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High magnification electron microscopic methods were used to study DNA 
fragments and regulatory proteins binding to DNA fragments containing the 
lambda phage early rightward operon and the lac operon. It was found that DNA 
lengths and repressor or RNA polymerase binding positions could be determined 
with a precision of about + five base-pairs. DNA and protein were positively 
stained with urarlyl formate. This staining yields reproducible differences in the 
shapes of bound proteins, but shows no reproducible internal structure. RNA 
polymcrase alone was able to bind to the lambda promoter pr, but the presence of 
catabolic gene activator protein was required for detectable RNA polymerase 
binding to the lac promoter. Less than a 2% shortening was observed in the 
measured length of a 203 base-pair lac DNA fragment upon the binding of repres- 
sor to operator and the DNA showed only a slightly increased tendency to bend 
at the site of repressor or RNA polymerase binding. Similar microscopic studies 
should be possible for other systems in which proteins bind to DNA. 

1. Introduction 
Electron microscopic studies of protein-DNA complexes have the capability of 
determining where proteins bind to the DNA, what proteins are in a complex and, 
in some cases, may provide structural information. This information is fundamental 
in studies of gene regulation. 

The lambda phage early operons and the lac operon have been intensively studied, 
and the sequences to which the regulatory proteins bind and the conditions necessary 
for this bonding are known (Gilbert & Maxam, 1973; Gralla, unpublished data; 
Majors, 1975, and unpublished data; Maniatis et al., 19756; Pirrotta, 1975; Walz & 
Pirrotta, 1975). Direct DNA sequencing techniques, sequencing of transcribed RNA, 
and utilization of well-characterized mutants have been necessary for this work. 
Since the repertoire of genetic regulatory mechanisms appears large, additional 
means for their study are needed. With this objective in mind, as well as the fact that 
many structural details of the lac and lambda systems remain to be elucidated, we 
have investigated the suitability of electron microscopic methods for the study of 
gcnetic regulation. 

Several high resolution electron microscopic techniques capable of visualizing 
proteins bound to DNA have been described (Dubochet et al., 1971 ; Griffith, 1973; 
Brack, 1973; Koller et al., 1974; Vollenweider et al., 1975). We adapted the techniques 
described by Dubochet et al. (1971) and Brack (1973) for these studies. As shown in 
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this paper, the method allows clear visualization of RNA polymerase specifically 
bound to promoters, and lac repressor and lambda repressor bound to operators. 
Each of the three proteins which was observed bound to DNA possessed a different 
morphology. 

Crucial to the success of this type of high magnification electron microscopy of 
proteins bound to DNA has been the development of methods for the purification of 
short homogeneous DNA fragments containing interesting sequences (Gilbert et al., 
1975; Maniatis et al., 1975a). The use of fragments containing the regulatory regions 
from the early right operon of bacteriophage lambda and the lac operon enabled 
length and binding position determinations to a precision of about 10 base-pairs. The 
binding positions found for the lambda phage and lac repressors, and RNA polymerase 
in these two systems closely agreed with those previously determined (Gilbert & 
Maxam, 1973; Maizels, 1973; Gralla, unpublished data; Pirrotta, 1975; Ptashne 
et al., 1976). Also, no evidence was seen for "kinks" (Crick & Klug, 1975) which 
have been postulated to occur in the DNA at the positions of a bound RNA poly- 
merase or lac repressor, although the DNA showed a slightly increased tendency to 
bend under the bound proteins. Finally, the reversible DNA binding shown by 
non-specifically bound RNA polymerase and lac repressor bound to operator provided 
a test which showed that proteins bound to DNA appear to bind irreversibly to the 
grids. Thus these methods may be applicable to a variety of systems where proteins 
bind to DNA. 

2. Materials and Methods 
(a) Water and chemicals 

The water used in all solutions was distilled in a tin still and distributed in tin-lined 
pipes. This water was redistilled in glass and then stored in glass. Chemicals were the 
highest grade obtainable from Sigma Chemicals or Fisher, unless otherwise stated. 

(b) Donated materials 

(i) A-970 DNA was from Tom Maniatis and Barbara Meyer. This 970 base-pair DNA 
from phage X contains the early right promoter p, about 110 base-pairs frornane end 
(Meyer et al., 1975). It was produced by HaeIII restriction endonuclease (from Hemo- 
philus aegyptius) cleavage of X DNA, followed by size fractionation on acrylamide gels. 
The size was determined microscopically using tho sequenced lac-203 DNA (Gilbert & 
Maxam, personal communication) as a standard. The same size m7as found by electro- 
phoresis on either 2% agarose or 4% acrylamide gels, using the lac-203, lac-800 and 
ara-1120 DNA fragments (Hirsh & Schleif, 1976) as standards. Before these standards 
were available, the most accurate estimate of the size of this fragment was 790 base-pairs 
(Allet & Solem, 1974). 

(ii) Lambda repressor was from Tom Maniatis and Barbara Meyer, originally purified by 
Paul Chadwick (Pirrotta et al., 1971). 

(iii) lac-203 and lac-203 UV5 DNA was from Allan Maxam, Jay  Gralla and Walter 
Gilbert. These 203 base-pair DNA fragments contain either the wild-type or the mutant 
UV5 promoter about 60 base-pairs from one end. They were produced by sonication of 
lambda-lac DNA, followed by isolation of repressor-binding DNA, cleavage with HaeIII 
restriction endonuclease, and size fractionation on acrylamide gels. 

(iv) lac-800 DNA was prepared in the same manner as the lac-203 DNA, but cleavage 
was with Hind11 (from Hemophilus influenzae). 

(v) CAP? was from John Majors. It was purified by the method of Pastan et al. (1974) 
with the modification that  dithiothreitol was omitted from all buffers. 

Abbreviation used: CAP, catabolite gene activator protein. 
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(vi) lac repressor was from Walter Gilbert (Platt, 1972). 
(vii) RNA polymerase samples were from Allan Maxam, Michael Chamberlin and 

Rrchard Burgcss. The 3 samples behaved similarly in our studies. Most of the work was 
done wlth one preparat~on m which about 15% of the molecules were active, as judged 
by actlvity on T4 DNA and poly(dAT). The activity was due to holoenzyme as judged by 
the ratio of activities on T4 DNA and poly(dAT) (Berg et al., 1971). 

(c) Cleaning the macromolecules and determination of DNA concentrations 

DNA samples were freed of contaminants by passage through a DEAE column. The 
DNA was diluted into 0.1 M-KC1, 0.1 M-Tris.HC1 (pH 7.4). Whatman DE52 was degassed 
bjr aspiration after suspending in 0.1 N-HC1, then poured into a Pasteur pipette and 
flushed with a t  least 10 column vol. of 0.1 M-KCl, 0.1 x-Tris.HC1 (pH 7.4). The DNA 
was applied a t  any concentration between 0.5 and 25 pg/ml to a column with a vol. of 
1 m1/25 pg DNA to bc applied. The column was flushed with 3 column vol. of 0.4 M-KC1, 
0.1 M-Tris.HC1 (pH 7.4), and the DNA was eluted with 2 column vol. of 0.6 M-KC1, 0.1 M- 

Tris.HC1 (pH 7.4). All of these steps were performed a t  room temperature. Yields are 
greater than 80% if 1 pg or more of DNA is cleaned, and about 30% if 200 ng is processed. 
The DNA was then dialyzed into storage buffer (5 ~ M - K C ~ ,  5 m~-Tris.HC1 (pH 8.0), 
0.1 r n ~ - E D T A )  and stored a t  4°C. This method has not boon attempted on DNA larger 
than 1120 base-pairs. 

Concentrations of DNA eluted from the column were determined by fluorescence in 
thc presence of ethidiurn bromide. Samplcs containing 2 to 20 ng of DNA were mixed in 
a 30-p1 droplet of 0.1 IVI-KC1, 0.1 ~-Tris.HCl (pH 7.4) 0.5 pg ethidium bromide/ml and 
illuminated by 254 nm u.v. radiation C-51 Mineralight UV Products, San Gabriel, 
Calif.). By comparing the fluorescence, through a Corning CS-273 3 mm filter, of the 
drops to that  from drops containing known quantities of DNA, the DNA concentration 
was determined with a precision of about 20%. The dialysis step prior to the assay is 
rcanired for reliable measurements. 

Occasionally protein preparations required further purification before use. One of the 
KNA polymerase samples contained a high concentration of short DNA molecules, and 
in addition numerous small particles that coated DNA and obscured clear viewing (Hirsh 
& Schleif, 1976). Both types of contaminants wcre removed from the polymerase by 
dilnting the samplc into 0.01 M-Tris.HC1 (pH 7.8), 0.1 m~-dithiothreitol, 2 x-KC1 and 
passrng a t  room temperature through a 2.5-ml agarose A-O.5m (Biorad) column cquili- 
bratcd in the same buffer. The fractions eluting from the column were examined in the 
electron microscope to evaluato the extent of contaminant removal. 

(d) Preparation of carbon film grids 

Carbon film grids are prepared by evaporating carbon onto a Parlodion surface on 
400-mesh copper microscope grids (Pelco Co., Tustin, Calif.). The Parlodion layer is 
subsequently removed with solvent. Grids prepared by this method are usable for a t  
least a week. Grids which become unsatisfactory due to old age hold stain much too 
heavily. 

The Parlodion film is formed on the water surface in a 20 cm x 20 cm steel trough. 
I t  is filled with water and the water surface is cleaned by drawing Teflon bars across it. 
On drop of 3.5% Parlodion (EM Sciences) dissolved in amyl acetate is dropped onto the 
center of the surface from a height of about 1 cm. After allowing 5 min for the solvent to 
evaporate, copper grids are carefully placed on a smooth area of Parlodion, shiny side 
down. A plecc of newsprint slightly larger than the film is gently dropped onto the surface 
from a height of about 1 cm. After the paper is f ~ ~ l l y  wet, the newsprint with tho attached 
gr~ds  1s removed from the liquid and allowed to dry. Different newsprints vary widely in 
their wettlng rates with a t ~ m e  of 3 to 5 min for wettlng bemg optimal. If wetting occurs 
too rapidly, as is the caso with a thin newsprint, or Whatman no. 1 paper, the grids do not 
adhere well. 

Grids are air dried for 1 to 24 h, then are coated while still on the newsprint with evap- 
orated carbon. We use a High Vacuum Equipment Corporation model G-71 evaporator 
equipped with a liquid nitrogen trap. Dow Corning no. 704 silicone oil was used in the 
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diffusion pump. Excessive exposure to contaminants in the vacuum system that could 
interfere with proper staining is reduced by the fact that only 3 min or less are required 
to pump from an atmospheric pressure to 2 x torr at which evaporation is performed. 
It is important that the evaporator bell jar and all vacuum lines be clean. For example, 
a vacuum system contaminated by silicone oil emanating from an uncooled diffusion 
pump for 1 h yields grids that stain much too heavily. The carbon is evaporated from 
2.5-mm carbon rods which are 12 cm from the grids. One of the rods is sharpened and 
the other is flat-ended. Just before use, the vacuum chamber is evacuated and the rods 
heated to cherry red for 30 s to expel adsorbed gasses. The newsprint is then put in the 
chamber on a sheet of white paper and the evaporation is performed. The ideal thickness 
of carbon is one that is just detectable by eye. Several coins are placed alongside the 
newsprint with grids, and we strive to produce carbon layers such that the shadows of 
the coins and newsprint on the white paper may just be perceived in a bright light. This 
thickness is produced with 5 to 10 s evaporation at  a current just below the value that 
leads to particles of carbon (comets) being emitted by the carbon rods. Materials in the 
vacuum chamber that could interfere with the evaporation of a suitable carbon layer 
have been avoided: plastic insulation on wire, zinc-coated screws and brass. 

The coated grids are removed from the newsprint and placed, shiny side up, on a small 
piece of Whatman no. 1 filter paper. The paper is placed in a wide-mouth jar and amyl 
acetate, 99% (Aldrich Chemicals), is poured down the side of the jar until the filter paper 
is wet. The jar is sealed for 3 h. The filter paper is then removed and the solvcnt is allowed 
to evaporate beforo tho grids are used. 

(e) Activation of the carbon Jilrn grids 
This procedure is based on the activation procedure of Dubochet et al. (1 97 1). Activation 

makes the hydrophobic carbon film temporarily hydrophilic. The grids arc placed, shiny 
side up, in the vacuum chamber which is then rough pumped to 100 pm with the mechani- 
cal pump. The roughing valve is then closed. Vapors from 8 to 10 drops of isoamyl aminc 
(Aldrich Chemicals) are introduced to the chamber. After all of the amine has been evap- 
orated from the vial, the chamber is again pumped to 100 pm and the roughing valve is 
again closed. A 10 kV a.c. potential is then applied to an olcctrical post in the chamber 
containing a 4 cm square of aluminium foil at the top of the post to aid in dispersing the 
discharge. The discharge, visible as a purple glow, is tcrminated after 20 s. The grids remain 
activated for at least 1 h. 

(f) Binding of proteins to D N A  and separation of unbound protein from D N )  
Incubation of proteins with DNA was carried out in 1.5-ml Eppendorf plastic centrifuge 

tubcs, in a vol. of 20 ~ 1 .  The buffer was: 50 mx-KC1, 10 mM-MgCl,, 10 m~-Tris.HC1 
(pH 8.0), 1 mx-EDTA, 0.2 m~-dithiothreitol. Reactions containing CAP containod in 
addition 2 x  1OW4 M-CAMP, and the reactions which were applied to agarosc columns 
contained 5% glycerol to aid in layering the sample on the column. 

When the reaction mixture contained proteins a t  a concentration greater than 10 ~glrnl, 
it was necessary to separate the DNA-protein complexes from unbound protein. This 
was done by passing the reaction mixture through a 300-pl agarose A-5m (Biorad) column. 
The column was also used to remove nucleoside triphosphates which seriously interfere 
with staining. The column, equilibrated in buffer, was madc in a 0.6-ml Eppendorf plastic 
centrifuge tube. A capillary pipette was inserted through the bottom as the outlet. Passage 
through the column took 90 to 120 s. Fractions of 20 ~1 each from the column werc collected 
onto a Saran Wrap (now Chemicals) drum. 

(g) Binding of specimens to carbon Jilrn grids and staining 

Droplets of 10 to 20 pl containing DNA and protein were applied to clean Saran Wrap 
tightly stretched over a 15-cm brass ring. The grids were floated on the droplcts, shiny 
side down, for 1 to 3 min, although binding to the activated carbon surface appears to 
be complete within about 15 s. Following the binding, tho grids were transferred to 50 -~1  
droplets of stain solution. The grids were rapidly touched to the surface of the stain 
droplets and withdrawn about 5 times, then allowed to float on the droplets for the 
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remainder of about 30 s. They were then removed, blotted from one edge with filter paper, 
and immediately placed in a plastic grid carrier. A small amount of residual stain solution 
is allowed to remain on the grid snrface. If blotting is too thorough, or if the grids are 
rinsed after staining, the contrast of DNA is markedly reduced. The time that grids are 
allowed to float on the stain solution is not critical over the range 20 to 60 s. Grids prepared 
according to this protocol often vary considerably in contrast of DNA and protein over 
the grid surface. In more than 95% of grids, however, large regions of adequate contrast 
exist. The activated carbon surface does not preferentially bind DNA or protein since 
the ratio of RNA polymerase molecules to DNA molecules bound to the grids was approxi- 
mately equal to the ratio of the molecules added to reaction solutions. 

The stain solution we find to give good results most consistently is a freshly dissolved 
1% aqueous solution of uranyl formate (Brack, 1973). We found that uranyl acetate 
solutions often gave poor contrast of DNA and protein. Four lots of uranyl formate 
obtained from E M  Sciences gave equivalent results. Tlie uranyl formate solution is 
prepared immediately before use by vigorous mixing of the salt in water for 3 min, followed 
by centrifugation at  12,000 g for 1 min to pellet insoluble matter. Small crystals of uranyl 
formate from this supplier seem to yield solutions which stain DPiA rnore intensely than 
large crystals. This is likely to be due to inherent diflercnces in the composition of the 
crystals, as large crystals do not make a more effective stain when they are crushed to 
a powder. The solutions are allowed to stand no longer than 15 min before centrifugation, 
and are used within 30 min. after centrifugation. 

(h) Microscopy, photography and measurements 

Grids were examined and photographed witli a Phillips 300 electron microscope operated 
at 60 kV. The microscope contained 300-rm condenser apertures and a 25-pm thin gold 
film objective aperture (Ebtec Corp., Attleboro, Mass.). The original equipment binoculars 
were replaced with Zeiss 10 x binoculars which gave better contrast and illumination. 
Although the micrographs presented in this paper have been contrast-enhanced by 2 
reversals on high-contrast film, the DNA with bound proteins can easily be viewed at  the 
microscope. Grids were scanned for molecules suitable for micrographs at a screen magni- 
fication of 3.5 x lo4. Micrographs were taken on 35 mm film, Kodak Release Positive no. 
5302, a t  a filrn magnification of 3 x lo4 (screen magnification 1 x lo5). The magnification 
calibration was determined for each roll of filrn by plrotograpliing paracrystalline tropo- 
myosin (provided by Paul Norton). A repeat distance of 39.5 nm was assumed as in Caspar 
et a1 (1969). The variation in magnification on :removing a grid from the 
microscope and reinserting it was less than m-e could cletcct, 1%. Thus the precision in 
all our measurements was limited by fluctuations in apparent length as described in the 
following section. Noticeable sample deterioration results from exposure to the condensed 
electron beam for rnore than 15 to 30 s. Negatives were exposed to yield an optical absorb- 
ance when developed between 1.5 and 2.0 to obtain maximum contrast with minimum 
electron noise. Negatives were rephotographed onto High Contrast Copy Film, Kodak 
no. 5069, using a Nikkormat camera equipped with bellows, 50-mm macro lens, and 
slide-copying attachment. The resulting positives at a final enlargement of 770,000 x 
were traced onto paper with a Kodak MPE-1 microfilm viewer, and the tracings were 
measured witb a Numonics Corp. Electronic Digitizer. The binding position of a protein 
on the DNA was taken as the point half-way along the apparent path of the DNA through 
the protein. 

3. Results 
( a )  DNA length measurements 

The DNA molecules used in this work are homogeneous in size and sequence. They 
are cleavage products of restriction enzyme digestion followed by electrophoresis on 
polyacrylamide gels. When contaminants adhering to  these DNA fragments were 
removed, the DNA molecules stained uniformly to  give well-contrasted 1.5 to 2.0-nm 

31 
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diameter threads with well-defined ends. However, measurement of their lengths 
yielded fluctuations between molecules considerably larger than magnification and 
measurement errors. 

One explanation for the fluctuations is that the carbon surface to which the DNA 
adheres is not perfectly flat. Segments of a DNA molecule would then be randomly 
foreshortened as the DNA rides up and down the carbon surface. The effect of the 
multiple random foreshortenings adds, analogous to a one-dimensional random walk, 
in proportion to the square root of their number. Indeed, Figure 1 shows that the 

FIG. 1. Measured standard deviations of mean DNA lengths or protein binding positions as a 
function of the square root of the measured distance along the DNA from an end. 

standard deviation, a, in the measured lengths of homogeneous  molecule^, whose 
average length is L, was a = 1.4 L3, where a and L are in base-pairs. DNAs spread 
and coated with cytochrome c and bound to Parlodion films also possess variable 
lengths and a similar functional relationship between a and L, a = 2.6 L* (Davis 
et al., 1971). These foreshortenings could also explain why the average inter-base 
distance of the DNA on the carbon surfaces was measured as 0.270 nm instead of the 
0.34 nm expected for normal DNA in solution. Regardless of the source of the 
observed length fluctuations, precision of any desired degree may be obtained by 
measuring enough molecules. Similar fluctuations were also observed in the distances 
of bound proteins from the ends of the DNA molecules, and the same statistical 
relationships apply. 

(b) RNA polymerase binding to the Xp, yronzote~ 

(i) Xpeci$city of binding 

To determine the conditions necessary for visualization of RNA polymerase bound 
to a promoter we utilized a 970 base-pair DNA fragment containing the early right 
promoter p,. Figure 2 shows the genetic map of bacteriophage lambda, the 970 
base-pair DNA fragment and the 110 nucleotide p, mRNA transcript produced from 
this DNA (Meyer et al., 1975). 
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1-970 DNA p, mRNA 

CAP - R N A  polymerase 

( b )  

lac-203 DNA IUC repressor 

FIG. 2. (a) Genetic map of bacteriophage A, and the 970 base-pair DNA containing the early 
right promoter pr. The arrow shows the 110 base-pair mRNA produced by transcription starting 
at  this promoter (Meyer et al., 1975). (b) The lac regulatory region on lac-203 DNA showing 
protected sequences (Gilbert, W. & Maxam, A., personal communication; Gralla, unpublished 
data; Majors, unpublished data). 

When DNA molecules and active RNA polymerase molecules are added to an 
incubation mixture in approximately equimolar quantities, about 75% of the DNA 
molecules are subsequently seen to contain a polymerase bound at  the p, promoter. 
Figure 3(a) shows a field of three such DNA molecules containing RNA polymerase 
bound a t  p,. The 75% occupancy of p, is not an upper limit, as increasing the concen- 
tration of RNA polymerase increases the binding at  p,. Under the conditions where 
about 75% of the DNA molecules contain an RNA polymerase bound at  the p, 
promoter, about 20% of the DPU'A molecules contain an RNA polymerase molecule 
bound a t  an end. No preference of polymerase binding to the end close top, was seen. 
The frequency of such end-bound RNA polymerase is similar in all the DNA species 
we have examined in the work reported here. Thus the effect appears not to be 
strongly dependent upon the DNA sequences near the ends. 

The binding position histogram shown in Figure 4 shows that the great majority of 
internally bound RNA polymerase molecules are at  a site 1 1 8 1 4  base-pairs from one 
end of the DNA molecule. There is, however, some non-specific binding to the 
remainder of the DNA molecule. Since initial experiments had shown an even greater 
degree of non-specific binding, conditions were sought that would enhance the specific 
binding. Studies on the specificity of transcription by Bautz et al. (1972) showed that 
poly(1) reduced non-specific transcription. We therefore added poly(1) to reaction 
mixtures after incubation of DNA with RNA polymerase. Such a treatment yielded 
a significant decrease in the amount of non-specific binding without detectable effect 
on the specific binding. Figure 5 shows the fraction of DNA molecules containing an 
RNA polymerase molecule bound at  the promoter or bound non-specifically else- 
where, when different amounts of poly(1) were added after incubation of DNA and 
polymerase. Addition of poly(1) to a concentration of 0.3 ,ug/ml reduced non-specific 
binding fourfold, while it had little or no effect on binding at  p,. If this concentration 
of poly(1) is added to the DNA before addition of RNA polymerase, specific promoter 
binding is reduced by more than tenfold. The frequency of non-specific binding is 
independent of the order of addition. These facts show that poly(1) prevents an RNA 
polymerase molecule from subsequently binding to a promoter. These observations 
are consistent with poly(1) acting by binding to a free RNA polymerase molecule and 
preventing it from binding to DKA. Thus the effect of poly(1) in enhancing specific 



FIG. 3. (a) Micrograph showing RNA polymerase molecules bound at  the p, promoter on the 
A-970 IINA. The grids were propared a;i described in t,he legend of Fig. 3. (b) Micrograph showing 
X repressor molecules bound at  the operator on the A-970 DNA. The DNA, at  a concn of 0.5 pg/ml, 
was incubated a t  37°C with repressor, nominally 5 x 10-8 ;\I activo repressor, but possibly much 
lower, for 3 min. The reaction mixture was thcn passed through an agarose column, mountec~ 
on gricls and stained. The bar represents 100 nm in all micrographs. 



ii'ic,. 4. (a) Dleasured length, of the X 970 DSA rni)loc~~lo\, ancl (h) thc posltlons of ItS4 poly- 
lnriaic molocr~les bountl to thr5e DNA molecules. 'l'he meazruril Irngthi ncre converted to base- 
pall5 assummg 0.276 nm per base pan. 

The DNA, at a concn of 0 5 +g/ml, mas mcubated in buffer ul th  IZN \ polymerase, a t  a concn 
of 4 pg/ml, for 3 min at  3i°C. Poly(1) mas then addcd to a concn of 0 3 +g/ml for an aiitlltional 
2 mrn, and the reactlon mrxtr~re wnz then mounted on a grrrl a n d  ztanrctl. 

blndiilg nould depend upon the i lov disboriat~on rate of polymerase from a promoter 
and its rapid dissociation rate from other sequences Such dissociation rates are in 
accord with measurc~ncnts made on phage T7 DKX (Hlnklc & Cliamberlin, 1972). 
It ihould bc stressed honever, that while RNA polylncrase dissociates sloaly from 
the promoters thus far studied. it does not follo\v that it will dissociate slonly from 
all promoters. 

Tllc RNA polymerase molecules bound to DNA appear as 12.0 to 15.0-nm diameter 
slightly oblong blobh, having no reproducible internal structure. Tbese dimensions 
arp roughly tllosc expected for a globular protein of the mass of RKA polymerase, 
and are consistent nit11 the length of D E B  protected fro111 DKase digestion of 
ieveral promoters (Walz & Plrrotta. 1975; Gralla, unpublished data) The polymerase 
molecules tend to  bind to  the DNA asymmetrically. mith the DNA passing through 
an edge. This aspminetry is not noticeable in RXA polymerase molecules bound to  
ends of DNA. One of the three RKA polymerase molecules shown in Figure 3(a) is 
\!edge-shaped, pointing toward the shorter end of the DNA, the direction the poly- 
merase rnoves during transcription One fifth of the RNL4 polymerase molecules 
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FIG. 5. The effect of poly(1) on specific and non-specific RNA polymerase binding on A-970 
DNA. RNA polymerase, a t  a concn of 4 &ml, and DKA a t  a concn of 0.8 pg/ml, were incubated 
in buffer for 3 min a t  37'C. l'oly(1) was added t o  the indicated concontratioils for an additional 
2 min. Tho reactions were then mounted on grids and stniaed. Fraction of DNA molecules con- 
taining an RNA polymeraso nloloculo houild at  Ap, (0) or bound non-specifically (@) .  

possess this shape and are pointed in this direction (first brought to our attention by 
Walter Gilbert), while less than 1% are wedges pointed in the opposite direction. 
The remaining 80% of the time RNA polymerase molecules are more rounded, like 
the other two views of RNA polymerase seen in Figure 3(a). 

(iii) Demonstration that RNA polymerase bound to DNA is tightly bound to the carbon 
surface 

After the DKA-protein complexes are bound to activated carbon surfaces, they 
are exposed to harsh environments during staining and drying. These conditions 
could alter binding frequencies if the protein molecules are not firmly bound to the 
carbon surface. We therefore tested wlletlier an RNA polymerase molecule could be 
released from the activated grids. The preceding section showed that the addition of 
poly(1) to a solution of DNA and RNA polymerase had the effect of releasing non- 
specifically 'hound polymerase molecules from the DNA. If RNA polymerase-DNA 
complexes irreversibly bind to the carbon surfaces, then the addition of poly(1) after 
binding should have no effect. None XTas found, as is shown in Table 1. Thus, at  least 
in the case of RNA polymerase bound to DNA, the protein molecules irreversibly 
bind to the activated carbon films. Similarly, rinsing has never been observed to 
remove DNA. 

(iv) Temperature requirements for RNA polymerase binding 

There is no change in the fraction of p,-bound polymerase or non-specifically 
bound polymerase as the time of incubation at  3'i°C is varied from three to 15 minutes. 
Thus, the binding of RNA polymerase to DNA appears to reach equilibrium in less 
than the three minutes we normally allow for binding, Honever, -when the binding 
reaction was performed at  20°C, the half-time for p, binding was about five minutes, 
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Poly(1)  cannot remove RLVA polymerase from the carbon 
surface of the grids 

Reaction 
Number of RNA polymerase molecules 

per DNA molecule 
Bound at  Apr Bound non-specifically 

I No rinse 0.64&0.10 0.71 50.10 
2 Rinse grid in buffer 0.82-jI0.11 1.07f 0.13 
3 Rinse grid in buffer containing 0.3 pg poly(I)/ml 0.79 3 0.1 1 0.90+0.1L 
4 Control: acld poly(1) to reaction mixture 0.70& 0.09 0.25 & 0.05 

Reaction mixtures contained A-970 DNA af; a final concn of 0.5 pg/ml, and RNA polymerase 
ai, 4 pg/ml. For reactions 1, 2 and 3, RNA polymerase and DNA were incubated in buffer for 
3 min a t  37'C. The reaction mixtures were bound to the activated carbon 0x1  the grids for 3 min, 
and rinsed on a droplet of the solution indicated for 1 min, followed by staining. In  reaction 4, 
poJy(I) was added to the reaction mixture aftor the 3-min incubation of DNA and RNA poly- 
-merase. I t  was incubated an additional 2 nlin, and then was bound to the carbon surface and 
s~ained. The fractional values of the number of RNA polymerase molecules per DNA are given 
& the square root of the number of polymerase molecules bound divided by the number of DNA 
molecules observed. RNA polymerase molecules bound to cnds of the DNA were not considered. 
A n  R,NA polymerase molecule was scored as non-specifically bouncl if it was on the DNA a t  a 
position other than the promoter. 

and if the incubation was a t  OOG, there was no detectable binding at pr. This latter 
result was obtained even when poly(1) was not added after the incubation period. 
Non-specific binding appears to be unaffected by temperature. 

jv) Demonstration that the polynzerase molecules bound to the p, promoter are active 

We have used tliese microscopy techniques to show that most of the RNA poly- 
merase molecules bouncl to tlie p, promoter are transcriptionally active. In tliese 
cxperinients, RNA polymerase was incubated for three minutes with DKA at  37"C, 
ihcn nucleoside triphosphates mere addcd and incubation was continued a t  37°C. 
The temperature was then lowered to 20°C, svliile the DNA was passed through tlie 
agarose column. Tliis permits transcription but slows the binding of polymcrase to 
p,, as shown above. The frequency of RNA polymerase molecules observed to be 
bound to y, fell by a factor of three if the DNA was incubated with nucleoside tri- 
pilospliates (Table 2) .  From tliis we infer that transcription occurs. If rifampin was 
added prior to the tviphospliates, RNA polymerase remained bound at  the promoter, 
as expected from thc mechanism of action of rifalnpin (Hinklc et al., 1972). 

The frequclicies of non-specifically bound RNA polymerase molecules were not 
affected by addition of nucleoside triphosphates. The incubation with the triphos- 
phates allows polymcrase to transcribe to the end of the molecule, but since there 
was no increase in the frequency of end-bound polymerase molecules, the polymerase 
rnolecnlcs must be released from the DNA when they reach the end. 

jvi) Observation of lambcla repessor bound to operator 

Since one of tlie A phage operators is located on the A-970 DNA fragment, we 
sought to observe A repressor binding to tliis DNA. Figure 3(b) sliows several of the 
A-970 molecules containing repressor bound to the operator. Approximately 50% 
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RNA polyn~et.asr molecules bozcnd at Ap, are tnr?zscripfionally uctive 

Number of HNl\ polymelaie rnolcc~~los ppr U S A  molecule 
Reaction condition> Bound at A p ,  Bound nun sp~r~fically 13ound at  mtl 

RNA polymerase anti JINA wcrc incnbated 3 min, 87°C. Poly(1) m7as then added to a final 
conon of 0.5 pg/ml, and tho incubation  as continued for an additional 2 min. TVhen indicated, 
rifampirl \\-as then added to a concn of 20 pg/ml, follomccl 20 s later by nucleosido triphosphatcs : 
360 ~II-ATP,  GTP; 75 pi\r-CTP, UTT'. After 2 min, the reaction mixtures mere passed through 
an agarosc colurriir a t  20°C, borrnd to activated carbon gricls and stained. 

of the DiYA molecule> o1)icrvcd contain hound replessor molecules. The bouild 
repreisor inolecules appear as 5.0 to  6.0-nm thlckcnings colcring 12 to 14 iim or 
about 45 base-paiii of DKA and ale clearly dirtiiigu~sllal)le froin bound RXA 
polymerase inoleculei The obielr ed binding moit likely coriesponds to  repieisor 
covering the site Or, of tlie operator (Meycr ~t a1 1975). In tliese experiments bound 
reprersor COT ercd nucleotldes 120 to 170 fiom one end This regron dlrectly o v e ~  lapi 
the region to \ \ l i~ch RNA polymerase binds 100 to 140 nucleotidcs froni the cud 
and confirrni that the mccl~ains~n of repreibor ac t~on  is to d~rcctly core1 the RXA 
polymeraie I~inding site (Miuier r t  a1 . 1974 \Val/, & Pirrotta, 1975, i\llan~at~i p t  ul 
1975b) 

(c) The lac ope?.oz p1olt,of~r-op~mfoi. 

(i) RNA polywzerasr h ind ivq  lo wilcl-type and nzuta,~/ lac p~onrot~rs  

The lac opelon leqrniei t \ \o  proteini RNA polyrnelair and the catabolite gene 
activator protein for trnnicliption. luc repressoi also bind5 in the regulatory region 
to the operator to prc\ c ~ l t  transcllption. All of tlieie componcnti have been purified, 
well-cl~aracterized. and may be obtarlred ~n r easonakjly pure forir~. Figure 2 shons tlie 
203 base-pair DNA containing tllc lac operator-promoter uied in most of these 
studies, and tlre rcgioni nllicll RKA polyrneiaie, CAP. anti l uc  repressor bind (Gilbert, 
W. & Maxain. ,4.. personal coii~inunication Major,, ~mpubllshed data;  Gralla, 
unpublished data). 

Only a lo71 level of l~intlii~g TI as obheived n l i c ~  RK,k polymerase alone 11 as 111- 
cubated n it11 n ild-type lac-203 DNA (Table 3).  A sevenfold increase in binding T* as 
observed when rrlutant UT'5 lac-203 DNL4 was used. This mutation eliminates the 
CAP requirement for transcription in vivo and in vitro (Bilverstone et al.. 1970; Eron 
& Block, 1971). A sirrlilai increase in binding frequency occurs if RSA4 polymerase 1s 
incubated ~ i i t l i  the uild-type lac DXA in the presence of CAP. I n  tliese cxpcrirneiits 
no effort riras made to venfy the fact by mearuriiig the binding positions, that  RKA 
polymerase was binding to  promoter. The possibility that CAP was stimulating 
non-specific binding to any DSA sequence -\\as largely eliminated ~ ~ i t h  a. control 
experiment using Ap, DSA ITThcn CAP and RNA polymerase lvere added to Ap, 



S T U I I I E S  O F  G E N E T I C  H E G U L A T l O h '  

TABLE 3 

Biudi i~g  qf RNA polymerase to wild-type or UV5 lac-203 DNA 

DNA CAP 
Fraction of DNA lnolecules containing 

a bound RNA polymerase molecule 

1 Wild type - 

2 uv5 - 

:I Wild type -- 

47Vilcltype + 

In lcactior~i 1 and 2, DNA and RNA polymcrasc were incubated in buffer a t  concns of 0.25 
/~g /ml  and 4 pg/ml, ieipectively, for 5 mln at  37'C. Poly(1) was then added to a concn of 0.1 pg/ml, 
and the incubation \\as continued for 5 additional min. The reactions were then mounted and 
\tamed. 

In  rcact~oni 3 and 4, UIVA (1 pg/ml), RSA polymeraie (50 pg/ml), and in reaction 4, CAP 
(25 6g/n~l),  ~ ( ~ l e  mcubatecl in buffer 6 mm at 97'C. The reactions were then passcd through an 
agaroic. coluinn, mounted and stamed. 

DNA a t  the same concentrations as they \\ere added to lac DNA, the frequencies of 
binding ipecifically to the promoter and non-specifically elsewhere were essentially 
unchanged compared to a reaction lacking CAP. Thus CAP increases the frequency 
of Rh'A polymerase binding to tlte lac promoter. Figure 6(a) shons a micrograph of 
RNll polymerase bound to the lac UYS promoter, and Figure 7 shows a binding 
poiition histogram of RXA polymerase binding to  mild-type and UV5 luc-203 DXA 
rn the aktscnce of CAP. The mean polyinerase binding position on the UV5 DNA is 
63+2 k~asc-pa~ri from the end of the DNA. This is in good agreement ui th  the 
position of the DNA sequences protected from Dh'ase digestion by RNA polymerase 
centered a t  66 k)asc-pairs from the end of the DNA (Gralla, unpublished data). The 
observed sizc of the bound Rh'd  polymerase is also consistcrtt n i th  the size of the 
DKA fragment protected from DXase digestio~~ by polynlerase. which is about 45 
h,~ir-pairs long (G~alla.  unpublished data). AS \\la\ found on the Ap, promoter, about 
20°, of the RNA polymcrasc molecules 1)ound a t  thc lac promoter appear vedge- 
\haped pointing in the direction of tranic~ription. The molecule in Figure 6(a) shows 
thii morpltology. Unexpectedly. there was no detectable difference between the 
morphology of the protein complex bound to the UV5 promoter in the absence 
of CAP and the complex bound to nild-type DKA in the presence of CAP. The center 
of the site to which CAP binds is 60 base-pairs transcriptionally upstream from the 
erntcr of the sequence to ml~iclt RNA polymerase binds (Majors, unpublished data). 
Tl~cse rebults indicate that either CAP stains x~eakly, or CAP does not bind in the 
rxpec t~d  position. oi is released from DNA before I\ c make our observations. We have 
not been able to visualize CAP alone bound specifically to  the DNA. 

( I { )  lac repressor 

Figure 6(b) is a micrograph sho~ving lac repressor bound to  the lac operator. The 
lac repressor appears as a roundish 8 to 10-nm-diameter particle which binds to the 
DNA asymmetrically such that the DNA grazes the edge of the repressor. lac repressor 
p~otects a 25 base-pair segment of operator DNA from DNase digestion (Gilbert & 
Ataxam, 1973). Om observed sizc of lac repr,essor bound to operator is in good agree- 
lncnt x i th  thii  P i g u ~ e  Figure 8 sho~vs a histogram of the positions of lac repressor 
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YIG. 6. Jlicrographs showing (a) RNA polymerase bound to lac-203 UVB DNA, and (b) lac 
repressor bound to the lac-203 DNA, on tho left side. Tho reactions xvcre performed as described 
in the legend of Table 3. 
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Wild- type lac -203  

UV5 lac-203 

0 100 200 

Position (base-pairs) 

FIG. 7. RNA polymerase bound to (a) wild-type or (b) UV5 mutant lac-203 DNA. The histograms 
hevo been normalized to show thc binding frequency observed per 900 DNA molecules. 900 DNA 
molecules were examined for (a), and 171 were examined for (b). The reaction conditions werc a i  
yivcn for reactions I and 2 of Tablo 3. 

Position or length (nm) 

FIG. 8. Length distributions of lac-203 DNA molecules with or without a bound lac repressor, 
and Cositions of tho bound repressor. lac-203 DNA, a t  a concn of 0.7 pg/ml was incubated in 
buffer with lac reprcssor a t  a protein concn of 175 pg/ml for 10 min a t  20°C. The reaction mixture 
-.,as then passcd through an agarose column, mounted on grids and stained. Tho mean DNA 
length in the absence and presence of lac repressor was 5 1 . 8 ~ 0 . 8  nm and 52.4&0.8 nm, res- 
pectively. 
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bound to lac-203 DNA. I n  this experiment, about 30% of the DKX molecules con- 
tained a bound repressor. The binding position observed, 47% 2 base-pairs from an 
end of the DNA, agrees reasonably well wit11 the distance of 55 base-pairs predicted 
from comparison of the sequence of the lac-203 DNA with the sequences protected 
from DNase digestion by lac repressor (Gilbert, W .  & Maxam, A,. personal com- 
munication). 

Properties of the lac repressor allow a convenient proof that the binding is physio- 
logically meaningful. lsopropyl thiogalactoside markedly decreases the affinity of 
lac repressor for operator (Gilbert & Muller-Hill. 1966). When isopropyl thiogalactoside 
was added to  the buffers after lac repressor had bound to DKA, as expected, the 
level of specific binding dramatically decreased (Table 4). However. if isopropyl 
thiogalactoside was added after repressor and DNA had been bound to the carbon 
films, i t  mas unable to  release repressor from the DNA. Thus lac repressor bound to 
operator behaves similarly to  RPU'A polymerase in binding irreversibly to tlie carlr)on 
surface of the grids. 

lac repressor. cannot be ~emoved fr.on~ lac-203 DATA on grids by 
isopropyl thiogalactoside 

Reaction Fraction of lac-203 DNA inoleculos 
containing a repressor 

1 -1PTG 
2 +IPTG 
3 -1PTG; wash grid in buffer + IPTG 

Reactions 1, 2: lac-203 DNA a t  0.7 pg/ml mas incubated in buffer with lac repressor at  a concn 
of 375 pg protein/ml for 10 min a t  20°C. The reaction mixture was then passed through an agarose 
column. A fraction from the column lino\vn to contain repressor-l>XA complexes m-as dividcct 
into 2 samples. One (reaction 1) was allox%-ed to stand 2 min before nlonntii~g on the carbon 
film of a grid and stainecl. To the other (reaction 2) IPTG was added to a final concn of 1 ~ , 1 0 - ~  31, 

allowed to stand for 30 s then mounted and stainecl. The grid containing reaction 3 xvas prepared 
idontically to reaction 1, but %-as washed on a droplet of buffer containing 1 x ~-1P1'Ci 
for 30 s before being stained. IPTG, isopropyl thiogalactosido. 

(iii) I s  DATA in a special cor~formation urzder lac repressor? 

Several proposals have been made DNA assumes special conformatiolls a t  
sequences to  which proteins bind (Gierer: 1966: Crick & Klug, 1975). Among the 
proposed structures are "rabbit ears" (Gierer, 1966) and a series of four closely 
spaced zig-zag 100" bends in the DNA (Crick & Klug, 1975). Kone of the "nakcd" 
lac DNA molecules we have observed possess any of the predictccl f'eat'ures; and thus 
few, if any, are in these conformations before the protcins bind. .Howeverj t'he lac 
DNA could adopt the special conformations upon the binding of rcpressor. The 
conformational changes proposed would decrease the apparent length of a lac DNA 
fragment by 10 or more base-pairs. The short length of the 203 base-pair DKA lac 
DNA allows a stringent experimental t'est of this idea. Figure 8 slrows that the 
lengths of the lac DXA with and without bound repressor differed by less than 
four base-pairs, so that these models are unlikely to be correct. Similarly, tlie binding 
of RNA polymerase t'o this DXA did not change its measul,ed length. 
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PIC. 9. Anglri of DNA bonding (a) under bound luc repressor, or (b) on DNA not covered by 
~epreszor. 

I3XA containing hound roplcssoi was prepared as descr~bed in the legend to Fig. 5, cxcept that 
thc iepressor mas bound to lac 800 DNA contaming the lac operator about 30% from one end. 
The ailglc of bending under tho bound repressor xx as measured as shown m the F~gurc. Tangents 
\(ere drawn to the DSA at the edge of tho rcpreisor. To measure bending on the DNA not covorcd 
by repressor, a circle the slze of iepressor was dl axxn on each DKA molecule contalnlng a bound 
rrprossor 30% from the ond of the DXA distal to the bound protein Tho angle made by the 
1)KA untlrr tho drann circle was thrn measnrctl. 

The binding of repressor or RXA polymerase could also introduce a single bend in 
tlie DKA. We have quantitated such effects with an  800-nucleotide DNA fragment 
containing thc lac operator-promoter about one third of the distance from one end. 
Figure 9 defines the angle measured and shons that the binding of repressor only 
slightly increased the propensity of the DKA to  bend a t  the operator. RNA poly- 
rnrrase had a similar effect when it bound to the lac promoter. 

4. Discussion 
'Phis uork utilized high magnification electron microscopy techniques nhieh 

allo\\ routine, clear visualization of proteins bound to DNA. We found that these 
trchniqurs are applicable to a number of questions pertinent to genetic regulation. 
T\\ o model systems mere studied. the lac operator-promoter and the early rightward 
operator-promoter of phage lambda. Tn addition to obtaining unanzbiguous verifiea- 
tion of many regulatory properties of these systems, information on the conformation 
of the DNA and the shapes of the proteins was obtained. 

The results found with a 970 base-pair DXA fragment containing the lambda early 
rightward promoter about 110 nucleotides from the end are in agreement with the 
known properties of this promoter i lz  vitro (Meyer et al., 1975). A single site with high 
affinity for RNA polymerase was found about 120 nucleotides from the end of the 
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DNA. These bound ENA polymerase molecules appeared to be transcriptionally 
active since they were renioved by the addition of triphosphates followed by brief 
incubation a t  20°C. These polymerase molecules also retained their normal sensitivity 
to the antibiotic rifampin which blocks elongation without blocking binding (Hinkle 
et al., 1972). We observed no binding of RNA polymerase to the second promoter on 
the A-970 DNA, the p,, promoter, even when the DNA polymerase concentration 
was increased 2.5-fold to 10 pg/ml 

These electron microscopic techruques were also used to observe A repressor binding 
to operator. Its binding site partially overlapped tho site covered by RNA polymerase, 
and its location is consistent mith a competition mechanism for repression by A 
repressor (Walz & Pirrotta, 1975; Maniatis et d., 1975). 

Studies mere also possible with the more complicated lac operon. A high level of 
RNA polymerase binding was observed to the lac UV5 promoter and to the wild-type 
lac promoter in the presence of CAP. The UV5 mutation makes lac transcription 
CAP-independent (Fron & Block, 1971 ; Silverstone et al., 1970). Analogorxs to the h 
system, lac repressor binds and partially overlaps the RNA polymerase sites. This 
confirms the data suggesting a competition between lac repressor and RNA poly- 
merase i n  vivo (Hirsh & Schleif, 1973), as nell as the definitive data obtained by 
iiucleotide sequcncing and protection from DNasc digestion (Gilbert & Maxam 
1973 ; Gralla, unpublished data), and transcription in vitro (Majors, 1975). 

Precise length measuremeizts were possible with a 203 base-pair lac DNA fragment 
containing the lac promoter. Tlie use of such a short DNA fragment allowed us to 
deterinine that the shortening of thc nieasnred DNA length upon lac repressor or 
BNA polymerase binding is less than four base-pairs. Thesc results largely exclude 
models of the form of Gierer (1966) or Crick & Klug ( I  975). Apparently both repressors 
and RNA polymerase bind to DNA without extensive DNA conformation changes, 
for no large tendency was observed for DNA to sharply bend beneath these molecules. 

lac repressor binds quite asy~nmetrically to the operator, with the DNA just grazing 
the edge of repressor. This appearance is much different from the niodel of Steitz 
et al. (1974) in which repressor is postulated to bind to DNL4 like "a bun covering a 
hot dog". The observed asymmetry in repressor binding is consistent with a structure 
where only two of the four repressor subunits make contact mith operator. Possibly 
then an additional molecule of operator could bind to the other txTo subunits, but 
we have not definitively observed such operator-repressor-operator complexes. 

Mangel & Chamberlin (1974) have reported evidence that RNA polymerase binds 
to T7 phage promoters during incubation at  0°C. We did not observe such complexes 
on the X promoter p, following similar incubations. Our failure to observe them could 
have resulted from their dissociation upon binding of the complex to thc microscope 
grids or because tliey drd not exist. However, RNA polymerase which is non- 
specifically and weakly bound a t  other sites on the DXA is retained on the DNA as 
the microscope grids are prepared. In vie\v of this it seeins more likely, but not 
certain, that an I-type complex, with the properties described by Chamberlin (1974), 
does not form on lambda pr. 

Normal transcription from the lac operon requires CAP xvhiel.1 may assist thc 
conversion of an RNA polymerase molecule bound at the promoter to an active form. 
If the inactive form of polymerase bound at  the lac promoter were to form readily, 
then mre svould have expected to observe RITA polynlerase bound to lac DXA in the 
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absence of CAP. However, polymerase as observed bound a t  the lac proruoter only 
iu the presence of CAP. Possibly t l~m CAP functions to assist the binding of RNA 
polymerase rather than to assist conversion of polymerase to  an  active state. 
,lpproaches other t h a n  electron nzicroseopy appear necehsary for definitive corzclusions 
on this point. 
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