
are produced naturally in the sample when a 
given minority site is surrounded by major- 
ity sites. In such a case the wave hnction can 
be confined by the surrounding solid and 
the vacuum barrier. In effect, an analog of a 
quantum dot is formed, which is smaller by 
at least two orders of magnitude than any 
quantum dot structure to date (1). Howev- 
er, unlike quantum dots, the discrete states 
formed are not the result of size quantiza- 
tion but are localized quasi-atomic states. 
An NDR site that shows a type b I- V curve 
(Fig. 2)  is shown in Fig. l b .  NDR appears 
when the STM tip is over the bright inner 
core of this site. Thus, NDR is localized in a 
region of about 10 A. On the basis of local- 
density-functional theory calculations (9, 
we tentatively identify this site as involving a 
missing Si adatom over a B, site. In this way, 
a localized state involving three Si dangling 
bonds is formed. In other experiments we 
find type c I- V behavior over Si-T4 sites. 
Such NDR behavior has also been observed 
recently by another group (11). Type d I-V 
behavior is observed over more complex, as 
yet unassigned sites. 

Although localized states at the sample 
appear to be essential for the development of 
NDR, we have evidence that the tip elec- 
tronic structure is equally important. In fact, 
we have observed rest-atom NDR over ad- 
atom sites of the clean Si ( l l1)  (7 x 7) 
surface after the tungsten tip became coated 
with Si by crashing into the Si sample. 
Because of the large separation between 
rest-atoms on the 7 x 7 surface, the Si 
adatom surface states are localized, as is 
evidenced by the lack of dispersion in angu- 
larly resolved photoemission (12). When 
atomic resolution is achieved by STM, it is 
expected that tunneling at the tip involves 
very few (for example, one to three) tip 
atoms on top of a macroscopic tip surface. 
Under these conditions we do not expect 
that the relevant tip states are extended 
states; most likely they can be described as 
adsorption-induced resonances with a Lor- 
entzian-like density of states (DOS) (13). 
The width of such states depends on the 
number of atoms that are involved in the 
tunneling and their coupling to the rest of the 
tip. For example, if tunneling occurs out of an 
impurity atom that is relatively weakly cou- 
pled to the tip, the relevant tip DOS can be 
quite narrow. During an STM experiment, 
the structure of the active area of the tip and 
even the chemical nature of the tip atom 
directly involved in the tunneling can change 
as atoms move on the surface of the tip. 

Using the idea that NDR arises as a result 
of tunneling between localized states, we 
have performed simulations of I- V charac- 
teristics for the sets of DOS for sample and 
tip shown in Fig. 3 (left) and a simple one- 

dimensional model for the tunneling barrier. 
The DOS of the sample states were obtained 
through STM measurements with "normal" 
tips, that is, tips with which no NDR behav- 
ior is observed and which give tunneling 
spectra for the majority sites that are in 
agreement with conventional spectroscopy 
(14). The results are shown in Fig. 3 (right). 
When the bias voltage is varied, the peaks in 
DOS shift with respect to each other. When 
the peak positions coincide, the tunneling 
current exhibits a maximum in cases a and b. 
In case c, maxima are observed when the 
Fermi level crosses a peak in the DOS. 
Similar behavior was observed in a first- 
principles calculation by Lang (15). From 
Fig. 3 it is clear that by including sites with 
prominent localized occupied or unoccupied 
states, we can account for all observed I- V 
behaviors shown in Fig. 1. These results 
provide support for our proposal that the 
mechanism of NDR involves tunneling be- 
tween localized atomic-like states. 

Our results show that the property of 
NDR can be realized in the I- V characteris- 
tics of a diode formed by an STM tip and 
localized surface sites. In the h ture  it may be 
possible to construct atomic scale devices 
that use the characteristics of atomic wave 
functions. 
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Spontaneous Vesicle Formation in Aqueous Mixtures 
of Single-Tailed Surfactants 

Spontaneous, single-walled, equilibrium vesicles can be prepared from aqueous 
mixtures of simple, commercially available, single-tailed cationic and anionic surfac- 
tants. Vesicle size, surface charge, or permeability can be readily adjusted by varying 
the ratio of anionic to cationic surfactant. Vesicle formation apparently results from 
the production of anion-cation surfactant pairs that then act as double-tailed zwitter- 
ionic surfactants. These vesicles are quite stable in comparison to conventional vesicles 
prepared by mechanical disruption of insoluble liquid crystalline dispersions. 

v ESICLES, WHICH ARE SINGLE-BI- proteins (1,2). Although vesicles often form 
layer shells 30 to 150 nm in diame- spontaneously in vivo, they have only rarely 
ter, are widely used as model mem- been observed to form in vitro without the 

branes, capsules for agents in assays and input of considerable mechanical energy 
drug delivery, microreactors for artificial (such as sonication or pressure filtration) or 
photosynthesis (among other reactions), elaborate chemical treatments (detergent 
and substrates for a variety of enzymes and dialysis or reverse-phase evaporation) (1-3). 

Vesicles formed in this wav are metastable 
E. W. Kaler, A. K. Murthy, B. E. Rodriguez, Depart- and eventually revert to multilamellar liquid- 
ment of Chemical Engineering, BF-10, University of 
Washington, Seattle, WA 98195. crystalline aggregates. This reversion is in- 
J. A. N. Zasadzinski, Depamen t  of Chemical and variably accompanied by a release of the 
Nuclear Engineering, University of California, Santa 
Barbara. CA 93106. vesicle contents and the failure of the vesicle 

carriers. The lack of a s i m ~ l e  and seneral 
*Present address: Department of Chemical Engineering, I a 

University of Delaware, Newark, DE 19716. method for producing spontaneous and sta- 
t T o  whom correspondence should be addressed. ble vesicles has inhibited further progress in 
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these areas. There have been reports of 
spontaneous vesicle formation in certain 
mixtures of short- and long-chain, double- 
tailed lecithins (3 ) ,  in solutions of double- 
tailed surfactants with hydroxide and other 
more exotic counterions (4) ,  and in some 
mixtures of single-tailed surfactants ( 5 ) .  Al- 
though these systems were an improvement 
over conventional sonicated vesicles, the rel- 
atively restricted chemical or physical prop- 
erties of the vesicles or the limited availabil- 
ity of the surfactants were such that these 
methods were not widely exploited. 

We report a general method for preparing 
spontaneous, equilibrium vesicles of con- 
trolled size, surface charge, or permeability 
from commercially available surfactants. 
Vesicles formed immediately upon combin- 
ing aqueous mixtures of two commercially 
available, single-tailed surfactants with op- 
positely charged head groups. This phenom- 
enon appears to be general and has been 
observed in a variety of surfactants (6). This 
method of vesicle preparation offers a re- 
markably simple way of tailoring vesicle 
properties and allows gentle and efficient 
encapsulation to take place without mechan- 
ical or chemical perturbations from the final 
vesicle composition or structure. The curva- 
ture of the mixed surfactant bilayers (which 
controls size and shape), the vesicle wall 
thickness (which controls permeability), and 
the sign and magnitude of the surface charge 
(which control vesicle interactions and sta- 
bility against aggregation) can be deter- 
mined by the relative amounts and the chain 
length of the individual, commercially avail- 
able surfactants used. We present results for 
aqueous mixtures of cetyl trimethylammo- 
niurn tosylate (CTAT) and sodium dodecyl- 
benzene sulfonate (SDBS) (6). Vesicle for- 
mation is demonstrated by quasi-elastic light 

Water 

scattering (QLS), freeze-fracture transmis- 
sion electron microscopy (TEM), and glu- 
cose entrapment experiments. The vesicles 
prepared from these surfactants range from 
about 30 to 80 nrn in radius (depending on 
surfactant ratio and total concentration), can 
be prepared to be either positively or nega- 
tively charged, efficiently encapsulate and 
retain glucose and other solutes, and remain 
stable for at least 1 year. 

We prepared the samples by first making 
stock solutions of either SDBS or CTAT of 
known concentration in deionized water. 
Both stock solutions were equilibrated at the 
temperature of interest, and gentle mixing 
of the solutions resulted in the spontaneous 
formation of vesicles (Fig. 1). Except for 
gentle mixing, the solutions were not sub- 
jected to any type of mechanical agitation. 
When a sample in the two-phase region was 
prepared, phase separation was occasionally 
accelerated by centrifugation of the sample 
at 400g. We used high-performance liquid 
chromatography to determine the ratio of 
tosylate and dodecylbenzene ion concentra- 
tions, a sodium ion-specific electrode to 
determine [Na'], and Karl Fischer titration 
to determine the water concentration. The 
vesicles survived freeze-thaw cycles except 
when the freezing path allowed the forma- 
tion of a 1:  1 DBS-:CTA+ complex, which 
does not dissolve. There is no evidence of a 
(first-order) micelle-vesicle phase transition 
as either of the micellar phases on the surfac- 
tant-water edges of the triangle is titrated 
against a micellar solution of the other sur- 
factant. If any miceile-vesicle two-phase re- 
gion exists, it is vanishingly small. 

A spectrometer of standard design ( 7 )  was 
used for the QLS measurements. Solutions 
for light scattering were gravity filtered 
through a 0.22-p,m Millipore filter into the 

70% 
CTAT ? SDBS 

~ ~ u i m o i a r  line 

I372 

Fig. 1. CTAT-SDBS-water 
phase diagram at 25°C. The 
nvo one-phase regions in 
the water-rich corner con- 
tain vesicles. The two-phase 
region are cross-hatched, 
and the tie-lines have been 
determined experimentally 

Table 1. Sizes of CTAT-SDBS vesicles, as deter- 
mined by QLS, as a function of composition. 
Percentages are by weight. 

Water 
(%) 

CTATISDBS Radius 
(4 

One-phase region 
99.7 218 

317 
416 
515 
614 
713 
812 
91 1 

99.0 119 
317 

98.0 218 
812 

97.0 119 
317 

Two-phase region 
95.0 119 
93.0 119 
91.0 119 

scattering cell. All measurements were done 
at a scattering angle of 90°, and the intensity 
autocorrelatibn function was analyzed by 
the method of cumulants (8). Measurements 
were made of vesicles in both the CTAT- 
rich and the SDBS-rich one-phase regions 
(Table 1). Samples in the CTAT-rich re- 
gions were in general more turbid than 
those in the SDBS-rich region, a result 
consistent with the presence of larger vesi- 
cles. Apparent vesicle size increased as the 
water content decreased at a constant SDBSI 
CTAT ratio, although no accounting of the 
effect of interparticle interactions on appar- 
ent size was made. The average vesicle radius " 
was between 30 and 80 nm, and there was 
substantial size polydispersity, as manifested 
by large values of the variance (between 0.1 
and 0.2), which is related to the second 
cumulant. The vesicles are charged, with 
SDBS-rich vesicles migrating toward the 
anode of an electrophoresis cell and CTAT- 
rich vesicles moving toward the cathode. 
The vesicles reform after freeze-thaw cvcles. , , 

and the average size and variance of the size 
distribution are unaltered. 

Samples for trapping experiments were 
prepared as described above with the substi- 
tution of 0.3M glucose solution for water. 
Vesicles formed in the presence of glucose 
were eaual in size to thbse formed in pure 
water. The glucose-containing vesicles (1.5 
rnl) were put into a dialysis bag (Spectrapor 
standard cellulose tubing) and dialyzed 
against 500 rnl of isotonic salt (0.075M KC1 
and 0.075211 NaCl). Four dialyzate changes 
(at 3-hour intervals) were sufficient to qu&- 
titatively remove the glucose from the exte- 
rior of the vesicles as determined by the 
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change in absorbance at 340 nm due to the 
formation of the reduced form of nicotin- 
amide adenine dinucleotide phosphate in 
the presence of glucose-6-phosphate dchy- 
drogenase and hexokinase (9). Triton X-100 
was then added to the sample in the dialysis 
bag to disrupt the vesicles and release the 
entrapped glucose. Disrupted vesicles were 
dialyzed for 3 hours, and assay of the dialy- 
zate showed the presence of substantial glu- 
cose. There was some slight interference of 
the anionic surfactant with the kinetics of 
the enzymatic reaction. 

We prepared samples for electron micros- 
copy by sandwiching a thin layer ( 4 0  pm) 
ofthe vesicle dispersion between two copper 
planchettes (RMC, Tucson, Arizona). We 
froze the sample sandwiches by placing 
them between opposed jets of liquid pro- 
pane cooled by liquid nitrogen to - 190°C 
in a Gi-Stachelin jet fieeze device 
(RMC, Tucson, Arizona). The specimens 
were amsferred under liquid nitrogen to a 
Reichm-Jung Cryofract 190 k - f i ac tu rc  
device (Cambridge Instruments Inc., Butfa- 
lo, New York), hctuced at -170°C and 
lo-' torr, and immediately replicated with 
1.0 nm of platinum-carbon alloy applied by 
electron-beam evaporation at 45" to the 
fracture surface, followed by the imposition 
of a 1 bnm-thick reinforcing film of carbon, 
applied at normal incidence (10, 11). In the 
TEM images (JEOL 100 CX-11; 80 kV; 
initial magniiication, ~40,000) shadows a p  
pear light. We obtained veside size dismbu- 
tions by measuring the diameters of vesicles 
that showed well-defined shadows indicat- 
ing that the fiacture surface propagated near 
the center of the vesicle (12). 

The CTAT-rich vesicle dispersion (Fig. 
2A) showed a rather polydisperse size dism- 
bution with diameters ranging from about 
10 nm to more than 250 nm (average 
diameter, about 70 nm). The vesicles were 
uniformly dismbuted throughout the sam- 
ple, indicative of good freezing. No multila- 
mellar vesicles were seen in this or in the 
SDBS-rich sample, although sometimes a 
small Vesicle was embedded within a larger 
vesicle (Fig. 2A, bottom right). The size 
distribution of the SDBS-rich vesicle disper- 
sion (Fig. 2B) sample was significantly nar- 
rower than that of the CTAT-rich disper- 
sion, with an average diameter of about 60 
nm. There appeared to be fewer large vesi- 
cles (>200-nm diameter) in the SDBS-rich 
dispersion than in the CTAT-rich disper- 
sion. The number density of the SDBS 
vesicles appeared to be greater than in the 
CTAT-rich fraction, but this was not ana- 
lyzed in detail. 

The formation of equilibrium vesicles 
fiom mixtures of single-tailed surfactants is 
unexpected theoretically. Simple geometric 

arguments (2) predict that amphiphiles with 
relatively l a r k  hydrophobic reg;ons (tails) 
and relatively small hydrophilic head groups 
should form bilayer structures, as is ob- 
served, although spontaneous vesicle forma- 
tion is care (2-4). However, single-tailed 
amphiphiles with relatively small tail groups 
and large head groups are predicted to and 
invariably do fbrm spherical or cylindrical 
micelles (2). Equimolar mixtures of anionic 
and cationic surfactants either form lamellar 
phase (13) or precipitate from solution. For 
these reasons, addition of a cationic surfac- 
tant to an anionic micellar solution is gcncr- 
ally avoided in practice, and few ex&- 

FM. 2. (A) TEM image of a freeze-fractured 
CTAT-rich veside fraction (98% by weight water 
and CTATISDBS ratio of 411 by weight). Thc 
average vesicle diameter is 70 nm. The open 
arrow shows the shadow pattern of a veside 
plucked from the fracture surface, and the filled 
arrow shows the shadow pattern of a vesicle 
protruding from the surface. The vesicles are 
polydispcrsc, with diameters ranging from about 
10 to about 250 nm. (B) TEM image of a freeze- 
fractured SDBS-rich vesicle fraction (98% by 
weight water and CTATISDBS ratio of 114 by 
weight). The average vesicle diameter is approxi- 
mately 60 nm. Arrows are as in (A). The polydis- 
pmity in vesicle diameter is significantly less in. 
the SDBS-rich vesicle fraction than in the CTAT- 
rich fraction, with fewer very large vesicles. 

tions of the phase diagrams have been made 
(14). Our -entd phase diagram bears 
a strong qualitative resemblance to that cal- 
culated by Jokela et al. (IS), who used a cell 
model and assumed equilibria between la- 
mellar (not vesicular) and uystalline phases 
in an anionic-cationic mixture. The two 
lamellar phases therein correspond to the 
vesicular phases in the water-rich comer of 
Fig. 1, and crystalline surfactant phases arc 
predicted to be present in the surfactant-rich 
comers of the diagram. 

Smng synergistic e k t s  may occur in the 
surface activity of mixed surfactants (16-20), 
and ion-paired surfactants can be extremely 
surface-active. It is likely that the same 
mechanism is at work promoting veside 
formation; that is, anionic and cationic sur- 
factants pair and form what is effectively a 
zwitterion at the vesicle surface. In this case, 
the ion pair has the geometric features of a 
small head group and large tail group 
thought necessary for vesicle formation. The 
midual unpaired surfactants help to fluidize 
the membrane and yield the net surface 
charge. Our results for the SDBS-CTAT 
solutions are representative for other mix- 
tures. In each case, anionic surfactant-rich 
vesicles are charged negatively and the cat- 
ionic-rich vesicles are charged positively. 
Vesicle radii appear to decrease as the tail 
lengths of the surfactants become more dis- 
similar. 

These d t s  illustrate a rich new area of 
surfactant phase behavior and suggest new 
formulations for stable vesicular structure 
that may be useful in a d d m s i i  theoretical 
and practical problems. The generaliv of the 
results also indicates that mixed bilayers of 
appropriate biological surfactants can be tai- 
lored to have useful properties. 

-- -- 
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Bacterial Blight of Soybean: Regulation of a Pathogen the avrB gene had ken inactivated by 
Gene Determining Host Cultivar Specificity a Tn5 insemon (2) (~anes 3 and 6). When 

the plasmid pPg0-0 1 - 17  bearing the cloned 
a v r ~  gene (Fig: 2) was introduced into the 

THANH V. HUYNH,* DOUGLAS DAHLBECK, BRIAN J. STASKAWICZ avrB mutant strain, the race-specific HR- 
inducing. activitv and the abilitv of the bacte- 

Soybean cu l t im resistant to Pseudomonas syringae pathovar glycinea (Psg), the causal 
agent of bacterial blight, exhibit a hypersensitive (necrosis) reaction (HR) to infection. 
Psg strains carrying the avrB gene elicit the HR in soybean cultivars carrying the 
resistance gene Rpgl. Psg expressing avrB at a high l e d  and capable of eliciting the 
HR in the absence of de novo bacterial RNA synthesis have k e n  obtained in in vim 
culture. Nutritional signals and regions within the Psg hrp gene cluster, an approxi- 
mately 20-kilobase genomic region also necessary for pathogenicity, control avrB 
transcription. 

G ENETIC STUDIES OF PLANT HOSTS 

and their parasites suggest that host 
resistance to disease requires specif- 

ic pathogen recognition. Many interactions 
between particular host cultivars and partic- 
ular natural variants ("races") of a pathogen 
culminate in disease resistance only when a 
specific avirulence gene in the pathogen and 
a resistance gene in the host are present (1). 
Interactions of this type are designated 
gene-for-gene host-parasite relationships. 

Infection of soybean, Glycine max (L.) 
Merr., by Pseudomonas syringae pv. glycinea 
(Psg), the causal agent of bacterial blight, 
provides a model for investigating the mo- 
lecular basis of a gene-for-gene interaction 
(2). Psg multiplies in the leaf intercellular 
fluid of susceptible soybean cultivars, where 
it induces the appearance of spreading, wa- 
ter-soaked, chlorotic lesions. In resistant 
soybean cultivars, the phenotype of disease 
resistance is typified by the hypersensitive 
reaction (HR) : leaf mesophyll cells near the 
invading bacteria rapidly collapse to pro- 
duce a dessicated necrotic lesion. In this 
reaction, bacterial multiplication is inhibited 
and the pathogen is localized at the site of 

infection (3). Soybean cultivars carrying the 
dominant resistance gene Rpgl produce hy- 
persensitive lesions when infected by Psg 
races carrying the avirulence gene avrB (2, 
4). Thus, the interaction between avrB and 
Rpgl represents a gene-for-gene relation. 
Here we address the relation between avrB 
and other Psg genes required for the bacteri- 
um to elicit the HR. 

Psg race 0 (PsgO), which contains avrB, is 
avirulent (that is, HR-inducing) on the 
Rpgl-containing soybean cultivar (cv.) Har- 
osoy and virulent on cv. Centennial (2, 5). 

'7 , 
ria to produce the 36-kD protein were re- 
stored (Fig. 1, lanes 4 and 7). 

The 36-kD avrB gene product can be 
detected in bacteria grown in planta but not 
in KB broth. Soybean leaf extracts added to 
bacteria growing in KB broth [which con- 
tains peptone, glycerol, potassium phos- 
phate, and MgS04 (7)] failed to induce avrB 
(8). In contrast, manipulating the carbon 
source in a defined culture medium did 
affect transcription from the avrB promoter. 
Expression of a plasmid-borne translational 
fusion between the 5' end of the avrB gene 
and the Escherichia coli lacZ gene encoding P- 
galactosidase (Fig. 2) was measured in PsgO 
grown in minimal medium (MM) contain- 
ing one of 14 different carbon sources utiliz- 
able by PsgO. Depending on the carbon 
source, the level of P-galactosidase activity 
varied 89-fold (Fig. 3). Bacteria grown in 
the presence of fructose, sucrose, or manni- 
to1 showed the greatest P-galactosidase ac- 

Fig. 1. Detection of avrB protein in PsgO recovered from KB Centennial Harosoy 
infected soybean leaves. PsgO (lanes 1, 2, and 5), PsgORif I- 
avrB::Tn5 (lanes 3 and 6), and Psg0RifavrB::TnS carrying 
pPg-0-01-17 (Fig. 2), a plasmid containing a fbctional k~ 1 2 3 4 5 6 7  
cloned copy of avrB (lanes 4 and 7), were grown in KB broth 
or soybean cvs. Gntennial or Harosoy. For growth in 95,5 - 
plants, Psg grown in KB medium were suspended in 10 mM 
MgS04 [-3 x 10' colony-forming units (CFU) per millili- 55 - - 
ter], inoculated into 2- to 3-week-old soybean seedlings by 43 

vacuum infiltration, and the infected plants were incubated 36 - - - - - 
(16). Leaf intercellular fluid containing bacteria was harvest- 29 - 
ed 15 to 48 hours after inoculation (17). Total bacterial 
proteins were separated on a 10% SDS-polyacrylamide gel 
(18), transferred to nitrocellulose (6, and challenged with 
antibodies to the avrB protein prepared as follows. Rabbit antibodies to a fusion protein consisting of 
the COOH-terminal i81 am&o acids encoded by the 963-nucleotide avrB O& (19) fUsed towthe 
COOH-terminus of E. coli $-galactosidasc (20) were fiity-purified to the fusion protein immobilized 

De -entofPhtPatholog~, UnivaityofCalifomi'+ on nitrocellulose (21). Antibodies to the $-galactosidase portion of the fusion protein were removed by 
k'E;clcy, CA 94720. adsorption to an E. coli extract containing $-galactosidase. The remaining antibodies were used in 
iPrcscnt of Molecular Biology and immunoblot analysis at a dilution of 1 : 8000 relative to the original serum. Bound antibody was 
~ ~ ~ d ~ ~ ,  l-hc j o b  H~ University school of visualized by reaction with alkaline phosphatascconjugated goat antibodies to rabbit immunoglobulin 
Medicine, Baltimore, MD 51205. G (Promega Biotec). 
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