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the dark spot (Fig. 1), were counted; in- 
fection is expressed as the percentage of 
epicotyl segments infected. 

Diisopropylfluorophosphate, which is 
a potent inhibitor of cutinase (4), virtual- 
ly prevented infection of pea epicotyl by 
F. solani pisi (Table 1 and Fig. 1). That 
the lack of infection was not due to a 
general toxicity of this chemical to the 
organism was indicated by microscopic 
examination of the inoculated region, 
which showed profuse growth of germi- 
nated conidia on the tissue surface, at all 
of the concentrations of the inhibitor 
used in this experiment. 

Antibody prepared against cutinase 
prevented infection of the tissue by F. 
solani pisi, whereas the immunoglobulin 
fraction from rabbits, not immunized 
with cutinase, had no effect on infection 
(Fig. I and Table 1). Microscopic exam- 
ination of the inoculated area showed 
profuse growth of germinated conidia, in- 
dicating that immunoglobulin did not ad- 
versely affect the germination or growth 
of the organism. These results clearly 
show that the specific inhibition of 
cutinase, known to be caused by the 
antibodies (5), prevented fungal entry 
into the plant, and thus prevented in- 
fection. 

Chemical examination of the cuticular 
polymer of the epicotyl segments by the 
combined gas-liquid chromatography- 
mass spectrometry techniques described 
(6) showed that the cutin was composed 
of chiefly dihydroxypalmitate, wo-hy- 
droxypalmitate, and palmitic acid. These 
results confirm the previous electron mi- 
croscopic evidence concerning the pres- 
ence of cutin on this tissue. The previous 
finding that F. solani pisi excretes cutin- 
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Fig. 1. Photograph of pea epicotyl segmnents 
72 hours after inoculation with 5 Al of conidial 
suspension of F. solani pisi in water (Con- 
trol), water containing 16 mg of protein per 
milliliter of immunoglobulin fraction from rab- 
bit serum (Serum), water containing 1.75 mg 
of protein per milliliter of rabbit immunoglob- 
ulin from antiserum prepared against cutinase 
(Antiserum), and water containing 10 JM 
DFP. In each case a magnification of a repre- 
sentative tissue segment is also shown. 

ase during penetration of its host (3) and 
our finding that specifically blocking the 
action of this enzyme prevents infection 
constitute convincing evidence that cu- 
tinase is involved in the entry of this 
pathogen into its host. As was pointed 
out before (2), the tendency to ignore the 
cuticle, and particularly cutin, as a bar- 
rier to pathogen penetration is not justifi- 
ed on the grounds that many pathogens 
enter the plant via natural openings, be- 
cause the pathogen must penetrate a cu- 
tin layer even when they enter through 
such channels. Thus, our findings are 
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Although the nucleotide sequences of 
many different promoters and promoter- 
flanking DNA regions are now available 
(1-7), the analysis of these sequences 
does not fulfill the original hope of lead- 
ing to a detailed understanding of the in- 
teraction between RNA polymerase and 
DNA (1). There are indications of a rela- 
tionship between the helix stability along 
the DNA molecule and the location of 
those DNA regions that preferentially 
bind RNA polymerase. For example, we 
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likely to have widespread application to 
the understanding of fungal pathogenesis 
of plants. Even though cuticular pene- 
tration is not likely to be involved in the 
specificity of host selection by fungal 
pathogens, prevention of penetration 
would prevent pathogenesis. Since cu- 
tinase is not involved in the normal me- 
tabolism of either plants or animals, it 
might be feasible to devise chemicals 
that are specifically targeted against this 
enzyme and do not interfere with the me- 
tabolism of the host plant or animals 
which consume the plant products. Thus 
the present results could be the founda- 
tion for the development of enzyme-tar- 
geted fungicides ("antipenetrants"). 
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found for the genome of coliphage X a re- 
markable correlation between the DNA 
regions which preferentially melt (8) and 
sites specifically binding Escherichia coli 
RNA polymerase (9), as detected by di- 
rect visualization by the BAC (benzyl- 
dimethyl-C12-C14 ammonium chloride) 
technique (10). Our findings are in agree- 
ment with analogous results obtained for 
phage X by indirect techniques (11, 12). 
To determine whether this correlation 
holds more generally, we mapped by 
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A Relationship Between DNA Helix Stability and 

Recognition Sites for RNA Polymerase 

Abstract. The RNA polymerase binding sites on the DNA of(i) the aroE-trkA-spc 
segment of the Escherichia coli genome, (ii) transposon Tn3, (iii) plasmid ColEl, and 
(iv) coliphage X were mapped by electron microscopy, with the use of the BAC tech- 
nique; these maps were compared with the maps of the early-melting regions for the 
same genomes. ihe results indicate that in all these cases the binding sites for the E. 
coli RNA polymerase lie preferentially in the early melting regions of DNA. These 
data indicate that helix stability may be an important feature of the multipartite 
nature of the promoter structure. 
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electron microscopy the RNA polymer- 
ase binding sites and the early melting re- 
gions on the following three genomes, 
which provide natural templates for E. 
coli polymerase: the plasmid ColEl, the 
transposon Tn3, and a portion of the E. 
coli chromosome (aroE-trkA-spc seg- 
ment). The electron microscopic ap- 
proach was chosen, since this technique 
is the only one for mapping directly both 
the RNA polymerase binding sites and 
the regions of preferential strand separa- 
tion under partially denaturing condi- 
tions [see (9)]. We report here that E. 
coli RNA polymerase binding sites lie 
preferentially in early melting regions of 
DNA, a result that indicates the multi- 
partite structure of promoters. 

The physical orientation of a particular 
DNA molecule versus its genetic map 
can be unambiguously determined if the 
ends are marked by attaching fragments 
of a well-characterized DNA. We se- 
lected X DNA fragments because the po- 
sitions of the early melting regions (8), 
the RNA polymerase-binding sites (9), 
and many restriction endonuclease 
cleavage sites are well known. To map 
the bacterial aroE-trkA-spc segment, we 
used the intact right arm of the trans- 
ducing phage \spc2 (13) as a reference 
DNA (Fig. la). To map ColEl and Tn3, 
we constructed a hybrid plasmid con- 
sisting of the ColE l::Tn3 plasmid 
RSF2124 (14) and the EcoRI fragments A 
+ F of X, bearing the cohesive ends of X 
in the form of the cos site (Fig. 2a) (15). 
These terminal EcoRI fragments, which 
are dissimilar with respect to partial 
denaturation (8) and RNA polymerase 
binding (9), permit orientation of the re- 
combinant plasmid, whereas the cohe- 
sive ends served as reference points for 
measuring. These ends are generated in 
vivo when plasmids containing X cos site 
are packaged into X capsids provided by 
a helper phage (17). 

The RNA polymerase binding regions 
were identified with high specificity by 
means of electron microscopy and a 
glutaraldehyde-BAC technique (9). As is 
shown in Figs. la and 2a, E. coli RNA 
polymerase molecules bind to defined 
DNA regions of both genomes represent- 
ed by the peaks of different heights. On 
the ColEl::Tn3-cosX genome (Fig. 2a), 
the EcoRI-A fragment of X lacking pro- 
moter and polymerase (9) can be easily 
distinguished from the EcoRI-F frag- 
ment, which carries two strong polymer- 
ase binding sites (9). Similarly, for the 
spc2 genome the characteristic polymer- 
ase binding pattern identified the right 
arm of this transducing X phage (9) (Fig. 
la), and there is a correspondence be- 
tween the positions of all known pro- 
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Table 1. The A + T content of promoter regions (promoter and promoter-flanking sequences) 
recognized by E. coli RNA polymerase, and of the entire genomes. 

Origin of A + T content in percent 

sequence bearing ^ , - sequence bearing Refer- Pro- Promoter and Ge- 
promoter region ences moter* flanking sequencet nomet 

0X174A (1) 53.3 60.0 55.2 
4X174D (1) 60.0 62.2 55.2 
fdHpaD (1) 64.4 63.3 59.2 
fdHpaH (1, 2) 77.7 73.3 59.2 
SV40 (1,3) 73.3 72.2 59.4 
XpR (1,4) 55.6 56.7 50 (53) 
XpI (1) 51.1 51.1 50 (53) 
Xprm (1) 62.2 63.3 50 (53) 
Xp, (1, 4) 66.6 57.8 50 (53) 
XPc07 (1) 80.0 72.2 50 (53) 
P,al (E. coli) (I) 64.4 65.5 49 
Pli,.z (E. coli) (1) 55.6 54.4 49 
Pl,,, (E. coli) (5) 44.4 45.3 49 
PT{'A (E. coli) (1) 46.4 48.8 49 
PJ?P (E. coli) (6) 53.3 55.6 49 
PSt,. (E. coli) (6) 53.3 53.3 49 
Par,,.,l (E. coli) (7) 53.3 60.0 49 
Ptrp(E. coli) (1) 64.4 62.9 49 
Pt,., (Salmonella typhimurium) (1) 64.4 62.4 48 

Statistical A + T content 
60.2 60.0 51.5 

*DNA segment extending from -40 to +5 from the RNA startpoint, defined as +1. tDNA segment 
extending from -65 to +25 from the RNA startpoint, defined as + 1, with the following exceptions: Paci, 
-50 to +25; Pt.r-tRNAA, -59 to +25; P,tr (E. coli), -65 to +24; Ptrp (S. typhimurium), -65 to +20. :The 
data for OX174, fd, and SV40 are based on the sequences of the entire genomes (1-3). The numbers in 
parentheses refer to the 5000 base pairs immunity region of X (28). Other data for X, E. coli, and S. typhimu- 
rium DNA's are based on (28) and (34). 
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Fig. 1. Comparison of the E. coli RNA polymerase binding map (a) of the transducing phage 
Xspc2 with the partial denaturation map (b). Map (a) represents the aroE-trkA-spc segment (13, 
26) of E. coli (solid heavy lines) and portions of bacteriophage A (27) (dashed lines). The approx- 
imate positions and orientations of the known promoters are indicated by the letterp orP and a 
horizontal arrow (26, 27). The A + T contents for representative X fragments (28) is specified in 
map (b) [54.5 percent is determined by sequence; (4)]. The positions of the binding sites and 
early melting regions were mapped in %X units [a 1-%X unit corresponds to 480 base pairs, 
assuming that the X genome is 48,000 base pairs; see (9)]. The RNA polymerase binding sites 
were identified by the BAC technique (10), which permits mapping by electron microscopy of 
specifically bound protein molecules on double- and single-stranded nucleic acids (9, 29). The 
procedure described (9) was followed, except that (i) the initial molar ratio of polymerase to 
DNA was 40:1, (ii) the dehydration was performed in 90 percent methanol, and (iii) when the 
relative humidity in the laboratory was lower than 50 percent, the carbon films were floated for 
10 minutes on an aqueous solution containing ethidium bromide (30 ,/g/ml), washed for another 
10 minutes by floating on twice-distilled water, and blotted dry on filter paper just before use 
(30). In histogram (a), the positions of a total of 1130 bound RNA polymerases were measured 
on 112 DNA molecules. Polymerases bound to the DNA termini were not recorded. For the 
open histogram in map (b), 25 DNA molecules prepared by alkali denaturation [see (8)] at pH 
11.3, for 60 minutes were analyzed. The superimposed alkali-denaturation map was obtained 
under milder conditions by R. B. Inman [cross-hatched areas correspond to the X portion of 
Aspc2 (47.7 to 100 %X on the X map and 52.2 to 104.5 %X on Xspc2 map above) and the dotted 
line corresponds to X DNA, which is substituted by E. coli DNA in Xspc2 (44.5 to 47.7 %X on 
the X map)]. 
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moters and the peaks indicating poly- 
merase binding regions (Figs. la and 
2a). 

After partial denaturation of the above 
genomes by alkali (8), we mapped the 
sites of strand separation along the DNA 
molecules (Figs. lb and 2b), which cor- 
respond to A T-rich regions (adenine, 
thymine). The distinct peaks represent- 
ing less stable DNA regions are not nec- 
essarily indicative of a very high local 
concentration of A and T bases, since it 
has been shown that only a few percent 
increase in the A + T content if extended 
over a few hundreds of base pairs gives 
rise to a distinct sharp peak in a denatu- 
ration map (18). The maps of the poly- 
merase binding regions were carefully 
aligned with the denaturation maps in 
Figs. 1 and 2, although a perfect align- 
ment is difficult because of the dif- 
ferences in length between single- and 
double-stranded DNA under denaturing 
conditions. Any misalignment, however, 
has to be minimal, because the peaks to 
the left of 70 %X (percent lambda units) 
in Fig. 2b must be on the ColEl::Tn3 
DNA, since they were not observed for X 

molecules and since the leftmost peak, at 
about 45 %X in Fig. 2b, was observed on 
a mini ColEl derivative (16). Moreover, 
the frequency of melting displayed by 
the Xspc2 genome, when compared with 
X+, diminishes to the left of 52.2 %X (Fig. 
lb), which is in perfect agreement with 
heteroduplex mapping of the boundary 
between X and bacterial DNA (13), the 
latter of a higher guanine plus cytosine 
(G + C) content. 

Comparing the polymerase binding 
and the partial denaturation maps (Figs. 
1 and 2) permits us to conclude that poly- 
merase binding sites lie preferentially 
within early melting regions. This corre- 
lation, however, is not quantitatively 
perfect. 

To extend this correlation to the se- 
quenced promoter regions, we analyzed 
the A + T content of 19 published se- 
quences (1-7) recognized by E. coli RNA 
polymerase. Comparing the A + T con- 
tents of the promoters or the promoter- 
flanking regions with those of the entire 
genomes shows that the A + T contents 
of most promoters and flanking regions 
are significantly higher than those of the 

I I I I I I I 
0 10 20 30 40 50 60 70 76.5 

%X units 
Fig. 2. Comparison of the E. coli RNA polymerase binding map (a) of ColEl::TN3-cosX (see 
text) with the partial denaturation map (b). Map (a) is given in relation to the genetic maps of the 
transposon Tn3 (dotted lines) (31), the plasmid ColE1 (solid heavy lines) (32), and portions of 
bacteriophage X (dashed lines) (27). Symbol p represents the most likely position of the pro- 
moter for the /3-lactamase (bla) gene on the Tn3 transposon (15). Symbol tnp indicates trans- 
position-related genes on Tn3 (31). The arrows indicate the orientation and possible sites of the 
initiation of transcription on the ColE plasmid (32, 33). ColE1 termini were created by EcoRI 
which cleaves the colicin (cea) determinant (shown by cut box). In the histogram (a) 113 DNA 
molecules bearing 783 RNA polymerases (exclusive of polymerases bound to termini) were 
analyzed. The initial molar ratio of RNA polymerase to DNA was 15:1. In map (b), the cross- 
hatched histogram represents 19 molecules denatured atpH 11.3 for 15 minutes, and the open 
histogram represents 30 molecules denatured at the same pH for 60 minutes. The remaining 
experimental details and source of the A + T data are as outlined in Fig. 1. 
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corresponding genomes (Table 1). This 
agrees with the notion that promoters are 
preferentially located in early melting re- 
gions. Moreover, this also seems to hold 
for templates not naturally utilized by E. 
coli RNA polymerase (Table 1) (19). 
Two exceptions are promoters for the 
tRNATr'v (tyrosine transfer RNA) and the 
lacI genes, but there are no denaturation 
maps available to determine whether ad- 
joining regions might be AT-rich. Also 
the PL promoter, although containing 
more than 50 percent A + T, is less AT- 
rich than the corresponding DNA seg- 
ment of about 10 percent of the length of 
X. 

Using a single-strand specific nuclease 
as a probe for the dynamic structure of 
DNA (20), Chan et al. (21) have shown 
that restriction fragments originating 
from early melting regions of the X ge- 
nome were particularly susceptible to 
such endonucleases, an indication of a 
high frequency of transient opening of 
base pairs (breathing). Therefore, such 
less stable DNA regions could aid in rec- 
ognition of a promoter by providing tran- 
siently opened DNA stretches and then 
could further facilitate RNA polymer- 
ase-mediated strand separation (22). In 
fact, factors that stabilize helical struc- 
tures-for example, high ionic strength 
and low temperature-inhibit polymer- 
ase binding (23), whereas factors that 
destabilize base-paired DNA-such as 
elevated temperature, denaturing agents, 
and negative supertwists in the template 
promote polymerase binding (24). 

However, an early melting region is 
not sufficient for the formation of a spe- 
cific and stable polymerase-DNA com- 
plex, since such regions do not bind per 
se RNA polymerases, as is shown in Fig. 
lb around the site 90 %X (9, 11). Thus, 
promoter sequences may provide the 
necessary points of contact, permitting 
specific polymerase binding and selec- 
tive initiation of transcription. In fact, 
there appear to be at least two sites of 
approximate sequence homology (1). 
One site is centered about ten base pairs 
from the startpoint of transcription and 
another lies about 25 to 40 base pairs from 
the startpoint. Deoxyribonuclease pro- 
tection experiments show that this re- 
gion is required for the formation of a 
stable binary complex but probably not 
for the maintenance of that complex [see 
(I) and (25)]. 

Our data strongly suggest that the he- 
lix stability in a promoter region is an im- 
portant structural element and indicate a 
multipartite structure of a promoter: sev- 
eral specific contact points for the RNA 
polymerase are embedded in a more or 
less AT-rich and thus unstable DNA re- 
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gion, which facilitates the formation of 
the open complex. Consequently, the 
recognition of a specific binding site and 
the formation of a stable (open) polymer- 
ase-DNA complex ready for initiation 
depends on the quality of the contact 
points and on the stability of the helix, 
thus providing a simple explanation why 
the correlation between frequencies of 
polymerase binding and localized DNA 
melting is not perfect (see Figs. 1 and 2). 
Therefore, the helix stability in a pro- 
moter and its flanking DNA iegions may 
play an important role in setting the level 
of transcription and consequently may 
have a regulatory function in gene ex- 
pression. In this regard, it may be signifi- 
cant that the nucleotide sequence with 
the lowest A + T content in Table 1 
codes for an unusually weak promoter, 
namely Pl,l (5). 
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have a regulatory function in gene ex- 
pression. In this regard, it may be signifi- 
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the lowest A + T content in Table 1 
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The human ability to resolve grating 
patterns with a vertical or horizontal ori- 
entation better than those with an 
oblique orientation has been well docu- 
mented (1). We know that this orienta- 
tion anisotropy or oblique effect is of 
neural origin, because it is present even 
if the optics of the eye are bypassed and 
laser interference fringes are formed di- 
rectly on the retina (2). The oblique ef- 
fect, present only for central vision, has 
many of the characteristics of meridional 
amblyopia, which is considered to be 
due to environmental factors during 
early development (3). Attempts to ob- 
tain supporting evidence for these envi- 
ronmental influences are contradictory 
since some investigators (4) have found 
evidence for an oblique effect in infants 
and others (5) have not, although recent 
evidence indicates that this discrepancy 
may be due to differences in measure- 
ment techniques (6). Attempts to deter- 
mine the neural mechanism for an orien- 
tation anisotropy have also been con- 
tradictory (7-9). Mansfield has reported 
that in monkeys a preponderance of neu- 
rons in the striate cortex with receptive 
fields in the fovea respond optimally to 
vertical or horizontal stimuli. Add- 
itonally, visual evoked responses from 
the monkey indicate the presence of an 
oblique effect. However, Finlay et al. 
and Poggio et al. (9) have reported that 
there is not a significant orientation bias 
for monkey foveal striate neurons. There 
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are, of course, several possible reasons 
for the discrepancy. 

The first question to be answered be- 
fore investigations into the neural mech- 
anisms of the oblique effect become sig- 
nificant is: Does the monkey behavior- 
ally demonstrate an oblique effect? We 
now present a behavioral demonstration 
of the oblique effect in two rhesus mon- 
keys. We also show how the oblique ef- 
fect varies as a function of the spatial fre- 
quency of the stimulus and provide be- 
havioral data indicating that the oblique 
effect is a suprathreshold as well as a 
threshold phenomenon (10). 

Monkeys were trained to detect sinus- 
oidal grating patterns generated on a 
cathode-ray tube (CRT) according to the 
method described by Campbell and 
Green (1 1). The CRT was masked to sub- 
tend a 4? visual angle at 114 cm (the 
viewing distance). The mean luminance 
of the visual display, 67 cd/m2, remained 
constant for all contrast levels and spa- 
tial frequencies. The oscilloscope was 
cradled in an apparatus that could be ro- 
tated about the center of the display in 
10? increments from 0? through 170? with 
additional stops at 45? and 135?. 

The behavioral procedures used for 
the data collection were a modification of 
the reaction time procedure used pre- 
viously in increment threshold experi- 
ments (12). The monkeys were trained to 
press and hold a lever at the start of each 
trial, which was signaled by the onset of 
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tions. The monkey possesses an oblique effect slightly larger than that of humans. A 
reaction time analysis showed the oblique effect to be a suprathreshold as well as a 
threshold phenomenon. The presence of this effect further strengthens the use of the 
monkey as a model for the human visual system. 
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