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amide gives optimal contrast. Under these conditions R-loops are less stable; part of 
the RNA may be displaced by branch migration, which leads to the appearance of 
RNA tails or whiskers. Correct interpretation of RNA tails may be of the greatest 
importance. In principle, RNA tails can be interpreted in two ways: either they are an  
artefact produced by displacement of the RNA. e.g., in A + T rich regions, ‘ I 1  or  the 
RNA molecule does not hybridize completely, because part of the homologous se- 
quence is not present in the DNA molecule studied. This question has been discussed 
by Chow et al . ,”’  who mapped the early and late RNA transcripts from adenovirus 2- 
infected cells by the R-loop method. They observed frequent RNA tails, both at the 3‘ 
and 5 ’  ends of many R-loops, which were interpreted to be the result of displacement 
of the RNA by the second DNA strand. The frequency of tails could be decreased by 
spreading the sample within seconds after dilution into the spreading mixture. Even 
then, a large proportion of R-loops had short tails at their 5’ ends. Similar observations 
were made by Westphal et al.”‘ and Meyer et aI.’.l5 As later studies have shown, the 
5 ’  end leader sequences of adenovirus mRNAs are  encoded elsewhere i n  the genome, 
and thus the 5 ‘  tails are real structures of biological importance.”J-”6 ”’ Another ex- 
ample was presented b y  Tonegawa et aI.ll9 and Brack et al.’5 in their R-loop analysis 
of immunoglobulin genes. In embryonic cells, the variable and constant region of the 
light-chain genes are on separate DNA fragments. R-loops on these molecules were 
only half the expected size; the other half of the mRNA was extended as a tail. 

Branch migration may be reduced by spreading t h e  R-loop molecules from 70% 
forrnamide ”’ but this may result in poorer contrast and lower quality 
of the cytochrome film. Also, A + T rich sequences may not fully base pair under 
these conditions. 

To overcome these problems, Kaback et al. have devised a method for stabilizing 
the R-loops by modifying the free DNA single-strand in the R-loop with glyoxal. At 
temperatures considerably below the T m  of DNA, and  under suitable selective reaction 
conditions, glyoxal specifically modifies G residues in single-stranded D N A . ”  When 
R-loop molecules were treated with 1.0 M glyoxal a t  12°C (heating in  glyoxal above 
12°C results in denaturation of duplex DNA), they could be spread from 50% form- 
amide, and no shortening of the R-loops due  to branch migration was observed. In  
addition, some small R-loops that had been selectively lost during 50% formamide 
spreading (compared to the 70% formamide spreading) could be stabilized by the 
glyoxal treatment. Once fixed with glyoxal, R-loops are completely stable; they can be 
dialyzed or purified by gel filtration and stored for weeks without major 
degradation.”> Combining both Trioxsalen cross-linking of the DNA before R-loop 
formation with glyoxal fixation afterwards, Kaback et a1.I” were able to study the 
distribution of R-loops made with total poly A’ yeast RNA on total yeast DNA. By 
this method they were able to calculate the number of genes transcribed into poly A’ 
mRNA per yeast genome. One  problem was the interpretation of very short loops (less 
than 200 base pairs long). I t  is difficult to determine whether these are very short R- 
loops o r  denaturation bubbles introduced by the glyoxal treatment. 

D. Orientation of R-Loops 
Certain problems may be encountered with the orientation of genes visualized with 

the R-loop method. In cases where R-loops are made with poly A containing messen- 
gers, i t  may be possible to see short RNA tails extending from R-loops, corresponding 
to the poly A tails at the 3 ’  end of the mRNA” I ”  (see Figure 14). Such tails are no t  
always visible, either because they a re  too short o r  because they are not sufficiently 
extended by the spreading procedure. 
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FIGURE 14. R-hybrid  molecule.'^" Two mouse immunoglobulin gene clones - one containing the embry- 
onic C X  gene,”’ the second containing a myeloma CX + VX (MOPC 21) gene - were hybridized in the 
presence of a x (MOPC 321) mRNA. The branch point f the heteroduplex indicates the position of the CX 
gene. Note also the RNA tails on the R-loop - the longer one corresponding to nonhybridized Vx321 
sequences (--+), the shorter one corresponding to the 3’ end poly A tail (+). 

Bender and  Davidson devised an  elegant method for mapping poly(A) tails on RNA 
molecules by hybridizing them to poly(dT) tailed circular DNA m o l e c ~ l e s . ~ ’ ~  They ob- 
served that terminal transferase can polymerize poly(dT) tails at  nicks in nicked circu- 
lar molecules. It is best to use small circular duplex molecules like SV40 or minicircles 
of trypanosome kinetoplast DNA,  because they are easily distinguishable in the elec- 
tron microscope. These tailed molecules have been hybridized to poly A tails of oncor- 
navirus RNA molecules1J* or to mRNA poly A tails in Broker et al.’” 
and Chow et al. l z J  have hybridized isolated single strands of restriction fragments con- 
taining the tripartite leader sequences to mark the 5 ’  end tails in R-loops on adenovirus 
DNA. 

E. R-Hybrids 
When two partially homologous DNA molecules are to  be compared by heterodu- 

plex analysis, it may be useful to have an  internal gene marker for the orientation of 
the hybrid molecules as well as for more accurate measurement of the position of 
branch points in long molecules. We have combined the heteroduplex and R-loop 
methods to form so-called “R-hybrids”, which are heteroduplex molecules containing 
R-10ops.l~’ The conditions are similar to the ones described above for the two-step R- 
loop formation. The two different DNA fragments are mixed in equimolar amounts 
in the R-loop buffer in the presence of mRNA. The samples are heated to 10°C above 
the Tss, then incubated in decreasing temperature. The R-hybrid in Figure 14 shows 
the relationship between two immunoglobulin DNA clones; the R-loop maps the posi- 
tion of the constant region gene. 

This method can be very useful for the comparison of related DNA clones of a gene 
family. As an  example, different immunoglobulin gene clones containing variable re- 
gion genes of one x group with varying degrees of homology to a given x mRNA have 
been analyzed (Figure 15). The position of the R-loop (i.e., V gene) allows accurate 
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FIGURE I S .  R-hybrid molecule showing the sequence relation between two partially homologous mouse 
immunoglobulin I chain clones. The two DNAs (phage Agt vector, including the cloned fragments) were 
hybridized in the presence of JC mRNA. as described in the text. One DNA clone contains two copies of a I 
variable region gene labeled with the mRNA (-); the second DNA contains one copy of a variable region 
gene that is surrounded by a region of homology.”’ 

mapping of the very short homology regions within the rather complex hybrid struc- 
tures. I t  could be shown that a region of about 1.5 to 2 kb  flanking the variable region 
genes was conserved in eight related clones, whereas other regions have diverged to 
different degrees. 

F. Mapping of Short Hybrid Regions and tRNA Genes 
The protein monolayer technique imposes some limitations on  the resolution of very 

small R-loops on duplex DNA or short RNA:DNA hybrid regions along a single- 
stranded DNA. The  shortest R-loops measurable as a loop structure are about 100 
nucleotides long; short RNA:DNA hybrids on  single-stranded molecules are even more 
difficult t o  detect and  measure. Exceptions are the short homology regions in intron- 
exon structures, e.g., the hinge region or J regions in immunoglobulin genes (both 
about 39 nucleotides longzs.”* l J 1 ) .  detection and  mapping of which was made possible 
because the mRNA also hybridized to  other longer regions on  the same DNA molecule, 
drawing the intron between the two coding regions into a characteristic loop. 

There are two ways to increase the resolution of the method: ( I )  increase the reso- 
lution of the spreading method, and  (2) increase the visibility of the target by tagging 
i t  to an  electron dense particle or easily recognizable structure, so that i t  can be spread 
with conventional methods. 
Wu and DavidsonsE developed a method called “gene-32 protein staining” which 

permitted visualization and mapping of several tRNA genes as well a s  5 S ,  23S, and 
16s ribosomal genes on the DNA of a transducing phage. This method involves bind- 
ing of the T4 gene-32 protein to the single-stranded parts of a hybrid molecule and 
spreading these complexes with the ethidium bromide technique of Koller et al.s7 The  
hybrids were dialyzed against 0.01 M phosphate buffer, pH 6.8. After addition of 
gene-32 protein. the samples were incubated at  37”C, and the complexes were then 
fixed with glutaraldehyde. Ethidium bromide was added and the complexes were 
mounted on  carbon-coated collodion films as described by Koller et al.57 The distinc- 
tion between duplex regions (thickness 2.3.5 nm) and protein-coated single-stranded 
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regions (2‘ 8 nm) was.quite clear, and the short duplex regions of 85 ? 10 nucleotides 
corresponding to the tRNA genes could be localized. 

Other spreading methods promising higher resolution, such as direct mounting on 
charged carbon films or BAC spreading, have either not been tried so far or have not 
given any improvements. The second approach - namely, tagging of specific electron 
opaque markers (ferritin, plastic spheres, specific antibodies) to tRNA molecules - 
will be described in a separate section. 

G. Application and Value of the R-Loop Method 
The impact of the R-loop method on  recent developments in molecular biology has 

been enormous. I t  is at  present one of the most important electron microscope tech- 
niques for the analysis of gene structure and genome organization. R-loop mapping 
has contributed to the discovery of intervening sequences and the mosaic nature of 
eukaryotic genes. In their original paper, White and Hogness discovered that when R- 
loops were formed with Drosophila rnelanogaster rRNA and DNA, the 28s genes were 
interrupted by intervening sequences and formed the characteristic triple-loop struc- 
ture. Soon afterwards, similar intron-exon structures were observed in cloned im- 
munoglobulin genes”’ (Figure 16) and p-globin genes. ’‘I The complex architecture of 
the adenovirus genome was discovered, and the splicing pathways of early and late 
adenovirus mRNAs worked out mainly with the R-loop te~hnique.”’-’~’ 

R-loop analysis has shown the presence of a very short gene segment J which plays 
an important role in the somatic recombination of immunoglobulin The 
correlation between coding regions (R-loops) and protein domains in immunoglobulin 
heavy chains was suggested by electron microscopic R-loop mapping before it was 
confirmed by DNA sequencing.1ZZ.139 

I t  should also be possible to apply the R-loop method to the analysis of gene func- 
tion. As discussed above, it is now possible to examine the distribution of R-loops on 
large genome fractions. This should permit analysis of the expression of certain genes 
at different periods of differentiation. Another application of the R-loop method to 
study in vitro transcription and promoter mapping will be discussed in Section IX. 

VII .  LIMITING FACTORS IN HYBRIDIZATION METHODS 

What is the minimum hybrid length detectable by electron microscopic methods? 
How perfect is the homology between two sequences that form a double-stranded hy- 
brid. or how many mismatched bases can be accommodated in a hybrid before one 
starts to see single-stranded nonhomology regions? These and similar questions often 
arise when the limitations of hybridization methods are discussed. 

I t  is very difficult to answer these questions because at present we do  not know to 
what extent different hybridization methods (liquid hybridization, filter hybridization, 
and electron microscope conditions) give comparable results and how far theoretical 
data or model experiments with other methods are applicable to structures observed 
in the electron microscope. As we have discussed earlier, the resolution of spreading 
methods no longer limits the visualization of short hybrids: tagging methods,”’ 
gene-32 protein mounting,5* or observation of intron-exon l 0 0 p s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  and under- 
wound loops’o3 allow detection of very short homology regions. In the following we 
try to compare some fundamental data obtained by biochemical methods with electron 
microscope observation of short hybrid regions, the nucleotide sequences of which 
have been determined. 

A number of parameters controlling specific hybridization processes have been de- 
fined (see References 115, 144 and references therein). These are (1 )  the minimum 
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FIGURE 16. Triple R-loop or inlron-exon loop molecule of an immunoglobulin 
I[ light chain gene. The clone Ig25x was hybridized with MOPC 321 mRNA.  An 
intervening sequence (iniron) loop of 2.9 kb separates the variable and the constant 
region gene. (From Lenhard-Schuller, R . .  Hohn. B. .  Brack. C. ,  Hirama, M.. and 
Tonegawa. S . ,  Proc. Narl. Acad. Sci. U.S.A. ,  15,4709.  1978.) 

number of interacting nucleotides (minimal stable length); (2) the composition of in- 
teracting nucleotides (G + C content); (3) the number, type and location of mis- 
matched bases (degree of complementarity); and (4) the presence or absence of adja- 
cent occupancy. Futhermore, all hybridization reactions depend on the experimental 
conditions: ionic strength, temperature, DNA concentration, etc. 

A. Minimum Stable Length 
Niyogi and Thomas studied the influence of chain length and base composition on 

the specific association of oligoribonucleotides with denatured DNA.I4' 1 4 5  Oligoribo- 
nucleotides of various chain lengths synthesized in vitro on T2, T4, T3, and T7 phage 
DNAs were annealed to denatured template DNA immobilized on membrane filters. 
The reactions were carried out in 5 x SSC. In the absence of Mg++, a chain length of 
ten or more ribonucleotides was required to form an RNase resistant complex, whereas 
in the presence of 0.01 M Mg", octanucleotides could form detectable hybrids. Even 
the shortest oligonucleotides capable of forming stable hybrids did so with a very high 
degree of specificity; discrimination between T-even and T-odd phage DNAs occurred 
when passing from a length of nine to ten nucleotides."' The minimal length for inter- 
acting synthetic polynucleotides is about four to five.115 

The shortest DNA:DNA hybrids observed in the electron microscope approached 
these values. Under certain conditions the sticky ends of A DNA (12 nucleotides) can 
pair and circularized molecules are stable enough to be spread in cytochrome monolay- 
ers. We have even observed circularization of DNA fragments that had been cleaved 
with the restriction endonuclease Hindllf. (Staggered cleavage of double-stranded 
DNA with this enzyme creates sticky ends of four bases.) When PM2 Hindfllfragment 
2 (2.2.2 kb long) was adsorbed on pentylamine-charged carbon films in the presence 
of 20pg/mf ethidium bromide, more than 50% of the molecules appeared as small 
circles."' Apparently, the intercalated ethidium bromide confers to the DNA frag- 
ments the flexibility (or rigidity or, perhaps, the extra length) needed for circulariza- 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



blarch 1981 147 

tion. Pairing of the four nucleotides AGCT is stable enough to withstand the adsorp- 
tion procedure. I t  was also with the direct mounting procedure involving gene-32 
protein and ethidium bromide that Wu and Davidson observed very short, inverted 
repeat, snap-back structures with a stem of 15 f 7 nucleotidessR or short, secondary 
structure loops on polyoma DNA with stems of 30 to 40 nucleotides."'Y Loops and 
stems due to the short, inverted repeat sequences flanking the E. coli 16s and 23s 
rRNA genes were first observed with the gene-32 protein method.5R The length of the 
stems is 26 and 29 base pairs, respectively (see References.'O'') 

The shortest RNA:DNA hybrids that have been observed in formamide-cytochrome 
c spreadings of R-loops or single-stranded DNA:RNA hybrids are about 40 base pairs 
long. These a re  the J sequences of immunoglobulin A and x chains,*5 the hinge re- 
gion in yl  heavy chain,I2' and the leader sequences of adenovirus-2 mRNAs."' IJ6 The 
nucleotide sequences of these short coding regions have been determined. J segments 
and the hinge region are  39 nucleotides long,"' 146 14' and the leader segments of ad- 
enovirus are 42, 71, and  89 nucleotides 10ng.I~' These short sequences formed stable 
hybrids with a high degree of specificity (see next section). 

I t  must be pQinted out that all these very short hybrid regions observed in electron 
microscope preparations were created by intramolecular hybridization: snap-back 
structures on single-stranded DNA, annealing of two sticky ends, and hybridization 
of RNA molecules that had been stabilized by additional longer homology regions on 
the same DNA molecule (intron-exon loops). Intramolecular hybridization is a first- 
order process, and the conditions both for formation and stabilization of these hybrids 
are obviously more favorable than the ones for intermolecular hybridization, a second 
order process. 

B. Degree of Homology 
The degree of specificity attainable in nucleic acid hybridization is open to experi- 

mental m a n i p ~ l a t i o n . " ~  One can choose conditions according to what kind of homol- 
ogy is to be looked for: under very stringent conditions only perfectly matched du- 
plexes are formed, whereas under less stringent conditions heterologous DNAs w i t h  
higher numbers of mismatched bases can form hybrids. I t  is thus possible to study the 
degree of sequence homology between two related DNA  molecule^.'^ 

The degree of sequence homology refers to the fraction of bases in a given DNA 
segment that a re  mismatched and therefore cannot base pair.l It is reflected in the 
melting temperature of the DNA segment, as unpaired bases destabilize the helix struc- 
ture. As Ferguson and  Davis' point out, it is very important to carefully control the 
effective temperature (i.e., the temperature relative to  the melting temperature of the 
DNA under a given set of conditions) of the DNA molecule during preparation pro- 
cedures. One can achieve any given effective temperature by a variety of conditions 
(changing ionic strength, formamide concentration, temperature). 

The spreading conditions most frequently used for  mounting heteroduplex molecules 
are T m  -25°C.'.9.149 Assuming that every 1% base mismatch lowers the Tm by 
0.7°C,11s a DNA duplex containing up  to  35% mismatch would still appear as a perfect 
duplex in the electron microscope. When the isodenaturing spreading procedure is em- 
ployed," it is possible to control the effective temperature. This was illustrated in  a 
study of the sequence relationship between T 7  and  T3 phage DNAs." Heteroduplex 
molecules between T 7  and T3  DNA were mounted under different isodenaturing con- 
ditions (i.e., different effective temperatures). With increasing effective temperature 
the fraction of duplex regions decreased. A percent sequence homology map of the 
two genomes could be constructed and compared to  the genetic map of the t w o  related 
phages. The sequence relationship between two Bacillus subtilis phage DNAs has been 
established with similar methods.I5O 
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The specificity of RNA:DNA hybridization under R-loop conditions can be illus- 
trated with the example of the immunoglobulin Jx sequences. Electron microscopic R- 
loop mapping has allowed the detection of four Jx sequences that are clustered close 
to the x constant region gene on  embryonic mouse DNA.I3’ They were identified by 
different x mRNAs each hybridizing to a specific J sequence. Only very little cross 
hybridization was observed. Determination of the nucleotide sequence of this region 
has confirmed the presence of five specific J ~ e q u e n c e s ~ ~ ’ ~ ~ ~ ~  and shown the sequence 
relation between them. I t  is now possible to compare exactly the degree of homology 
between given pairs of J sequences and the specificity of R-loop formation of homol- 
ogous or heterologous regions. For example, the minimum difference between J 1 and 
J2, or J2  and J4, is a mismatch of 6 out  of 39 bases, and  the maximum ( J 1  and 53  or 
53  and 54) is a mismatch of 1 1  out of 39 bases. In the first case, about 10 to 20% 
cross hybridization could be observed. In all other cases with 8 to 11  mismatched bases, 
no cross hybridization occurred. The  R-loop hybridization conditions (high salt, high 
temperature, close to Tss) a re  very stringent and permit discrimination between these 
very short related J sequences. It is surprising that specific hybridization to a Jp se- 
quence that is separated from the constant region of the p heavy chain gene by 6 to 7 
kb could be detected with these methods.lS* 

V I I I .  TAGGING METHODS 

The limitations imposed by the protein monolayer technique on the resolution of 
small hybrid regions along a DNA molecule or small proteins bound to nucleic acids 
have prompted several groups to develop methods for indirect visualization of these 
structures. These “tagging” methods are based o n  the following strategy: an  electron 
dense label is tagged directly or indirectly to the target site; these labeled molecules 
can then be mounted by conventional spreading methods. 

A. Direct Labeling with Ferritin 
In the first attempt at  mapping 4 s  genes and tRNA genes, the electron dense protein 

ferritin has been coupled directly to  the 3’ end of 4s  RNA or tRNA  molecule^.'^^^'^^ 
These labeled RNA molecules were hybridized to  the DNA strand or heteroduplex 
molecule of interest. The position of the ferritin molecules on  the DNA molecule in- 
dicates the position of the hybrid and  allows mapping of the corresponding genes. 

Several procedures have been described for the covalent coupling of ferritin to RNA 
molecules. 1 4 2 , 1 5 3  In all methods, the 3‘ end of the RNAs is oxidized to  the dialdehyde 
with periodate. Ferritin is acetylated with bromoacetic acid anhydride. The oxidized 
RNA is coupled through Schiff base formation to an  amino group of cystamine, fol- 
lowed by reduction with sodium borohydride and dithiothreitol, or coupled to mercap 
tosuccinic acid dihydrazide. Reaction of this RNA-SH with the bromoacetylated fer- 
ritin gives rise to  the RNA-ferritin conjugate. Alternatively, oxidized RNA is coupled 
directly to one of the amino groups of unmodified ferritin, and  the product is stabilized 
by borohydride reduction. Uncoupled RNA can be separated from the RNA-ferritin 
complex on  a sucrose gradient.14’ Since a large excess of ferritin-tRNA is needed to  
obtain effective hybridization to tRNA genes, unhybridized ferritin-tRNA must be re- 
moved after the  hybridization, either by phenol extraction or by gel electrophoresis; 
otherwise, the background of ferritin label in the spread sample is too high. This tag- 
ging method has enabled the mapping of nine 4 s  genes on the heavy strand of HeLa 
cell mitochrondrial DNA, Is’ and of several tRNA genes on heteroduplex molecules of 
transducing phages.“’ 
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B. Ferritin-Avidin:Biotin Labels 
An alternate method for attaching ferritin to RNA in short RNA:DNA hybrids was 

described by Angerer et aI.l4' and Broker et al.'54 It is based on the high affinity inter- 
action of the egg-white protein avidin with biotin. Again, the same model systems, 4s 
genes on HeLa cell mitochondrial DNA and rRNA genes on +80 transducing phages, 
were studied. The rather complex reaction scheme involves the following steps: 

1 .  

2. 

3 .  

4.  

5 .  

Conjugation of RNA to biotin. The RNA is oxidized a t  the 3'  end with periodate, 
and a Schiff base is formed by reaction with diaminopentane and stabilized by 
treatment with NaBH4. The distal amino group of the diaminopentane is acy- 
lated with NHS biotin (N-hydroxysuccinimide ester of biotin), and the resulting 
RNA-biotin conjugate purified by chromotography on avidin-sepharose. 
Conjugation of ferritin to avidin. Ferritin is bromoacetylated by reaction with 
NHS bromoacetic acid in DMSO. Sulfhydryl groups are added to avidin by acy- 
lation with dithiodiacetic acid, followed by reduction with DTT. Covalent cou- 
pling of the modified ferritin to the modified avidin is achieved by mixing the 
above two. 
Hybridization of biotin-RNA to DNA. The biotin-coupled RNA is hybridized to 
single-stranded HeLa mitochondrial DNA"' or  to +80 heteroduplex rn01ecules.'~~ 
After hybridization, excess RNA-biotin had to be removed by passage over a 
Sepharose 2 9  column. 
Labeling of the biotin-RNA:DNA hybrids with ferritin-avidin. Labeling of hy- 
brids with ferritin-avidin is achieved by mixing equal volumes of hybrid and fer- 
ritin-avidin. This corresponds to a 5 to 10,000-fold excess of ferritin-avidin over 
the hybridized RNA-biotin, which is required for efficient labeling. Excess ferri- 
tin-avidin is removed by centrifugation through a solution of sodium iothalamate 
(5 acetamide-2.4.6 Triiodo-N-methyliso phthalamic acid). 
Electron microscopy. Labeled molecules are mounted for electron microscopic 
observation by the formamide cytochrome spreading method. An example is 
shown in Figure 17. 

The advantage of the RNA-biotin:avidin-ferritin tagging method over direct ferritin 
tagging is that the biotin molecule has a much smaller molecular weight (mol wt = 
224) than ferritin (mol wt = 9 x lo5) and should permit a much more efficient hybrid- 
ization of the labeled RNA to the DNA. Even then the efficiency of the method is 
only 40 to 50%"' Still, i t  has allowed more accurate mapping of 12 4 s  genes on 
the heavy strand as well as 7 4s genes on  the light strand of mitochondrial DNA."' 

Improved efficiency of labeling (up to 60%) was obtained by a modified r n e t h ~ d . ' ~ '  
The modification consists in using cytochrome c for coupling biotin to the oxidized 3' 
end of RNA, instead of the pentane diamine. The cytochrome c bridge is probably 
more extended and allows attachment of several biotins to one RNA molecule. Fur- 
thermore, i t  allows one to label tRNA:DNA hybrids with avidin attached to polyme- 
thacrylate spheres. 

Avidin coupled polymethacrylate spheres had been used earlier for in sifu hybridi- 
zation experiments to label Drosophih m e h o g a s t e r  rRNA genes in chromosome 
 preparation^.''^ The biotin:avidin reaction has also been used for gene enrichment . I5 '  

Drosophila histone mRNA was coupled via a cytochrome c bridge to biotin. R-loops 
were then formed with this modified mRNA and total nuclear DNA. Following the 
R-loop hybridization, avidin-spheres were added, and after the reaction the sphere- 
coupled R-loops were banded in a CsCl gradient. R-loop molecules formed with cloned 
D. m e h o g a s t e r  rRNA genes and biotin coupled rRNA were also examined in the 
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FIGURE 17. Labeling of tRNA genes with the ferritin-avidin:biotin tagging method. Biotinyl-tRNA"' was 
hybridized to the rRNA gene o n  a +80psu111'/+80 heteroduplex and labeled with ferritin-avidin 
conJugate."' (Courtesy of T. Broker and L. Chow..Cold Spring Harbor Laboratory, Cold Spring Har- 
bor, New York, 1979.) 

electron microscope. Is '  The results showed that although the yield of R-loop molecules 
is slightly decreased (from 81% to 67%). the biotin conjugated mRNA can efficiently 
form specific R-loops and is still able to interact with avidin-spheres. 

The avidin-biotin reaction can also be applied for visualizing proteins bound to 
DNA. The small basic protein covalently attached to poliovirus double-stranded RNA 
was coupled to biotin and then labeled with avidin Similarly, covalently 
bound terminal proteins of adenovirus-2 and phage +29 have been labeled with ferritin- 
biotin:avidin complexes (Figure 18).19* 

C. Femtin-Antibody Labeling 
Ferritin-conjugated anitbodies have been used to demonstrate the binding of SV40 

T antigen to the origin of replication of SV40 DNA.159 Partially purified T antigen 
was incubated with the DNA and the complexes fixed with glutaraldehyde. They were 
first interacted with hamster anti-Ty-globulin. These labeled complexes were again 
fixed with glutaraldehyde and dialyzed into phosphate buffer. After spreading with 
40% formamide in a cytochrome monolayer, the ferritin labeled T-antigen could be 
localized on the DNA molecules. For mapping of the binding site, the SV40 DNA 
(form I )  with ferritin cores bound to T-antigen were sequentially reacted with E.coli 
DNA unwinding protein and restriction endonuclease EcoRI or Hpal l  to yield linear 
molecules with both a ferritin core and an unwinding protein melted region.'" 

D. DNP-Anti-DNP Labeling 
An alternative method for labeling proteins attached to DNA by the use of antibod- 

ies was recently described by Wu and Davidson.'60 The method is based on the attach- 
ment of the dinitrophenyl (DNP) hapten to amino residues (mostly of iysine and per- 
haps other amino acids) of the protein by reaction with dinitrofluorobenzene (DNFB) 
followed by binding of rabbit anti-DNP Ig molecules to the DNP haptens. A second 
antibody label with goat antirabbit 1gG can be used to increase the size of the com- 
plexes. 

Dinitrophenylation reaction with proteins bound to nucleic acids has been studied 
under a variety of conditions in different buffers.Ibo Satisfactory results were obtained 
under the following conditions: DNA, RNA, o r  protein were dialyzed against 0.125 
M borate buffer (pH 9.0). 6.25 m M E D T A ,  and 10% v/v DMSO. DNFB stock solu- 
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FIGURE 18. Ferritin-avidin:biotin labeling of the terminal proteins o n  Bacillus subtilis phage +29 D N A .  
(Courtesy of T. Broker and L.  Chow, Cold Spring Harbor Laboratory. Cold Spring Harbor, New York, 
1979.) 

tion (in ethanol) was added and the mixture incubated in the dark at 37°C. The extent 
of reaction can be controlled by varying the reaction time, e.g., from 6 to 30 DNP 
molecules were bound per ovalbumin in 10 to 60 min incubation. The excess DNFB 
was removed by ether extraction. 

For observation of proteins that are not covalently bound to nucleic acids, the pro- 
tein-DNA complexes were first fixed with 0.2% glutaraldehyde and all subsequent 
steps were carried out in the presence of 0.02% glutaraldehyde. For optimum results 
the entire process, including spreading. should then be completed within 12 hr. 

The DNP modified protein-nucleic acid complexes were allowed to react with rabbit 
anti-DNP 1gG by adding a large excess of antibody (200 pg anti-DNP per 0.5 to 2 p g  
of complex) and incubation at  37OC for 1 hr. Unbound protein was removed by gel 
filtration in Sepharose 2B or  by centrifugation in CsCI. In some cases the labeled com- 
plexes were large enough to  be clearly seen in the cytochrome spread samples. If not, 
they were amplified by a second labeling with goat-antirabbit 1gG. In that case, anti- 
DNP labeled protein-DNA complexes were fixed with 0.02% gluteraldehyde, mixed 
with an equal volume of 10 mg/ml  of the second antibody, incubated at 30°C for 1 
hr, and passed again over a Sepharose 2B column. 

The method has been applied to many systems, involving proteins covalently linked 
to DNA and RNA, a s  well as noncovalently bound proteins. The terminal protein of 
adehovirus-2 DNA was labeled with an  efficiency of 7 8 V 0 . l ~ ~  It was possible to modify 
this protein with sufficient DNP groups so that several anti-DNP molecules bound at  
each end and produced a large enough aggregate to be seen. SV40-bound protein had 
to be amplified by second antibody labeling.'60 The small protein covalently attached 
to the 5'  end of poliovirus RNA, o r  to both ends of the double-stranded replicative 
form was visualized after a second reaction with a monovalent Fab fragment of goat- 
antirabbit IgG.I6l The use of monovalent Fab  fragments for the second reaction pre- 
vents the formation of large aggregates of molecules that were pobably produced by 
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FIGURE 19. The subterminal protein on herpes simplex virus was visualized with the DNP tagging 
method.’- The complex was treated with DNFB. rabbit anti-DNP IgG. and the Fab fragment of goat antt- 
rabbit IgG. (From Wu, M . ,  Hyman, R .  W..  and Davidson. N . .  Nucleic Acids Res . ,  6. 3427, 1979. With 
permission.) 

interaction of free antibodies in solution with the two labeled DNA ends. The same 
method was used to identify the positions of a protein that is covalently bound near 
the end of herpes simplex virus DNAI6’ (Figure 19). Mapping of these protein binding 
sites was done on partially denatured HSV and on fold-back molecules. 

Mapping of noncovalently bound proteins requires cross-linking of the complex with 
glutaraldehyde and  the presence of glutaraldehyde in all reactions to prevent displace- 
ment of cross-links with DNFB. Labeling of E.coli DNA polymerase I bound to 3 ’  
ends of DNA molecules was achieved with a n  efficiency of 2 . 5 5 %  with anti-DNP 
antibodies alone.16o Similar efficiencies were obtained for visualization of E.co/i RNA 
polymerase bound to T7 DNA and for proteins cross-linked by U V  irradiation to avian 
sarcoma virus DNA.’60 

The DNP-anti-DNP labeling method seems to be simpler and of higher labeling 
efficiency than the previously described tagging methods. I t  allows handling of com- 
plexes by conventional cytochrome spreading methods. Even proteins as small as the 
poliovirus bound protein of 6O00 mol wt can be sufficiently amplified with the double- 
labeling method. Such small proteins could never be detected with any of the protein- 
free spreading techniques. 

IX. ACTIVE GENES 

All the methods discussed so far give information about  the structural organization 
of genetic material. Once the structure and  the arrangement of specific genes has been 
established, one would also like t o  gain information about their functional organiza- 
tion. Many questions concerning gene function - particularly in view of the mosaic 
nature of many eukaryotic genes - remain to be answered, for example: definition 
of transcriptional units in mosaic genes; d o  eukaryotic genes have specific promoters 
like prokaryotic genes, o r  a re  specific transcription products created by well-defined 
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splicing mechanisms? How does the processing of long precursor mRNAs proceed? 
How is transcription regulated? And what is the structure of actively transcribed ge- 
netic material? A number of recently developed electron microscope techniques try to 
approach some of these questions. 

Several methods have been used for  the mapping of promoter sites and analysis of 
transcription mainly on bacteriophage DNA: binding of RNA polymerase to DNA and 
visulization of the protein DNA spreading of in vitro transcrip- 
tion compIexes,6z~164~16s and mapping of transcription R - l ~ o p s ' ~ "  or RNA:DNA hybrids 
made from in vitro transcripts. 16' I t  is hoped that some of these methods may also be 
adapted to  the analysis of eukaryotic transcription systems, once the purified in vitro 
systems will be available. Another approach has been the direct visualization of active 
genes by spreading the in vitro transcribed genes with the elegant technique developed 
by Miller and  Beatty." Conventional R-loop mapping has allowed one to understand 
the complex processing pathways of adenovirus mRNAs.'z4. 'z6 

A. Visualization of In Vitro Transcription 
Davis and  HymanI6' used two different methods for  the direct observation of in 

vitro transcription of T7 DNA. When the transcription complexes DNA-RNA 
polymerase-RNA were mounted by the basic protein film method, the nascent tran- 
scripts were seen as collapsed RNA bushes on  the duplex DNA. The number of RNA 
bushes on each template, the bush position relative to one end of the DNA, and  the 
approximate RNA size (measured by bush size) were measured as a function of time 
of synthesis. In the second experiment, in vitro synthesized RNA was hybridized to 
separated strands of T 7  DNA and the hybrid molecules spread either by the aqueous 
or the formamide method. These two experiments allowed accurate physical mapping 
of a n  initiation site for the E.coli RNA polymerase on  T 7  DNA, of the direction of 
transcription, and of termination sites in the presence of termination factor Q. The 
smallest measurable bush was 400 nucleotides long, and the smallest detectable 
RNA:DNA hybrid was about 100. 

With conventional spreading methods RNA molecules are not fully extended (be- 
cause of extensive secondary structure formation) and it is not possible to accurately 
measure the length of individual RNA molecules in a transcription complex. Delius et 
al. 6 2 , 1 6 4  have described a technique for extending RNA chains using the bacteriophage 
T4 gene-32 protein.16" This protein binds tightly and cooperatively to single-stranded 
DNA and to RNA and thereby removes the secondary structure.62.*6 The experiment 
was done a s  follows: DNA was transcribed in vitro with E.coliRNA polymerase, the 
transcription complexes were then diluted into potassium phosphate buffer containing 
the gene-32 protein and incubated at  37°C to  let the protein bind to  RNA. In  order to 
stabilize the complexes, they were fixed with 0.1070 glutaraldehyde before being spread 
from a 30% formamide solution onto 10% formamide hypophase. After fixation, the 
complexes can be purified on  a Sepharose column to remove excess gene-32 protein 
without significant loss of transcripts. In the microscope the RNA chains appear as 
extended protein coated branches thicker in diameter than the duplex DNA (Figure 
20). The smallest transcripts visible by this method are a few hundred nucleotides long. 
It is also possible to spread the 32 protein-coated transcription complexes by adsorbing 
them on mica by the divalent cation method;6' this increases the resolution of the 
smallest RNA chains de t e~ tab le .~ '  

More elaborate than their preparation is the analysis of these c ~ m p l e x e s . ~ ' ~ ' ~ ~  Plot- 
ting the lengths of all RNA molecules on individual transcription complexes against 
their distance from one end of the DNA molecule, one  can extrapolate to the position 
of the promoter site (transcription initiation site). While RNA length measurements 
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FIGURE 20. In v i t ro  transcription complex of T7 DNA transcribed with E .  coli RNA polymerase. The 
complexes were incubaied with T7 gene-32 protein. fixed with gluleraldehyde. and spread with formamide- 
cytochrome, as described." (Courtesy of H. Delius. European Molecular Biology Laboratory, Heidelberg, 
Germany, 1979.) 

within individual transcription complexes were very consistent (error & 4.8%). larger 
variations were obtained in the ratio of RNA length to transcribed DNA length when 
different molecules were compared, leading to an average error of -c 12.5070.~' 

The gene-32 protein method has been used to study transcription with E.co/i RNA 
polymerase on phage T 5  and T7 DNA,  6z 1 6 '  on SV 40 DNA,"* and on superhelical vs. 
linear ADNA.'6s I t  allows mapping of promoter sites and determination of the direction 
of RNA systhesis, of the elongation rate, and of the efficiency of transcription from 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



March 1981 . 155 

different promoters. It was found that certain promoters are transcribed much more 
efficiently from superhelical ADNA than from a linear template165 and that the E.co/i 
enzyme can transcribe SV40 DNA into long RNA molecules by progressing several 
times aroung the circular template.6z In addition to  the availability of T4 gene-32 pro- 
tein, other problems are  encountered with this method. One  is the fact that with in- 
creasing complexity of the transcription patterns, elaborate computation methods are 
needed to analyze the electron micrographs. A detailed description of such a computer 
analysis was recently published by Stiber,  et al. who have been able to map 40 
promoter sites on T5  DNA. Another problem is that different promoters may be tran- 
scribed with widely different efficiency by E.coli RNA polymerase, leading to a large 
variation in the number of RNA chains per transcription unit. It may be difficult to 
determine the direction of transcription from regions which are rarely transcribed. 

The transcription R-loop method recently described by Brack combines transcription 
with R-loop mapping techniques. The method was developed on  a model system of 
bacteriophage ADNA transcribed with E.coli RNA polymerase. DNA is transcribed in 
vitro and aliquots are removed from the reaction mixture at different time points. They 
are diluted directly into R-loop buffer containing 70% formamide and  0.56 M NaCl 
and incubated a t  56°C. The transcription complexes are stable even under these high 
formamide and  salt concentrations, and the RNA transcripts immediately hybridize to 
their template strand and  form R-loops. At saturating ratios of enzyme to DNA, it is 
possible to obtain up to  96% R-loop molecules after a 10-min incubation of complexes 
in R-loop buffer. These transcription R-loop molecules can be further processed and 
mounted for electron microscopic observation like conventional R-loops. An example 
is shown in Figure 5. Measurement of the posititon and  length of R-loops allows direct 
mapping of the transcription initiation sites (promoter sites) and of the direction and 
the rate of transcription. The level of transcription from different promoters indicates 
the affinity of the E.coli RNA polymerase for these promoters under the given experi- 
mental conditions. In simple systems, like the phage A genome, relatively few measure- 
ments were needed to  map the different promoters with a n  accuracy of 1 to 3%.Ib6 
The smallest detectable R-loops were 70 to  100 nucleotides long. 

For frequently transcribed genes, it is possible with the gene-32 protein method to 
read the direction of transcription from a single transcription complex. With our tran- 
scription R-loop method, however, one  must compare a population of molecules with 
different size transcripts, either from one sample or from several samples taken at  
different times of synthesis. Measurement and analysis of R-loop molecules are 
straightforward and  d o  not require sophisticated computation. Again, however, it may 
not always be possible to determine the direction of transcription; e.g., when short 
transcription units have strong termination sites resulting in similar size R-loops. As 
in other mapping experiments, there may be problems of orientation of linear mole- 
cules. They can be solved by comparing transcription patterns on  different overlapping 
restriction fragments. Multiple initiation a t  one promoter may lead to  complex double 
or triple loop structures that are difficult to interpret. Another problem may arise when 
transcripts originate from regions with different base composition. The conditions cho- 
sen for R-loop formation may be optimal for an A + T rich gene, in which case G + 
C rich transcripts may not completely hybridize and appear a s  RNA tails. Modification 
of the incubation conditions - e.g., by the two-step method or by gradual temperature 
shift through the Tss - should allow one to find conditions for optimal hybridization 
of different transcripts. 

So far, the transcription R-loop method has been successfully used to map pro- 
moters on phage ADNA and different bacterial plasmids.'66 Promoters for phage P1 
modification and  restriction genes have been mapped.Ig9 Specific transcription initia- 
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tion sites for the E. coli polymerase have been mapped at  the beginning of cloned 
Drosophila melanogasfer heat shock genes.'69 Other eukaryotic systems are presently 
being examined.z00 Since this method is simple and rapid and  requires very little mate- 
rial (0.1 to 0.2 pg of DNA per experiment), i t  should be possible to use i t  as an assay 
to look for specific transcription in crude eukaryotic transcription systems and for 
purification of specific RNA polymerases. 

B. Visualization of In  Vivo Transcription 
In 1969 Miller and Beatty published their spectacular micrographs of active nucleo- 

lar genes.5z The method of direct visualization of in vivo transcribed ribosomal genes 
was then applied to different prokaryotic and eukaryotic systems.sz 1 7 0 . 1 7 2  A detailed 
description of the preparative techniques for isolation of nuclear contents and prepa- 
ration of electron microscope samples is given in Reference 173. Other modifications 
of the technique, such as the microspreading technique,I7' have been described in ex- 
periments dealing with various cell types.l"-l" Further references can be found in these 
papers. 

The "Miller technique" has also found wide applications in the  field of chromatin 
structure and  function. Volume 42 of the Cold Spring Harbor Symposium on Chro- 
m a ~ i n ' ~ "  contains a number of papers in which this technique was employed to study 
the structure of transcriptionally active chromatin. 

Of particular interest is the application of the Miller technique to some experiments 
which Trendelenburg et al. have designed to analyze expression of cloned eukaryotic 
genes in a heterologous in v ivo  system.'79 Mertz and  Gurdon had shown that puri- 
fied xenogeneic DNA injected into amphibian oocytes is specifically transcribed.lR' Is' 

When nuclear spreads were made from frog oocytes that had been injected with circu- 
lar DNA containing amplified rRNA genes purified from insects, i t  was possible to 
recognize initial transcripts on the injected DNA and to analyze the specificity of the 
sysIem'"O (e.g., Figure 21). I t  is important to inject circular DNA so that i t  can be 
determined whether the observed transcription complexes originate from injected or 
from endogenous DNA. I t  has also been shown that mitochrondrial DNA can be as- 
sembled into chromatin-like structures but is hardly transcribed when injected into 
oocyte nuclei."' I f  this system proves to be specific, it is a very promising approach 
to gain information about the transcriptional activity of cloned single-copy genes, the 
structure of the initial transcripts, and their processing. 

X .  PROTEIN-DNA INTERACTION 

The importance of protein-nucleic acid interaction for the regulation of biological 
processes and the structural organization of genetic material has stimulated the devel- 
opment of many specialized electron microscopic methods for the visualization of 
DNA-protein complexes. Binding may be specific, a s  with complexes with enzymes 
and regulatory proteins controlling and affecting gene activity, or it may be nonspe- 
cific. as is the case with histones and  other DNA binding proteins. As discussed in 
Section I 1  of this review, the commonly used preparation method, spreading in a pro- 
tein monolayer, does not allow visualization of small proteins bound to nucleic acids 
because the molecules are embedded in a coat of cytochrome c about 10 to 20 nm 
thick. Therefore, protein-free spreading methods like adsorption or BAC spreading 
methods have usually been used to prepare protein-nucleic acid complexes. Recently, 
development of the tagging or specific labeling methods described above have allowed 
the use of the conventional cytochrome spreading methods as well. In the following 
we shall discuss some protein-DNA interactions that have been studied with direct 
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FIGURE 21. In vivo transcription complex. Spread preparation of a Xenopus oocyte 
nucleus after injection with purified rDNA. The circular molecule exhibits a dense array 
of RNP fibrils arranged in a regular length gradient. I n  addition, irregular clusters of 
lateral fibrils are seen in positions corresponding to spacer regions. (From Trendelcnburg, 
M. F.. Zentgraf. H., Franke, W. W.. and Gurdon, J .  0.- Proc. Narl. Acad. Sci. U.S.A.. 
75, 3791, 1978.) 
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mounting methods. Additional information can be obtained in the recent review of 
Griffith and Christiansen." 

A. Specific Protein-DNA Interaction 
Probably the most frequently studied protein-DNA complex that has been used as 

a model system for the development of many new techniques is the complex formed 
between the RNA polymerase of E.coli with specific promoter sequences on  a variety 
of phage DNAs. Almost all of the techniques described in 11.9 have been used to map  
the early promoters on T7 DNA: the BAC spreading m e t h ~ d , ~ '  the divalent cation6' 
and ethidium bromide method,l' adsorption to  activated carbon films. and dark field 
examination.'9 41 44 Binding of the E.colipolymerase to ADNA has been studied by the 
BAC m e t h ~ d . ' ~  

Compared to  transcription mapping methods, the binding studies have the following 
disadvantage: polymerase binding sites can be mapped, but sites that actively initiate 
transcription cannot be discriminated from other binding sites. Certain promoter sites 
may initiate transcription very effectively but never form stable complexes; on  the 
other hand, strong binding sites may not efficiently initiate transcription. The interac- 
tion of E.co/i DNA polymerase with DNA has been examined by direct adsorption to  
activated carbon films,'84 and  the Q/3 replicase was mapped on  Q/3 RNA with the BAC 
spreading method.16 

Brack and Pirrotta" studied the interaction of A repressor with operator DNA. The  
repressor-DNA complexes were adsorbed onto  pentylamine glow-discharged carbon 
films and first visualized in dark field after uranyl acetate staining for mapping of 
binding sites on  total ADNA. Additional high resolution studies in bright field were 
done on  complexes stained with uranyl formate. Weak staining with 0.5% uranyl for- 
mate on the hydrophobic carbon films resulted in positive staining of the DNA and 
negative staining of the protein molecules and  permitted resolution of the subunits of 
the repressor tetramer (Figure 22). Several tetramers were observed to bind to the mul- 
tiple operator sites. 

Electron microscopy has helped to elucidate many steps in the complex pathway of 
the restriction endonuclease EcoKinteracting with substrate DNA. Specific recognition 
sites for the enzyme have been mapped o n  A and  PM2 DNAs by direct visualization 
of recognition complexes adsorbed t o  positively charged carbon films after metal shad- 
owing." With highly purified enzyme preparations, up  to 70 to 80% specific complexes 
could be observed. Addition of A T P  to these recognition complexes results in a con- 
formational change of the enzyme allowing it to proceed to the cleavage reaction. This 
conformational change could be visualized as a change in enzyme size: the diameter 
of the bound enzyme decreased from 1.6 to 1.2 nm.'*' The method did not allow one  
to determine whether this change was due  to a loss of subunits or to a change in ori- 
entation or  specific volume of the protein molecule. Figure 23 shows these different 
complexes: (a) recognition complexes of EcoKon ADNA fragments, and (b) the smaller 
cleavage complex (or filter binding complex) after reaction wih ATP.lu5 Intermediates 
in the cleavage reaction, highly supercoiled DNA molecules, have recently been visu- 
alized in the electron microscope.'o' 

Specific proteins bound to the origin of replication on  SV40 DNA have been visual- 
ized directly" or with ferritin-antibody labeling,'59 and proteins covalently bound a t  
rhe end of adenovirus DNA,'60 poliovirus RNA,I6' and near the ends of herpes sim- 
plex virus DNA16* have been localized with various tagging methods (Figures 18,19). 
Binding sites for two specific nonhistone DNA binding proteins purified from D. me- 
lanogasrer have been mapped on cloned Drosophila DNA fragmentsIR6 '"' (Figure 24). 

What is the minimum size of a protein that can be detected in a protein-DNA corn- 
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FIGURE 22. Specific complex between A repressor and A opera- 
tor DNA. The complex was prepared by adsorption to pentylam- 
ine glow-discharged carbon film and stained with 0.5% aqueous 
uranyl formate." The DNA is positively stained and the repressor 
molecule appears negatively stained; the four subunits of the re- 
pressor tetramer can be clearly distinguished. 

FIGURE 23. (a) Specific binding of the restriction endonuclease EcoKto the recognition site on A restric- 
tion fragments EcoRI f6. (b) ATP induces a conformational change in the enzyme that can be visualized as 
a decrease in the size of the enzyme (-).I"' 
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FIGURE 24. Specific binding of a protein purified from Drosophila rne/anogasfer(R. Jack, unpub- 
lished results) to a cloned Drosophila DNA fragment (56H8"') containing the major heat shock gene. 
The specific complexes were adsorbed to pentylamine glow-discharged carbon films and rotary shad- 
owed with platinum.'"' 

plex by direct electron microscope mounting procedures? This depends not only on 
the molecular weight, but o n  many other properties of the proteins: partial specific 
volume and shape of the specific protein are some parameters. Depending on the prep- 
aration method used, the protein may be more or less deformed and flattened on the 
grid during adsorption. staining, and drying processes. As an example, the A repressor 
tetramer with a molecular weight of 2.120,OOO daltons does not appear much smaller 
than RNA polymerase (molecular weight 2.450.000 daltons) when complexes are ad- 
sorbed on pentylamine charged carbon films and stained with uranyl formate." The 
RNA polymerase subunits are probably much more closely packed and cannot be easily 
distinguished, whereas repressor subunits are loosely associated and therefore more 
flattened on the grid. 

Discrimination between specific and nonspecific binding of a protein to DNA can 
sometimes be achieved with the addition of polyanionic competitors like heparin.'8s 
The presence of heparin does not interfere with the adsorption of complexes to carbon 
grids, but it may inhibit cytochrome monolayer formation in the droplet spreading. 

An important point in the preparation of DNA-protein complexes for electron mi- 
croscopy, the fixation of samples, has been discussed in detail." In general, the protein 
is cross-linked to DNA by incubation with 0.1 % glutaraldehyde. Once fixed, the com- 
plexes are stable enough to be purified from unbound protein or contaminants by 
Sepharose 

B. Chromatin 
Discussion of chromatin structure goes beyond the scope of this review. Neverthe- 

less, it must be emphasized that electron microscopy has contributed to the discovery 
of the nucleosome and the understanding of chromatin structure. The beaded structure 
of chromatin, composed of regularly spaced u-bodies (nucleosomes) on DNA was dis- 
covered on negatively stained preparations of chromatin.'B' The structure of chromatin 
depleted of histone HI, of active chromatin, and of replicating chromatin and the role 
of histone HI in the condensation of beaded chromatin into higher order structures, 
and many other features have been studied with various electron microscope methods. 
Volume 42 of the Cold Spring Harbor Symposium on Chromatin should be consulted 
for detailed information on this s ~ b j e c t . " ~  Figure 25 shows one example of chromatin 
prepared with the BAC spreading method.60 

C. Other DNA Binding Proteins 
A number of proteins have been isolated that bind specifically to single-stranded 
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FIGURE 25. Rat liver chromatin was fixed with 0.1% glutaraldehyde ( in  lOmM NaCI, O.2mM EDTA, 
and 5mMTriethanolaminchlorid, pH 71.'' The chromatin was spread with 2 x lo-'% BAC, picked up on 
freshly prepared carbon films, and rotary-shadowed with platinum. (Courresy of T. Koller.. Instirut fiir 
Zellbiologie, ETH, Zurich, Switzerland, 1979.) 

DNA and some of their properties have been characterized by electron microscopy. 
Delius et al.- have visualized the cooperative binding of the phage T4 gene-32 protein 
to single-stranded DNA. Its high affinity to single-stranded DNA and RNA has been 
used to denature DNA and extend RNA mo1ecules.45~62~B*~165 Similar properties could 
be observed with the E.cofi unwinding protein. 87 The gene-5 protein of filamentous 
bacteriophages (fd, M13) binds to single-stranded DNA in a different way: i t  coalesces 
two protein-covered DNA strands into helical, rod-shaped structures, which resemble 
the structure of mature phages.'" 
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Marcoli et al. have studied the interaction of phage PM2 protein 1V with PM2 
DNA.'w This protein binds cooperatively to  single-stranded DNA and to double- 
stranded supercoiled or relaxed DNA. The E.coliDNA binding protein H U  was shown 
to condense DNA into chromatin-like beaded s t r u c t u r e ~ . ' ~  

XI.  CONCLUSIONS 

As this review has shown, electron microscopic analysis of DNA molecules has de- 
veloped quickly since the seminal observations made by Kleinschmidt 20 years ago. 
Several crucial methods, mostly based on nucleic acid hybridization, permit both qual- 
itative and quantitative analysis of gene organization. Combination of these methods 
allows almost unlimited application to various problems. Limitations imposed by the 
conventional preparation methods can be partially overcome with specific labeling 
techniques. The  advantages of electron microscopic methods are as follows. Very little 
material is used (of the order of nanograms) and  the sample preparation is relatively 
fast, allowing a qualitative characterization within a few hours. Extensive quantitative 
analysis yields invaluable information complementing evidence obtained by biochemi- 
cal and genetic methods. On the other hand, it provides essential primary information, 
e.g., in the genome organization. in the detection of important DNA regions, in the 
characterization of protein-DNA complexes, and in the analysis of specific transcrip- 
tion. 
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