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Scanning Tunneling Microscopy of recA-DNA 
Complexes Coated with a Conducting Film 

A link bctwctn scanning tmnding microscopy (SIU) and amventid trammhion 
electrrrn microscopy has betn established h r  biological matcriaI by applying STM on 
f k z d r i e d  red-DNA complexes coated with a coductbg film. The topography of 
the complexcs obscmed by means of STM d e d  a right-handed single helix 
composed of about six red monomers per helical turn. 

S CANNING TUNNELING MICROSCOPY 

(STM) images structural and elec- 
tronic properties of metal and semi- 

conductor && on an atomic scale (I). 
Imaging can be @med under atmo- 
spheric conditions, in insulating liquids, and 
even in electrolytes (2-4). The possibility of 
obtainiag three-dimensional high-rcsolu- 
tion images under various conditions makes 
STM an interesting technique for biological 
applications, with the ultimate hope of 
working in a biological environment that 
s h o u l d p ~ e  the biological sample in its 
native conformation. Exploratory STM cf- 
forts on DNA in vacuum (5) and on biologi- 

M. Amrein, A. Stasiak, H. Gross, Warn for Cdl 

To whom corrcspoedcna should be a d d d  

cal or organic matter under atmospheric 
conditions have been reported (68). 

This report is on STM experiments on 
DNA and on complexes of DNA and r e d ,  
a protein involved in recombination, that 
were k - d r i e d  and coated with a con- 
ducting film. We have chosen red-DNA 
complexes because their structure is a long, 
 tou us, w e l l - c h a r a u  helix (9, 10) 
that is easy to distinguish on the support 
(Fig. 1). The periodicity is a signature to 
check reliability and reproducibility of imag- 
ing in di&rrnt regions of the specimen. We 
used recA-DNA complexes formed in the 
presence of ATP[S] (the nonhydrolyzable 
analog of adenosine mphosphate). Imagc 
averaging and ceconmuction (9, 11) b m  
micrographs ofnegatively stained complexes 
and information h m  shadowed specimens 
show that this type of recA-DNA complex 
has a structure of a deeply grooved, right- 
handed helical filament of 10-nm diameter 

with about six recA monorn& per helical 
tum. Very hquently, the complexes are not 
complete and have part of the DNA uncov- 
ered (Fig. 2). 

Formed recA-DNA complexes (9) were 
puri6ed from unbound mi4 protein on a 
Scpharosc 2B column and subsequently ad- 
sorbed on platinum-carbon films (Pt-C) that 
were about 2 nm thick. The Pt-C film was 
evaporated on freshly cleaved mica with an 
electron gun. The tunneling current on this 
support was quite stable and not as noisy as 
on pure carbon films. The Pt-C films 
showed a granular structure with a typical 
grain size of 1.5 to 2 nm laterally and about 
0.6 nm verticaUy. The adsorbing properties 
of Pt-C films for biological material were 
similar to those of carbon films that are 
routinely used for transmission electron mi- 
aoscopy (=) samples. 

Freeze-drying Mowed by heavy-metal 
shadowing is an established TEM approach 
for routine structural studies of dehydrated 
biological specimens. Slow fineze-drying 
eliminates strong structural alterations due 
to dm of dehydration (12). To minimize 
film alterations after shadowing (such as 
oxidation or metal clustering caused by air 
contact), the metal films were s tab ihd  
with a relatively thick (5 nm) carbon-back- 
ing layer (13). Such a carbon coat would 
blur fine d a c e  details when investigated 
with the tunnel~ng microscope. 

We fbund that at the right composition 
platinum-iridium-carbon films (Pt-Ir-C) re- 
mained three dimensionally stable &er 
tansf- to atmospheric conditions and 
that such films allowed, in contrast to pure 
carbon or Ir-C films, stable tunneling. In 
addition, Pt-Ir-C films showed a much 
smaller granularity than the standardly used 
Pt-C films, both in TEM and STM. Pt-Ir-C 
films were obtained by electron beam-in- 
d u d  evaporation of Pt-Ir cylinders (diarne- 
tcr 1.5 mm, 25% Ir) inserted in a carbon rod 
(diameter 2 mm). During evaporation the 
fiaction of platinum decreased while the 
fiaction of iridium and carbon increased. 
For stable tunneling a substantial content of 
mecal was necessary, whercas for the three- 

Fig. 1. TEM micrograph of fkaxdiui d- 
DNA complcxa coated with a Pt-Ir-C film. The 
bar in the inset denotes a distance of 50 nm. 
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dimensional stability, a substantial content 
of carbon was necessary (14). 

TUM* experiments were performed 

1 uader atmospheric conditions with a pat- 
a-sbxype STM (15). A tunneling voltage 
of about 0.8 V, tip negative, proved to be 
suitable. We used cut or mechanically shar- 
pened Ir-Pt tips or Au- tips that were chemi- 
cally etched in concentrated HCI from wires 
0.5 mm in diameter. Tips that imaged the 
objects in a properly symmeaic way were 
carefity. selected by trial and error. The 
images obtained in the constant current 
mode, that is, with the tip tracing contours 
ofconstanttunnelcurrent,are~toas 
STM images or topographs. Such images 
reflect the true topography only when the 
surface is electronically homogeneous as in 

Flg. 2 P d  !XM image with simulated shading offiracdricd rccA-DNA compkxcs coated with the case of a conducting film. 
a Pt-Ir-C 6lm. The area comespods to 236 nm by 192 nm. Large arrows point to rccA-DNA compk, Figure 1 presents &-DNA complexes 
s d  arrows point to ficc DNA. The bars denote a distance of20 nm in each diredon. as they appeared in the TEM when they 

were prepared in the same way as fbr STM, 

Fig. a P d  SRvl im- 
ages of a segment o f tkue  
dricd &-DNA c ~ m  lex 
',,ad ahh Pt-Ir-C Bm. 
(A) -Thrrcdimcasion?L rep 
menation with simulated 
ahadiag. (B) Top view in 
pay-tone repaentation. 
Tbtsaiations,causcdbydK 
right-handed singlc helix, 
ucpointcdoutbydlickar- 
rows. (C) A top view with 
simulatcdshadlngofthc 
sqpalt with the filvMm 
s m u n u c s ~ u l d t b c  
brlrgroYnd -011 
supplcsscd The UipPma 
sauaurr ofonc saiation is 
iadic?tcd by thin arrows. 
Thbardcm~csadisance 
of 10 nm. 

fi;r the support, which was in this 
case a carbon film. The striation of the 
complexes was caused by the 10-nm pitch of 
their helical structure. The Pt-Ir-C coating 
film appeared to be nearly grainlcss. 
In Fig. 2, a p r o d  (16) STM image of 

f k z d r i e d  &-DNA complexes, ad- 
sorbed on Pt-C film and shadowed with Pt- 
Ir-C, is shown. The thick filamentous com- 
plexes with pronounced striation are dearly 
visible. This snuctural infbnnation is similar 
to that obtained by TEM (Fig. 1). Note that 
u n c o m p l d  DNA segments extenchg 
from complexed regions are also dearly visi- 
ble as flee thin filaments. 
F i  3 shows thee diEerently proc.rsscd 

presentations of a segment of a freeze-dried 
d - D N A  complex coated with a Pt-Ir-C 
film. In Fig. 3 4  in which tilt and simulated 
shading arc introduced, the direaly record- 
ed three-dimensional stnurturr of d- 
DNA complexes can be seen. Figure 3B is a 
top view in a gray-tone scale, where the 
height is increased from bright to dark, and 
clearly shows a right-handed single helix. 
F i  3C is a top view with shading of the 
d - D N A  segment, where protrusions of 
the filament are enhanced against the back- 
ground cormgation. Many striations in top 
view show a tripartite stnurturr that indi- 
cates that one helical turn of the complex 
contains about six such pans, which corre- 
sponds to the established number of recA 
monomers per turn (9). The width of the 
complarcs amounts to 12 nm (similarly to 
TEM data, Fig. l), and the height to 7 nm 
indicates flattening of the helical filaments 
caused by adsorption. 

Studies by SIU of biological samples 
coated with a conducting film promises to 
be a reliable technique with a resolution 
arcccding that of TEM. We prepared many 



inde~endent sam~les of red-DNA com- 
plexes and always obtained images of similar 
quality. Our results prove that relief data at 
macromolecular level can be achieved direct- 
ly without averaging. In case of red-DNA 
complexes, the STM showed directly the 
number of recA monomers per helical repeat 
of the complex, whereas successful determi- 
nation of this number with TEM required 
averaging (9). In TEM, the third dimension 
must be calculated from averaged different 
projections (1 7). When averaging is diffi- 
cult, STM seems to be a straightforward, 
reliable way to reveal a three-dimensional 
structure, particularly for small relief corru- 
gations that are difficult to reconstruct from 
projections. 
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Interferon-y: The Major Mediator of Resistance 
Against Toxoplasma gondii 

Mice were injected with a monoclonal antibody to interferon-? to examine the 
importance of endogenous production of this lymphokine in resistance against 
infection with the sporozoan parasite Toxuplasma gondii. Mice with intraperitoneal 
infections of T. ~ o n d i i  that received no antibody survived and developed chronic T. 
gundii infection, whereas the infected mice that received the monoclonal antibody died 
of toxoplasmosis. The activation of macrophages, which kill T. Bondii in vivo, was 
inhibited by administration of the monoclonal antibody, but the production of 
antibodies to T. gondii was not suppressed. The fact that an antibody to interferon-? 
can eliminate resistance to acute Toxoplamna infection in mice suggests that this 
lyrnphokine is an important mediator of host resistance to this parasite. 

D ATA FROM STUDIES PERFORMED 

in vitro and in vivo suggest that the 
maior mechanism of resistance 

against Toxqlmma gondii is cell-mediated 
(1) .  Adoptive transfer of lymphocytes con- 
feis strong resistance againit challenge infec- 
tion with T.gondii in laboratory animals (Z), 
whereas passive transfer of antibodies does 
not (3). - ~ e c e n t l ~ ,  the high prevalence of 
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toxoplasmic encephalitis reported in pa- 
tients with acquired immunodeficiency syn- 
drome (AIDS) and the fact that almost all 
such cases occur in individuals who have 
serologic evidence of prior infection with T. 
gondii have underscored the importance of 
T cell-mediated immunity against this orga- 
nism. The major immunological defect in 
patients with AIDS is the decreased num- 
bers and function of CD4 lymphocytes (4). 

On the basis of studies in vitro, we (5) 
and others (6, 7) have postulated that the 
activated macrophage is the effector arm of 
cell-mediated immunity against T. gondii. 
Interferon-y (IFN-y) has the capacity to 
activate mouse macrophages in vitro (7, 8) 

and in vivo (9), and human macrophages in 
vitro inhibit or kill this parasite (8, 10). 
When IFN-y was administered in vivo, sig- 
nificant protection against T. gondii was 
observed in a mouse model of toxoplasmosis 
(9). These observations suggest that IFN-y 
is of primary importance in host resistance 
against T. gondii. In all of these studies, 
exogenous IFN-y was used as the macro- 
phage-activating factor. Thus, the relative 
importance of IFN-y to resistance against 
this parasite has not been evaluated during 
the natural host response to infection with 
T. gondii. Our experiments reveal that IFN- 
y is essential for resistance to acute T.jondiz 
infection in vivo. 

All control mice that received saline or 
normal hamster immunoglobulin G (IgG) 
survived intra~eritoneal or oral infection 
with an avirulent strain of T. gondii (strain 
ME49). In contrast, seven out of seven mice 
injected with a monoclonal antibody to 
IFN-y (H22.1) died after intraperitoneal 
inoculation with the parasite, and four of 
five died after peroral infection (Table 1). 
This H22.1 antibody (100 or 200 pg) 
caused no apparent illness or mortality in 
noninfected BALBic mice. The effect of 
H22.1 on host resistance to infection with 
T. gondii was dose-dependent (Fig. 1). 
Whereas all mice that received normal ham- 
ster IgG survived the infection, a dosage of 
the monoclonal antibody as small as 7.4 pg 
resulted in death due to toxoplasmosis in 
83% (516) of the mice. All mice that re- 
ceived'2.5' pg of the antibody survived, but 
all mice that received 67 pg of the monoclo- 
nal antibody died of the infection. Buch- 
meier and Schreiber (1 1) reported that this 
same monoclonal antibody, H22.1, signifi- 
cantly reduced resistance against Listeria 

5 10 15 
Days after Infection 

Fig. 1. Dose effect of monoclonal antibody to 
IFN-y on resistance to infection with T. gondii. 
Mice were injected intraperitonedy with various 
doses of H22.1 or normal hamster IgG diluted in 
saline. There were six mice in each group. One 
day later, mice were infected intraperitonedy 
with 18 cysts of T.gondii strain ME49 prepared as 
described (Table 1). No deaths occurred m the 
group treated with 2.5 pg of H22.1 alone or in 
any of the three groups treated with IgG alone. 
The latter results are depicted as solid squares on 
the abscissa. 
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