solution

of in te res t . That i s , there must be no s ign i f icant changes in free and

complexed DNA levels during the course of the electrophoresis experiment.

There are two potential sources of error here. The f i r s t involves

possible dissociat ion of the complexes during electrophoresis. This is not

a problem i f the DNA-protein complexes are long-l ived re lat ive to the

"dead-time" of the experiment which, in th i s case, is the time required for

free DIIA to enter the ge l . Once the band of uncomplexed DNA is moving

through the ge l , any (slow) dissociat ion of complexes at or near the top of

the gel w i l l not affect the results - - the DNA thus l iberated w i l l t r a i l

the wain band and in practice is so di f fuse as to be undetectable. So

while an electrophoresis experiment requires about 30-40 minutes, the dead-

time is much shorter than th is . How long does i t take for DNA to enter the

gel? For a 7.5% polyacryl amide gel in TBE buf fer , applying 6 milliamps to

a 10 cm long, 5 m diameter tube gel leads to a discrete band of DMA in the

gel in less tiian three i.iinutes. This can, i f necessary, be reduced further

with even higher i n i t i a l currents and voltages. The current can be

3050

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/9/13/3047/1056440 by guest on 13 M

arch 2024



Nucleic Acids Research

decreased once the free DNA has entered the gel.

A second source of possible artefacts can be the changes in ionic

composition due to layering the solution onto the gel ; despite the addition

of glycerol to the reaction medium some mixing inevitably occurs during

layering so that the f inal ionic condition just before the power is turned

on is a mixture of reaction and electrophoresis buffers. In many circum-

stances this may not be a problem; TBE is a low salt buffer so that mixing

i t with binding buffer results in a DNA-protein solution of lower ionic

strength. This tends to increase the s tab i l i t y of most nucleic acid-

protein interactions and results in even longer-lived complexes, a favor-

able si tuat ion. Lowering the salt concentration would be disadvantageous

i f i t led to binding of protein molecules which would otherwise have been

free in solution at the higher ionic strength. Such additional binding

can be prevented by adding an agent to quench the DNA-protein interaction

just prior to electrophoresis. For example, to RNA po1ymerase-UV5 promoter

solutions we might add either heparin (13) or poly d(A*T) (29). These

bind to and prevent further interaction of free enzyme but have l i t t l e or

no effect on the long-lived complexes already formed. Final ly, concerns

about changes in buffer concentration can be eliminated by having the

desired reaction buffer atop the gel when the DNA-protein solution is lay-

ered on. In th is case the only effect of mixing is a small d i lu t ion of the

reaction mixture. The disadvantage of th is procedure is that typical bind-

ing buffers are of higher ionic strength than TCE, so the DNA requires a

longer time to enter the gel. Nevertheless, we found that i t w i l l be quite

feasible to use this protocol. Polyacrylamide tube gels were made using

TBE buffer as usual and were overlayed with 100 mM KC1 binding buffer. The

electrophoresis reservoir buffer was TBE. A DNA solution in binding buffer

was layered onto-the gel. A discrete DNA band was seen in the gel after

only 4.5 min at 10 mil l iamps/tube. Thus, use of reaction buffer atop the

gel does not severely lengthen the dead-time of the experiment and may

prove advantageous in some applications of this technique.

Additional modifications can also be made. As seen below, we can

detect in the gel not only free DNA but also DNA-protein complexes. For

proteins as large as RNA polymerase the complexes do not migrate very far

into 7.5% gels. This may be undesirable and can be mitigated by use of

lower percentage gels, or by using tandem gels (e .g . , a 4% gel on top of a

7.5% gel) .

Application to the lac Operon Regulatory System. As a f i r s t test of
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the gel method we measured the dissociation rate of RNA polymerase-Uc_ UV5

promoter complexes as described in the legend to Figure 1. As previously

reported by Maquat and Reznikoff, under the conditions used the polymerase-

UV5 complexes are quite long-lived (35); they are insensitive to heparin

and to poly d(A-T) added to prevent rebinding of any enzyme molecules

released during the course of the dissociation experiment.

RNA polymerase does not form the same type of complex when incubated

with the wild type lac promoter exactly as described in Figure 1. The

complexes do not enter the gel i n the absence of heparin or poly d(A-T),

but the presence of either of these compounds completely abolishes the

polymerase-DNA interactions and a l l l_ac_ DNA fragments appear as a free DNA

band in the gel . Likewise, incubation of RNA polymerase with the UV5

promoter at 4° in 0.2 M KC1 does not lead to formation of heparin- or poly

100

Figure 1. Demonstration that the gel method can be used to measure the
dissociation rate of RNA polyinerase-Xac_ UV5 promoter complexes. The salt
concentration was 0.14 M KC1; [UNA] = 2.0xl0"7 M promoter regions, [RNA
polymerase] = 4.0x10"? M. After addition of the enzyme, samples were
incubated 10 min at 37°; poly d(A-T) was then added to 9.7xlO"5 M
base pairs and the reaction mixtures were further incubated at 37° for
various times. Dye was added and the samples were applied to 7.5% poly-
acrylamide gels and electrophoresed at 5 milliamps/tube for 35 min. Fol-
lowing electrophoresis the gels were stained with ethidium bromide. (Left)
Photograph of stained gels; numbers indicate the time (min) after addition
of poly d(A-T) that electrophoresis was begun. (Right) The decay curve
shown was generated by comparing the intensity of the "free DNA" band at
each time point with that of the reaction blank (lane B), which contained
only DNA and no RNA polymerase. Similar results are obtained if poly
d(A*T) is replaced by heparin at 80 yg/ml.
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d(A-T)-insensitive complexes. The retardation of polymerase-DNA com-

plexes in the absence of the conpetitor macromolecules may be due to non-

specific binding, or could possibly ref lect the formation of "closed"

complexes at the wild type promoter in the absence of CAP or at the UV5

promoter under conditions unfavorable for melting-in. We are presently

studying this question by comparing the interactions of RNA polymerase with

the lac-containing DNA fragments and with a segment of DNA known to be free

of specific promoter regions.

Figure 2 shows gels relat ing to the binding of CAP to the wi ld type

lac promoter at a CAP:DNA rat io of 4 : 1 . The presence of CAP results in

Figure 2. Studies of CAP-wild type lac promoter interactions. The salt
concentration was 0.10 M KC1; [DNA] = 2.0xl0~7 M promoter regions,
[CAP] = 8.3xlO"7 M. Al l samples were incubated for 10 min at 37° af ter
addition of the protein. (A) DNA only (control). (B) DNA plus CAP, no
cAMP. (C) DNA plus CAP plus 2.0xl0"5 M cAMP. (D) Same as (C) except
that after incubation heparin was added to 40 ug/ml and the sample was
reincubated for 10 min at 37° before electrophoresis. (E) Same as (D)
except that poly d(A-T) was added to 1.2x10"^ M base pairs instead of
heparin. The additional stained material between the upper CAP-DNA band
and the lower (less bright) free DNA band is due to the poly d(A-T).
Electrophoresis in a l l cases was at 3 milliamps/tube for 60 min.
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diminution or elimination of the free DNA band and appearance of a sharp

band corresponding to CAP-promoter complexes (compare lanes A and C). The

binding is s t r i c t l y dependent on the presence of cAMP (lane B). No inter-

action of CAP with the L8 mutant promoter is seen under these conditions.

In solutions identical to those used in Figure 2 (except substituting the

L8 promoter for the wild type) no band corresponding to complexes is seen.

The DNA appears only in the free DNA band, regardless of whether CAP and/or

cAMP are present. These data indicate that CAP can form a quite long-lived

complex with the wild type promoter, and are in agreement with the

conclusions of Majors (9) derived from experiments at much lower ionic

strengths. The results with the mutant promoter imply that the binding we

observe is a specific ef fect , not due merely to general CAP-DNA a f f i n i t y ;

and, as discussed below, i t is clear that no problems arise from

preferential binding of CAP to the ends of the DNA fragments. Since a

sharp band corresponding to CAP-promoter complexes is seen after 60 min of

electrophoresis, the ha l f - l i f e of these complexes must be an hour or more.

Because heparin rapidly destroys the complexes (lane D), we conclude that

i t can attack CAP while the protein is bound to i t s specific functional

s i te on DNA. Lane E in Figure 2 shows that poly d(A>T) has no effect on

the CAP-promoter complexes under the conditions of th is experiment.

F inal ly , we see that the amounts of DNA in the two bands in lane C do not

account for a l l the DNA layered onto the gel (lane A). We interpret th is

to indicate that the CAP-promoter complexes are dissociating to a small

extent during the experiment, and the DNA being slowly released is too

diffuse to be detected.

The gel technique can also be applied to study the simultaneous inter-

actions of CAP and RNA polymerase with DNA. Incubation of both proteins

with the wi ld type promoter as indicated in the legend to Figure 3 leads to

formation of long-lived complexes which are insensitive to poly d(A»T)

and which barely move into the ge l ; no free DNA is seen. Under the same

experimental conditions, omitting CAP or cAMP leads to polymerase-promoter

complexes which are retarded in moving through the gel but which are

destroyed by addition of poly d(A-T). Likewise, the absence of RNA poly-

merase leads to CAP-promoter complexes which migrate as indicated in Figure

2. Thus we can monitor the formation of long-lived polymerase-wild type

promoter complexes stimulated by CAP-cAMP. Interest ingly, these poly

d(A-T)-resistant complexes are quite sensitive to heparin.

Our binding buffer is identical to that used in the abortive i n i t i a -
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Figure 3. Studies of UNA polymerase-CAP-wild type lac promoter ternary
complexes. The salt concentration was 0.10 M KC1; IDNA] = 2.0xl0"7 M
promoter regions, [RNA polymerase] = 4.0xl0"7 M, [CAP] = 1.2xlO~6

M, [cAMP] = 2.0xl0-5 M. Samples were incubated for 10 min at 37°. (A)
DNA only (control) . (B) DNA plus CAP plus RNA polymerase. (C) Same as (B)
except that after incubation poly d(A»T) was added to 9.7xlO"5 M base
pairs and the sample was reincubated for 10 min at 37° before electrophor-
esis. (D) Same as (C) except that heparin was added to 80 yg/ml instead of
poly d(A-T). Electrophoresis was at 3 milliamps/tube for 60 min.

t ion assay. Since the f i r s t two bases in lac mRNA are adenines (30,31),

addition of ATP to our solutions should allow abortive in i t i a t ion to occur.

In preliminary studies, we found that the presence of 0.5 mM ATP in the

reaction mixture had no effect on the results of the gel experiments.

DISCUSSION

We have described a simple and rapid gel electrophoresis method for

quantitative study of DNA-protein interactions. This technique permits

accurate evaluation of the quantity of unbound DNA fragments in a reaction

mixture, under the sole assumption that the l i fet ime of the complex is long

relat ive to the three minutes or so needed for free DNA to enter the gel at
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the start of the electrophoresis. By difference, one can determine the

concentration of complexes. The amount of DNA in complexes can also be

measured direct ly i f the assemblies dissociate slowly with respect to the

to ta l time of electrophoresis (30-60 min). In such a case one can, without

extraordinary e f fo r t , quantify stable complexes of DNA with proteins having

a wide range of molecular weights (e .g . , CAP, 45,000; RNA polymerase,

460,000). The need for long-lived complexes should not be too great a

burden for many systems, since specific DNA-protein interactions w i l l

l i ke ly have very high association constants and hence rather long l i f e -

times. The gel method can be applied to study of the simultaneous interac-

t ions of two proteins with DNA. There is no requirement for any enzymatic

ac t i v i t y on the part of the protein. F inal ly , while we have chosen to

quantify DNA by scanning the gels for absorbance, i t is clear that the

technique can be used with radioactively labeled DNA and/or protein at much

lower concentrations.

This approach w i l l be a useful complement to f i l t e r assays. For some

nucleic acid-protein systems f i l t e r assays have been less than sat isfact-

ory; for instance, specific binding of CAP to DNA has been demonstrated

only at low ionic strength (8.9). With the gel method, on the other hand,

we can study the unique CAP-wild type promoter complexes under salt condi-

tions more l i ke the in vivo si tuat ion.

The gel electrophoresis method can be used for quantitative studies of

equilibrium systems, again assuming only that the level of complexes in the

reaction mixture does not change signi f icant ly while the free DNA is enter-

ing the gel . Dissociation kinetics can also be followed (see Figure 1) as

can the rate of association. In the la t te r case, one might mix RNA poly-

merase with the lac UV5 promoter, then quench the reaction at various times

by adding poly d(A-T) and transfering the solution to a low-salt buffer.

The complexes which have formed w i l l be very stable at low ionic strength

and w i l l not dissociate during loading and running of the gels. The kinet-

ics of polymerase-wild type ]_§£ promoter interactions can be followed at

various concentrations of CAP to elucidate details of the binding mechan-

ism. We note that some polymerase-promoter studies similar to those just

described have already been done by McClure and his colleagues using the

abortive i n i t i a t i on assay (11,12). For RNA polymerase work we expect the

gel method w i l l augment abortive i n i t i a t i on studies; the electrophoresis

experiments can be done in the absence of nucleoside tnphosphates or in

the presence of non-polymerizable nucleoside triphosphate analogs to see
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the effects of binding a single nucleotide.

First applications of the gel technique to the lactose operon

regulatory system have yielded interesting results. We have found that

under ionic conditions not too far from physiological CAP forms a rather

long-lived complex with the wild type J_a£ promoter (Figure 2). This

complex forms only in the presence of cAMP and is very sensitive to

heparin. No long-lived complex is seen with the catabolite-insensitive

mutant Jac_ L8 promoter. Since the Eco Rl DNA fragments containing the wild

type and L8 promoters are identical except for the CAP-site mutation, th is

finding establishes that we are observing a specific CAP-promoter

interaction without interference from binding to nonspecific DNA or to the

fragment ends. I t also supports the notion that the L8 mutant promoter

does not respond to CAP in vivo because i t has a lowered a f f i n i t y for the

protein (9). These conclusions on specific CAP binding to the wild type

but not the mutant l§c_ promoter have been ver i f ied by a centrifugation

technique (A. Revzin, in preparation).

A question of importance is whether a l l molecules in a CAP or RNA

polymerase preparation are active. Chamberlin et al_. (19) devised an enzy-

matic assay for RNA polymerase which yields a value for the percent activ-

i t y - - our preparations are typical ly about 25% active by th is c r i te r ion .

However, we f ind that at a 2:1 rat io of polymerase to promoter fragments

a l l DNA is bound in heparin-insensitive complexes, which indicates about a

50% binding ac t i v i t y . McClure and his colleagues report that the abortive

in i t i a t ion assays reach a maximum level when they add about two enzyme

molecules per promoter (29). I t is theoretically possible that i n i t i a t i on

of transcription involves a cooperative interaction of two RNA polymerase

molecules at the promoter. However, i t is known that a single polymerase

molecule can i n i t i a t e transcription on short segments of T4 or salmon sperm

DNA (32). Furthermore, we have found that heparin-insensitive polymerase-

UV5 promoter complexes sediment at a rate very near to that of RNA polymer-

ase protomers (A. Revzin, in preparation). Thus open polymerase-promoter

complexes involve only one protein molecule. We do not yet know the

significance of the fact that our enzyme appears to be about 50% active in

binding as measured by the gel assay, compared to the 25% ac t iv i ty deduced

from the method of Chamberlin eit al_. (19).

The gel method permits us to estimate the fract ion of molecules in a

CAP preparation which are capable of specific promoter binding. We find

that a 6:1 rat io of CAP to promoter fragments is needed to insure that no
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free DNA appears in the gel (data not shown - recall that the results in

Figure 2 are for a 4:1 rat io of CAP to DNA). This may simply result from 5

out of 6 CAP molecules being inactive. Alternatively, CAP binding to the

wild type promater might be cooperative; th is protein is known to display

markedly cooperative binding to nonspecific DNA (33,34). We are presently

pursuing these questions as to the fraction of active CAP molecules and the

stoichiometry of CAP binding using the gel method in conjunction with

transcription assays and a centrifugation technique.

Our f i r s t experiments with the ternary CAP-polymerase-wild type lac

promoter system have also revealed important new information. As discussed

in Results, the enzyme alone does not form a heparin- or poly d(A-T)-

resistant complex with the wild type promoter. In the presence of both CAP

and cAMP a long-lived complex is formed which barely enters the gel. This

ternary complex i s , however, quite sensitive to heparin. These results

taken together strongly suggest that formation of a polymerase-wild type

promoter open complex is thermodynamically unfavorable in the absence of

CAP-cAMP. This conclusion assumes that heparin does not attack RNA

polymerase in an open ternary complex, but w i l l lead to the dissociation of

CAP; th is seems reasonable since open polymerase-UV5 promoter complexes are

resistant while CAP-wild type promoter complexes are heparin-sensitive

(Figure 2). Our interpretation is buttressed by the f inding that poly

d(A-T) does not cause dissociation of the CAP-polymerase-promoter assem-

bly. Were the polymerase merely nonspecifically bound to the promoter

fragment i t would be removed by the poly d(A-T) and a band corresponding

to CAP-promoter complexes would appear in the gel (cf . lane E, Figure 2);

but th is does not occur. Therefore, removal of CAP by heparin leads to

dissociation of RNA polymerase from an open complex which has already form-

ed. That i s , fa i lu re of polymerase to form open complexes e f f i c ien t ly with

the wild type promoter in v i t ro is not due to a kinetic barrier (high

activation energy) but results from the inherent ins tab i l i t y of such

complexes in the absence of CAP-cAMP; i t is tempting to infer that the same

mechanism also applies in the c e l l . In contrast we note that Maquat and

Reznikoff, from studies of mutant lac promoters (35), and Seeburg et a l . ,

from studies of phage fd promoters (36), concluded that kinetic rather than

thermodynamic parameters are crucial in in vivo promoter selection in those

systems.

In summary, then, our gel electrophoresis method provides an addition-

al tool with which to probe DNA-protein interactions. I t should prove use-
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ful in combination with other techniques for elucidation of the molecular
mechanisms involved in control of transcription at catabolite-sensitive
operons-
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