
ly bound dangling bond sites requires a particular 
orientation with respect to the Si dimer rows. 
ESDIAD studies (18, 19) did not determine the 
population of bridging species. 

21. Manipulation was achieved by either fixing or 
scanning the probe tip over the site during the 
pulse. The latter method was most effective pre- 
sumably because of a time-dependent variation in 
the field gradient that promotes diffusion and 
rebonding. The average conversion efficiency 
was low (=5%) and tip-dependent. 

22. P. Gupta, P. A. Coon, B. G. Koehler, S. M. George, 
Surf Sci. 249, 92 (1991). 

23. The interaction strength depends on the orien- 

tation of the Si-CI dipole (Eq. 1) and varies 
depending on whether CI adsorbs on the up or 
down Si dimer atom. Thus, other than molecular 
precursors, isolated sites may be CI, molecules 
that decompose diagonally across a pair of 
dimers forming Si-CI bonds on the up-atoms. 
The reason such sites do not switch into type 
II sites and why the latter are less prone to 
switching compared with type Ill sites is not 
understood. 

24. 1 wish to thank J. T. Yates Jr, for making available 
reprints (18, 19) before publication. 
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Attempts to Mimic Docking Processes of 
the Immune System: Recognition-Induced 

Formation of Protein Multilayers 

W. Mijller, H. RingsdorF,* E. Rump, G. Wildburg, X. Zhang, 
L. Angermaier, W. Knoll, M. Liley, J. Spinke 

The assemblage of protein multilayers induced by molecular recognition, as seen, for 
example, in the immune cascade, has been mimicked by using streptavidin as a docking 
matrix. For these experiments, this protein matrix was organized on liposomes, monolayers 
at the air-water interface, and self-assembled layers on gold, all three containing biotin 
lipids. The docking of streptavidin to biotin at liposomal surfaces was confirmed by circular 
dichroism. Mixed double and triple layers of streptavidin, concanavalin A, antibody Fab 
fragments, and hormones were prepared at the air-water interface and on gold surfaces 
and were characterized by fluorescence microscopy and plasmon spectroscopy. With the 
use of biotin analogs that have lower binding constants it has been possible to achieve 
multiple formation and competitive replacement of the oriented protein assemblages. 

T h e  pathway of the immune cascade (I)  
demonstrates the interplay of molecular 
recognition and molecular self-organization 
in the formation of oriented protein assem- 
blages. We have attempted to mimic these 
protein docking processes and their revers- 
ibility. In the system described here, the 
multiple docking of proteins leads to or- 
dered protein multilayers, which can be 
disassembled by competitive replacement. 
It was recently shown that the specific 
interaction of streptavidin (2, 3) with a 
biotin-containing monolayer at the air-wa- 
ter interface results in two-dimensional 
(2D) streptavidin crystallization (4-7). 
Each streptavidin in this protein layer has 
two free binding sites facing the subphase, 
thus forming a bioreactive docking matrix, 
shown schematically in Fig. 1 (8-12). 

We report results on the formation and 
competitive replacement of mixed protein 
assemblages using this 2D protein matrix in 
three different model membrane systems: 
monolayers at the air-water interface, lipo- 
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somes, and self-assembled monolayers on 
gold. We show here how these model sys- 
tems, each having specific advantages, lead 
to recognition-induced formation of protein 
layers and allow their characterization. 

Starting with a 2D crystalline strepta- 
vidin matrix at the air-water interface, we 
used bifunctional linking molecules to 
form well-defined protein triple layers, 
alternating streptavidin and concanavalin 
A (Con A). This step-by-step docking 
process was visualized by fluorescence mi- 
croscopy. We found that rhodamine-la- 
beled Con A can be docked by means of a 
biotin-sugar linker 1 to a fluorescein-la- 
beled streptavidin layer. 

The Con A layer permits perfect imaging 
of the domain structure of the streptavidin 
matrix, thus allowing the visualization of 
the first protein layer even without a 

Fig. 1. Schematic representation of the 2D 
streptavidin crystal, which can serve as a biore- 
active matrix. The binding biotin molecules are 
shown as filled figures, which fit closely into the 
binding sites in the upper and lower surfaces of 
the streptavidin matrix. On the lower surface of 
the figure, they are shown linking to the next 
layer (X), and at the top of the figure, they are 
shown with free lipid tails. 

fluorescent label attached to streptavidin. 
An unlabeled primary streptavidin matrix 
was therefore used for the formation of the 
alternating protein triple layer. As shown in 
Fig. 2, the rhodamine-labeled Con A was 
docked (as a second laver) underneath the , , 

crystalline streptavidin matrix with the bi- 
otin-sugar linker 1. Further binding of fluo- 
rescein-labeled streptavidin to this second 
layer (Con A) results in an alternating pro- 
tein triple layer (see Fig. 2). In addition, 
fluorescein-labeled streptavidin, even when 
docked bv means of bisbiotin linkers onto a 
primary amorphous avidin matrix, crystalliz- 
es to form needle-like domains. thus offering 
the possibility of building alternating amor- 
phous-crystalline protein multilayers (1 3). 

Liposomes were used as a second model 
system. They were prepared from various 
biotin lipids (2, 3) containing long hydro- 
philic spacers, which allowed an optimal 
protein-ligand interaction, and polymeriz- 
able diacetylene moieties which stabilized 
the liposomes. Upon ultraviolet polymer- 
ization of the liposomes, the conjugated 
backbone of the polydiacetylene lipids be- 
comes a chromophore, which can serve as a 
sensing unit for studying the docking of 
streptavidin to the chiral biotin head- 
groups. 

Stable polymerized vesicles were pre- 
pared from the amphiphilic diacetylene 4 
containing 5 mole percent (mol%) of the 
biotin lipid 3 (14). We found that the 
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Fig. 2. Fluorescence micrograph of a com- 
bined streptavidin-Con A-streptavidin triple 
layer. (A) The first layer of crystalline streptavi- 
din (nonlabled) was imaged and made visible 
by a docked second layer of Con A (sul- 
forhodamine-labeled). (B) The third layer of 
streptavidin (fluorescein-labeled) was docked 
onto the second Con A layer, and again the 
shape of the streptavidin domains in the first 
layer was imaged. 

chiral biotin headgroups produced circular 
dichroism. even though the biotin moietv is 
decoupled from the cihromophore (polyAer 
backbone) by a long spacer (Fig. 3, struc- 
ture b). This effect was used to study the 
docking process of streptavidin to the biotin 
headgroup of the polymerized diacetylene 
lipids. After the binding of the protein to 
the biotin headgroups, the circular dichro- 
ism is increased by a factor of 2.5, as shown 
in Fig. 3, structure c. Separate reference 
measurements were made with both inacti- 
vated (biotin-saturated) streptavidin and 
liposomes without biotin lipids, and neither 
showed enhancement of the circular di- 
chroism. This result confirms the specific 
interaction of streptavidin with biotin at 
liposomal surfaces. 

Using the docking concept to fabricate 
layered protein assemblages on solid sup- 
ports opens up the possibility for various 
applications, especially in the field of bio- 
sensors. These supported protein surfaces 
have numerous advantages, such as ease of 
handling, stability of the layers, and the 
availabilitv of characterization methods for 
thin films (for example, atomic force mi- 
croscopy or surface plasmon spectroscopy). 
Self-assembled monolayers of thiol-func- 
tionalized biotins on gold were used to 
prepare streptavidin matrices on solid sup- 
ports (15).  Previous studies with various 
mercaptobiotins (5, 6) revealed that recog- 
nition-induced protein docking to such self- 

Fig. 3. Specific interaction 
between streptavidin- and 
biotin lipid-containing lipo- 
somes was studied by 
circular dichroism: The 
structure labeled a desig- 
nates polymerized lipo- 
somes without biotin lipid 3; 
structure b represents poly- 
merized liposomes with 3; 
and structure c shows 
streptavidin bound to poly- 
merized liposomes by 
means of biotin. 

Fig. 4. Schematic repre- 
Biotin sentation of the reversible 

strevavidin formation of a protein triple 
laver based on a stredavi- 

Protein probe 

Deslhiobiotin surlace 

J Biotin Fab 

dh matrix: step a, formation 
of the streptavidin matrix on 
a self-assembled monolay- 
er on gold (10% mercapto- 
desthiobiotin 5 and 90% 
1 l-hydroxyundecylmercap- 
tane); step b, docking of the 
biotinylated Fab-fragment; 
step c, binding of the hor- 
mone HCG to the Fab frag- 
ment; step d, competitive 
replacement of the triple lay- 
er after addition of an ex- 
cess of biotin. 

assembled monolayers could only be 
achieved if a hydrophilic spacer of sufficient 
length (see 6) decouples the motion of the 

51 
HS-(CH2),,-O-C 7 

7 ; k o  
5 

A 

ligand headgroups from the rigid supported 
membrane (1 6). 

Applying the spacer concept, we were 
able to form protein triple layers on solid 
suvvorts based on self-assembled monolav- . . 
ers on gold. In these experiments, an anti- 
HCG-Fab fragment (HCG is human chori- 
onic gonadotropin) was used as the second 
layer coupled to the primary streptavidin 
matrix. For this purpose, the hinge, or 
linkage, region of the Fab fragment was 
specifically functionalized with biotin. Sur- 
face plasmon spectroscopy studies revealed 
(Figs. 4 and 5) that, in addition to the 
double layer formation (streptavidin, Fab 
fragment), the antigen HCG could dock to 
the Fab fragment, forming a third layer, and 
this process could be quantified. 

Considering the importance of competi- 
tive replacement of docked proteins in nat- 
urally occurring systems, we attempted to 

4 .  . . . . . . . . . . t o  
0 4 8 12 16 20 24 

Time (hours) 

Fig. 5. Stepwise formation and competitive 
replacement of a protein triple layer of strepta- 
vidin-Fab fragment-HCG was studied in situ 
with the use of surface plasmon spectroscopy. 
Portions of the curve labeled a, b, c, and d refer 
to steps diagramed in Fig. 4. 

transfer this concept to the streptavidin-Fab 
fragrnent-HCG triple layer, as shown in Fig. 
4. Because of the extremely strong binding 
between biotin and streptavidin (association 
constant K, = 1015 M-'), this recognition 
process was essentially irreversible. Compet- 
itive replacement was achieved with the use 
of biotin analogs that exhibited lower affin- 
ities to streptavidin, for example, desthiobi- 
otin (K, = 5 x 1013 M-') (3). Therefore, a 
series of mercaptanes with biotin analogs as 
headgroups were synthesized (7). A triple 
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layer of streptavidin-Fab fragment-HCG 
was constructed on a desthiobiotin sur- 
face, as shown in Fig. 4, steps a through c 
(10 mol% 7 and 90 mol% ll-hydroxyun- 
decylmercaptane). The addition of an ex- 
cess of free biotin resulted in the compet- 
itive replacement of the entire multilayer 
as a result of the higher affinity of biotin to 
streutavidin. The restored desthiobiotin 
surface was used again for the reassembly 
of the streptavidin-Fab fragment-HCG 
triple layer, and the layer thickness of 
each of the proteins was as determined for 
the first triple layer. Moreover, using a 
single streptavidin-desthiobiotin layer, we 
repeated this cycle of docking and com- 
petitive replacement of streptavidin sever- 
al times on the same desthiobiotin func- 
tionalized surface (1 7). 

In conclusion, streptavidin matrices are 
versatile model systems for the tailoring 
of bioreactive surfaces and for the cyclic 
formation of protein multilayer structures. 
On the basis of this concept, questions 
concerning naturally occurring recogni- 
tion processes, as well as the develop- 
ment of diaenostic tools such as biosen- - 
sors, can be addressed. Furthermore, rec- 
ognition-induced formation of organized 
protein-inorganic multilayers will become 
possible. 
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Inner Core Anisotropy Due to the Magnetic 
Field-Induced Preferred Orientation of Iron 

Shun-ichiro Karato 
Anisotropy of the inner core of the Earth is proposed to result from the lattice preferred 
orientation of anisotropic iron crystals during their solidification in the presence of a 
magnetic field. The resultant seismic anisotropy is related to the geometry of the 
magnetic field in the core. This hypothesis implies that the observed anisotropy (fast 
velocity along the rotation axis) indicates a strong toroidal field in the core, which 
supports a strong field model for the geodynamo if the inner core is made of hexagonal 
close-packed iron. 

T h e  Earth's inner core is considered to be 
made of solid iron (or iron-nickel alloy) 
(1). Like the silicate upper mantle, the 
presence of anisotropic structure has been 
inferred by recent seismological studies (2). 
Anisotropy appears to have axial symmetry, 
the fast direction being parallel to the 
rotation axis with an amplitude of -3% 
(2). Understanding the origin of this aniso- 
tropic structure will effect a better under- 
standing of the dynamics of the core. 

Jeanloz and Wenk (3) proposed that this 
anisotropy might be caused by the lattice 
preferred orientation (LPO) of iron with 
hexagonal close-packed (hcp) structure (E- 

Fe) due to plastic deformation. Seismic 
anisotropy due to deformation-induced pre- 
ferred orientation is well documented in the 
upper mantle of the Earth (4), but there are 
a number of problems in applying such a 
model to the inner core. First. the differen- 
tial stresses in the inner core are expected 
to be low (-lop3 to lo-' MPa) (3) because 
of the small thermal expansion, small grav- 
ity, and high thermal conductivity (Table 
1). Small stresses favor diffusion or super- 
plastic creep rather than dislocation creep 
for a reasonable range of grain size (5). 
Diffusion or superplastic creep produces no 
preferred orientation and even destroys any 
preexisting preferred orientation, and 
hence no anisotropy is expected in materi- 
als deformed by diffusion or superplastic 
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creep (6). Second, and more fundamental- 
ly, even the presence of convection in the 
inner core can be questioned for the follow- 
ing reasons: (i) Heat generation due to 
radioactive elements in the core is likely to 
be low (7); (ii) a likely presence of gradient 
of oxygen content in the inner core will 
have a stabilizing effect against convection 
(8); and (iii) the presence of a strong 
magnetic field will tend to stabilize against 
convective instabilitv (9). Third. it is not , ~, 

straightforward to explain the observed ax- 
ial symmetry of seismic anisotropy that is 
based on Jeanloz and Wenk's model because 
there is no obvious relation between con- 
vective pattern and rotation axis. Fourth, 
the strength of anisotropy predicted by 
Jeanloz and Wenk's model is much weaker 
(-0.4%) than that observed (-3%) (1 0). 

In this report, I propose an alternative 
model. This model invokes an interaction 
of the magnetic field with growing magnet- 
ically anisotropic iron crystals. As such, the 
model implies that the seismic anisotropy 
carries information about the eeometrv 
(and strength) of the magnetic fieid in th; 
core that is not directlv observable. It is 
shown that the observed seismic anisotropy 
is consistent with the strong toroidal field, 
but not with the weak field model of the 
geodynamo. 

There has been a considerable debate 
about the likely crystal structure of iron in 
the inner core. Following Jephcoat and 
Olson (1) and Jeanloz ( I ) ,  I will assume 
that the Earth's inner core is predominantly 
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