
changes at the surfactant-water interface. 
One possibility is that the growing crystals 
retain a hydration layer together with ad- 
sorbed surfactant such that there is a net 
migration of DDAB molecules toward sites 
of crystal growth. Therefore, the crystals 
would no longer be confined to the space 
delineated by the original water-filled con- 
duits but reshape the microstructure 
through dynamic changes in the structure 
of the microemulsion. Although this seems 
a feasible mechanism in the viscous medi- 
um of the liquid oils, it is less obvious that 
such changes should be associated with 
microemulsions dispersed in frozen oil. One 
explanation is that oil molecules associated 
with the surfactant tails retain some local 
mobility, although the bulk molecules are 
frozen. With regard to the construction of 
the reticulated framework, this construc- 
tion is probably facilitated by the needle- 
like morphology of the HAP crystals. This 
morphology serves to provide effective in- 
terlinking and interlocking of the architec- 
ture at relatively early stages of formation. 
Indeed, analogous experiments with CdS, 
which does not adopt an acicular habit, 
failed to produce macroporous materials. 

Finally, reticulated biominerals, such as 
corals, have been exploited as biological 
implants because the macroporosity facili- 
tates intergrowth, vasculization, and the 
resorption of calcified tissue (1 4). Although 
the pore size of the reticulated HAP mate- 
rial reported here is possibly too small to 
allow extensive vasculization, osteoclastic 
activity and biocompatibility could be ex- 
pected. In addition, replication of the un- 
perturbed nanoscale microstructure of the 
DDAB bicontinuous phase might be 
achieved by minimizing the crystallization 
forces inherent in systems comprising large 
crystals such as HAP. Further investiga- 
tions involving this approach in the synthe- 
sis and crystal tectonics of nanoscale cluster 
materials (for example, CdS) and extended 
network structures of covalently linked ma- 
terials (for example, aluminosilicates) are 
currently being conducted. 
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The Structural Basis of Sequence-Independent 
Peptide Binding by d p p ~  protein 
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Specific protein-ligand interactions are critical for cellular function, and most proteins select 
their partners with sharp discrimination. However, the oligopeptide-binding protein of 
Salmonella typhimurium (OppA) binds peptides of two to five amino acid residues without 
regard to sequence. The crystal structure of OppA reveals a three-domain organization, 
unlike other periplasmic binding proteins. In OppA-peptide complexes, the ligands are 
completely enclosed in the protein interior, a mode of binding that normally imposes tight 
specificity. The protein fulfills the hydrogen bonding and electrostatic potential of the ligand 
main chain and accommodates the peptide side chains in voluminous hydrated cavities. 

I n  bacteria, periplasmic substrate-binding 
proteins capture extracellular nutrients 
and deliver them to membrane-associated 
complexes that translocate the ligand 
across the inner membrane and into the 
cytoplasm (1 ) . Several periplasmic bind- 
ing proteins specific for substrates, such as 
sulfate, leucine, and maltose, have been 
characterized in detail. Each consists of 
two structurally similar domains that en- 
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gulf the ligand, sequestering it from bulk 
solvent, by a mechanism that has been 
likened to a Venus flytrap (2). The oli- 
gopeptide-binding protein OppA is distin- 
guished from these binding proteins by its 
broad specificity. It binds peptides (disso- 
ciation constant K ,  = M) that varv " 
in length from two to five amino acid 
residues essentially without regard to their 
side chains; it therefore has many poten- 
tial ligands, including cell wall peptides of 
unusual composition and peptide-based 
antibiotics, yet it excludes single amino 

Chem~stry, University of York, York YO1 5 b ~ ,  UK. acids and related compounds (3, 4). The 
C. F. Higgins, ICRF Laboratories Institute of Molecular 
Medicine, and Nuffield OeDartkent of Clinical Bio. accommodation of ligands? 
chemistj, University of ~ x f b r d ,  John Radcliffe ~ o s p i -  varying in size, charge, and polarity, with- 
tal, Oxford OX3 9DU, UK. in the interior of a protein presents struc- 
*To whom correspondence should be addressed. tural and chemical challenges as the stable 

1578 SCIENCE VOL. 264 10 JUNE 1994 



burial of ligand groups is normally associ- tal structures of OppA-peptide complexes The crystal structure of the liganded 
ated with complementary interactions presented here reveal an enclosed but form of OppA consists of three domains, 
and, therefore, with specificity. The crys- versatile ligand-binding envelope. each containing a p sheet (Fig. 1 and Table 

1). Two of the domains present surfaces 
that enclose the ligand and are structurally 

Fig. 1. Stereo ribbon diagram showing the overall topology of the OppA molecule. All atoms of the 
trilysine ligand are represented as solid spheres. The protein is made up of three domains indicated by 
the roman numerals I (residues 1 to 44, 169 to 270, and 487 to 51 7), 11 (45 to 168), and 111 (271 to 486). 
Drawn with the program MOLSCRIPT (9). 

analogous to those present in other peri- 
plasmic substrate-binding proteins (2). 
These two domains (I and I11 in Fig. 1) are 
linked by two segments that allow them to 
open and close. Despite this structural sim- 
ilarity, there is no sequence similarity be- 
tween OppA and other periplasmic binding 
vroteins of known structure. Domain I1 has 
no counterpart among these periplasmic 
substrate-binding proteins, and its function 
is not known. This domain is about 120 
amino acid residues in length and accounts 
for the larger size of OppA (relative molec- 
ular mass M, = 59,000) relative to the 
other periplasmic binding proteins (M, = 
26,000 to 41,000). It is formed from two P 
hairpins and makes few contacts with the 
ligand. A number of bacterial proteins, 
including diueutide-, haem-, and nickel- 
binding proteiis, share sequence similarity 
with OppA over their entire length (3, 
indicating that these proteins also contain 
an equivalent of domain 11. 

The structures of two liganded forms of 
OppA have been determined, the first con- 
taining trilysine (Fig. 2A) and the second 
containing a copurified (presumably heter- 
ogeneous) tetrapeptide (Fig. 2B). The pep- 
tides are completely buried within the pro- 
tein (Fig. 3). The interactions of the bound 
trilysine with the protein can be divided 
into those of the main chain and those of 
the peptide side chains. The main chain of 
the peptide is in an extended conformation 
and forms parallel and antiparallel p-sheet 
interactions with residues 32 to 34 and 415 
to 417 of OppA that completely satisfy the 
hydrogen bonding capacity of the peptide 
backbone (Fig. 4). In addition, the a-ami- 
no group of the peptide forms a salt bridge 
to the Asp419 carboxylate group and bal- 
ances charge. These observations are con- 
sistent with the finding that a protonated 
a-amino group and an unmodified a-pep- 
tide bond are major determinants of peptide 
binding (6). Arg413 and His371 each form a 
salt bridge with the carboxylate groups of 
the tri- and tetrapeptide ligands, respective- 
ly (Fig. 2). In the tripeptide complex, an 
acetate ion occupies the site of the COOH- 
terminal carboxylate group of the tetrapep- 
tide; a second acetate ion, salt bridged to 
Lys307, indicates a possible binding site for 
the COOH-terminal carboxylate group of a 
pentapeptide ligand (Fig. 3). Therefore, 
OppA achieves tight peptide binding by 
fulfilline the hvdroeen bondine and electro- - , - - 

Fig. 2. Stereo view of electron density in the binding pocket of the refined OppA structures together static potential the ligand main chain- 
with the modeled peptide ligands (bold lines). The 2F, - F, electron density, contoured at the l a  A distinctly different picture obtains for 
level, is displayed. (A) The density is obviously that of the introduced trilysine; (B) the nature of the the side chain interactions. Three side 
ligand is unknown and has been modeled as Val-Lys-Pro-Gly. chain binding pockets have been identified 
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in the structure of the trilysine complex. 
The structure with the copurified heteroge- 
neous peptide (modeled as Val-Lys-Pro- 
Gly, consistent with the shape of the ligand 
electron density) (Fig. 2B) permits only a 
tentative identification of the fourth side 
chain pocket. The first three side chain 
pockets are lined by different constellations 
of functional groups. Each pocket is apolar 
close to the ligand backbone and expands 
into a capacious and hydrated cavity sur- 
rounded by protein side chains. 

The side chains of and the disul- 
fide bridge between Cys2" and Cys417 are 

straddled by the peptide ligand and present 
a nonpolar surface to the first and third 
ligand side chain and y carbons (Fig. 4). 
The valine and proline side chains at posi- 
tions 1 and 3 in the tetrapeptide ligand and 
the aliphatic portion of the lysine side 
chains at these positions in the tripeptide 
pack against this surface to form a local 
hydrophobic core. The €-amino group of 
the first lysine of the tripeptide is solvated 
by an extensive network of well-defined 
water molecules, which themselves interact 
with protein side chain amide and hydroxyl 
groups (Fig. 4). 

Fig. 3. Orthogonal slices through the OppA-trilysine structure. All protein nonhydrogen atoms are 
depicted as white van der Waals spheres. Oxygen atoms of solvent water molecules are in red, the 
ligand is in green, and acetate ions are in blue. The ligand main chain runs from left to right (N to 
C). In (A), the side chains point up and down; in (B), they are directed into and out of the plane of 
the page. 

Table 1. Structure solution. Crystals of OppA, copurified with endoge- 
nous peptides (lo), were grown from 50 mM NaOAc (Ac, acetyl) (pH 
5.5), 15% polyethylene glycol 4000, and 1 mM uranyl acetate. These 
OppA-U crystals have the space group P2,2,2 (a = 106.5 A, b = 74.5 
A, c = 70.0 A) and contain a single uranium atom at a general position. 
Data sets were collected on station 9.5 at the Synchrotron Radiation 
Source Daresbury at two wavelengths around the L,,, edge of uranium 
and were used with a CuKa data set (1.54 A) to calculate multiwave- 
length anomalous diffraction phases (1 1). These phases produced 
electron density maps of poor quality. A second crystal form (OppA-L) 

Reso- Intensity 
Data set Device lution (I) 2 30(1) 

(4 (%I 

In the second side chain pocket, the 
apolar collar is formed by Trp397, Trp416, 
Leuw1, and the aliphatic portion of c11.1~~. 
The pocket then widens and is flanked by 
charged side chains indulging in ion pairs; 
Glu32 and Hisw5 on one side and G ~ u ~ ~ ~  
and Argw4 on the other. This provides an 
opportunity for electrostatic interactions 
with polar ligand side chains, but the 
strength of these interactions appears to be 
dissipated by other ionic interactions and 
by hydration, so that apolar side chains can 
also be accommodated. The third lysine of 
trilysine extends into a cavity lined with 
asparagine amide groups and tyrosine hy- 
droxyl groups with the ligand's €-amino 
group interacting with one of the cocrystal- 
lized acetate ions (Fig. 4). 

There are few, if any, strong, direct 
interactions between OppA and the ligand 
side chains that could impose specificity 
(Fig. 4). The hydrogen bonds between 
OppA and the ligand side chains have poor- 
er geometry than those made with the pep- 
tide main chain and are likely to contribute 
little to binding. Instead, the protein uses 
large hydrated cavities to accommodate a 
wide variety of chemical groups. Amide and 
hydroxyl groups of the protein, together 
with the enclosed water molecules, serve as 
adaptable hydrogen bonding groups that can 
act as donors or acceptors to stabilize posi- 
tive or negative charges or dipoles on the 
ligand side chains. In the presence of apolar 
side chains, these groups can form hydrogen 
bonds to each other. The number of solvent 
molecules displaced on binding will adjust 
according to the ligand size, so that water 
molecules occupy volume not taken up by 
ligand side chains. The mechanism by which 
OppA achieves sequence-independent li- 

grows under the same conditions when the endogenous ligand is 
replaced by trilysine. These crystals have the space group P2,2,2, (a 
= 110.6 A, b = 77.1 A, c = 72.2 A) and contain eight uranium atoms. 
In some crystals (Deriv-1 and Deriv-2), the occupancy of the uranium 
atoms at some of these sites was lowered, and data from these crystals 
allowed the calculation of multiple isomorphous replacement phases in 
the program MLPHARE, which were improved by density modification 
with SQUASH (12, 13). The resultant electron density maps were again 
of poor quality. Averaging of the maps in the two crystal forms, in the 
program RAVE (14), produced an interpretable map (15). 

Com- Unique Average Rmerge* Phasing 
reflections multiplicity (%) (%I powert 

OPPA-U 
0.72 A Mar plate 3.1 93.3 54.1 5,990 3.4 3.7 
0.87 A Mar plate 3.1 98.3 42.3 4,458 7.1 2.3 
1.54 A RaxisIXentronics 2.1 85.8 89.7 30,656 2.7 6.7 

OPPA- L 
Native Raxis 2.1 79.8 70.5 29,289 2.3 5.7 1.5$ 
Deriv-1 Xentronics 3.2 90.1 88.1 9,421 9.6 7.8 
Deriv-2 Xentronics 3.0 82.5 87.8 11,056 4.0 7.5 1.5$ 
Native (-1 50°C) Xentronics 1.8 72.4 83.7 47,801 3.3 5.7 

R e  = I ,  - ( ) ( I )  tPhasing power = FJresidual lack of closure error. SDeriv-1 has the lowest occupancy of U and was used as the "native" data set in phase 
calculation (see legend). 
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Fig. 4. Stereo diagram showing potential hydrogen bonding and electrostatic interactions (dashed 
lines) between the trilysine ligand (thicker bonds) and OppA. 

gand binding appears, therefore, to be based 
chiefly on the avoidance of potentially un- 
favorable interactions with the repertoire of 
ligand side chains. 

The burial of peptide ligands within 
OppA according to the Venus flytrap mech- 
anism in some sense represents the final 
stage of a folding process to form a protein 
with a variable peptide core and a unique 
surface structure that is efficiently recog- 
nized bv the membrane comoonents of the 
transport system. The manner in which 
OppA accommodates the diverse peptide 
side chain functional groups is quite distinct 
from the way this is achieved in major 
histocompatibility complex molecules and 
chaperone proteins. In the crystal structures 
of the latter, the peptide ligands are located 
on the surfaces of the molecules and many 
of the side chains are directed into the 
solvent (7). 

The covalent coupling of synthetic an- 
tibacterial compounds to peptides has 
proved a successful route to overcoming 
the problem of membrane impermeability 
assdciated with some of these drugs (4). 
This "Trojan horse" approach (8) relies on 
the unusually broad specificity of the oli- 
gopeptide permease. Knowledge of the 
structure of the initial receptor for this 
transport system, OppA, will be valuable 
in guiding the design of effective peptide- 
based antibiotics. 
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Habitat Fragmentation, Species Loss, and - 
Biological -control 

Andreas Kruess* and Teja Tscharntke 
Fragmentation of habitats in the agricultural landscape is a major threat to biological 
diversity, which is greatly determined by insects. Isolation of habitat fragments resulted in 
decreased numbers of species as well as reduced effects of natural enemies. Manually 
established islands of red clover were colonized by most available herbivore species but 
few parasitoid species. Thus, herbivores were greatly released from parasitism, experi- 
encing only 19 to 60 percent of the parasitism of nonisolated populations. Species failing 
to successfully colonize isolated islands were characterized by small and highly variable 
populations. Accordingly, lack of habitat connectivity released insects from predator 
control. 

Research in conservation biology analyzes ly results in changes in community structure 
both species richness and the functioning or and function, including loss of species in 
stability of ecosystems. Modern agricultural isolated islands and disruption of the food 
methods fragment natural ecosystems; and web ( I ) .  Communities of herbivorous in- 
the subsequent increase in isolation typical- sects and their natural enemies (such as 

parasitoids) centered on a single plant spe- 
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