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F or decades, scientists in diverse fields have been intrigued
by the ability of an amino acid sequence to dictate the
formation of a unique protein structure. As our knowledge of
the structure of proteins has increased, major advances in the
field have enabled the design and engineering of specific
protein structures. In proteins, the combination of noncova-
lent forces is encoded in the sequence of amino acids, which
constitutes the primary structure. As these noncovalent forces
(hydrogen bonding, electrostatic and van der Waals inter-
actions) have been understood well in physicochemical terms,
it has been possible to design and synthesize non-natural
polymers/oligomers with compact, well-defined three-dimen-
sional structures by selecting appropriate amino acid sequen-
ces.

This idea led to the birth of the de novo design of artificial
“proteins” from scratch."! These de novo molecules, or
foldamers,” can include abiotic building blocks, such as
aromatic rings with redox or photoactive groups that give
these foldamers specific functions. Developments in the
design and engineering of the bioinspired foldamers include
the investigation of the sequence specificity of various
secondary structures, the stabilization of the secondary
structures in water, and the creation of tertiary structures,
such as helical bundles, barrel-like assemblies, and new stable
helical foldamers.>* Abiotic-foldamer research has focused
mainly on the design of the monomer geometry to modulate
the structure of the homooligomers. In particular, the
objective of the research has shifted to the introduction and
manipulation of foldamers with specific chemical functions
(recognition, binding, and selection). Emil T. Kaiser, a
pioneer in this field, formulated the ground rules for de novo
protein design."! DeGrado and co-workers!'! recently dis-
cussed various aspects of foldamer design and summarized
the use of foldamers as versatile frameworks for the design
and evolution of function, and Schueler-Furman et al.l'!
reviewed recent progress in the modeling of protein structures
and interactions.
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Various research groups have used coordination chemis-
try for the assembly of well-defined supramolecular peptide
assemblies.! The interplay between the ligand on the peptide
foldamer and the metal ion determines the coordination
environment around the metal ion and drives the supra-
molecular peptide assembly (Figure 1). This approach has
been used to study peptide—peptide interactions and, more
recently, peptide—protein interactions. A recent success is the
de novo design of a metalloprotein from smaller peptide
precursors by Ogawa and co-workers.**“] Metal coordination
was exploited to change the oligomerization of an a-helical

+o_.§f"%§

Figure 1. Metal-ligand interactions have been exploited for the con-
struction of de novo metalloproteins that can often mimic some of the
properties of naturally occurring metalloproteins. Geometric con-
straints imposed by the metal-ligand interactions as well as the
interaction of substituents on the ligating peptide determine the
tertiary structure of the supramolecular construct.

coiled coil and thus enable the incorporation of electron-
transfer functionality into the assembly from the bottom up.
The final de novo metalloprotein exhibits gated electron
transfer and was exploited as a probe for the configurational
dynamics of peptide—protein complexes.[*

The ability to design specific supramolecular structures
with proteins allowed the development of experimental and
bioinformatic approaches for probing protein—protein inter-
actions,”! which play a critical role in many cellular functions.
Although advanced computational techniques have been
developed to predict these interactions,® there is a lack of
well-defined model systems. A significant number of well-
defined systems are necessary to enable an adequate com-
parative evaluation of theoretical predictions. Furthermore,
high-throughput experimental methods are necessary to
generate a suitably large number of biophysically well
characterized protein complexes. Once again, coordination
chemistry is making a significant contribution to this area.
Tezcan and co-workers!” recently described a potentially
versatile approach to the generation of a large number of
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well-defined protein complexes by exploiting metal-ligand
coordination, in which some amino acid side chains function
as metal-ligating sites to drive the assembly of the protein
building blocks. Four copies of the well-characterized small
protein cytochrome bsg, (Cytbss,) were coordinated around
Zn*" ions through imidazole side chains of His and a
carboxylate side chain of Asp (Figure2). A tetrahedral

Figure 2. Four Cytbsg, building blocks are brought together by the
coordination of Zn" ions to the imidazole and carboxylate side chains
of histidine and aspartic acid, respectively. The strength, directionality,
and selectivity of metal—protein interactions provide the basis for
controlling protein—protein interactions. Thus, specificity and affinity in
the construction of a protein complex do not require extensive binding
surfaces.

coordination environment around each metal center resulted
in one of the first examples of protein—protein interactions
caused by metal coordination. The benefits of an approach
based on coordination chemistry are clear. Whereas protein—
protein interactions are generally guided by the superposition
of the noncovalent forces that are spread over large surfaces,
making the control and design of such models a challenge,
metal-ligand interactions are strong, highly directional, and,
in most cases, under thermodynamic control. De novo protein
design provides an attractive approach to the critical testing
of the structural and functional features of metalloproteins
and will thereby undoubtedly contribute significantly to our
understanding of the function of many metal-based enzymes
and proteins."*
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The choice of Cytbsg, as a test case is an interesting one.
The protein is a hemoprotein expressed in the periplasm of
the gram-negative bacterium E. coli and has been studied
extensively, which makes it an ideal test case for the
generation of protein assemblies by metal coordination.
Cytbss, comprises four antiparallel o helices that wrap into
a left-handed bundle. The heme group is inserted into the
helix bundle and held in place by Met7 and His102, which
occupy axial coordination sites of the heme iron. The ease of
overexpression of this protein in E. coli and the availability of
structures for both the apo- and oxidized holoproteins have
made it the subject of intense investigation in several
laboratories. The structure of Cyt b4, was determined initially
at a resolution of 2.5 A in 1979,® and later refined to a
resolution of 1.4 A.) The solution structure of oxidized
Cytbss, was reported by Arnesano et al.'” The protein has
well-defined and fast folding kinetics on a sub-millisecond
time scale, whereas other heme proteins, such as Cytc, require
10s or more for complete refolding.'”! Fast kinetics is
observed only for the holoprotein, and heme dissociation
significantly hampers the refolding dynamics. In fact, a
covalent linkage between the heme unit and the polypeptide
chain in a variant of Cytbs, causes a substantial increase in
the stability of the protein and faster folding kinetics.'!]

Tezcan and co-workers used four copies of Cytbss, as
building blocks to construct a 16-helix bundle by coordination
of the building blocks to four Zn" ions (Figure 2)." The
resulting metal-protein complex crystallized, and detailed
structural analysis (PDB ID: 2QLA) was carried out at a
resolution of 2.9 A. From the point of view of coordination
chemistry, this structure is one of the most complex biological
ligand systems to be characterized structurally. The individual
protein building blocks are arranged in a parallel fashion in a
V shape, whereby two Cyt by, building blocks are related by a
two-fold symmetry axis with an interprotein angle of ~37°.
The two V substructures are wedged into one another in an
antiparallel fashion. Interprotein Zn coordination to ligating
sites on the protein is responsible for both the formation of
the V substructures and their interlacing. Each Zn ion is
located in an identical distorted-tetrahedral Zn(His);(Asp)
coordination environment that involves amino acid side
chains from three protein building blocks. Thus, this supra-
molecular structure is assembled with little or no thermody-
namic bias from specific protein—protein contacts.

The results of Tezcan and co-workers certainly demon-
strate that protein building blocks with noninteracting
surfaces can be assembled into superstructures through metal
coordination. The choice of metal ions to drive complex
formation and the choice of the ligating site in the protein are
critical for this approach to be successful and truly live up to
the versatility that it promises for the generation of a large
number of protein complexes with well-defined architectures.
It is hoped that this approach in combination with detailed
bioinformatics studies will prove a powerful tool for the
investigation of protein—protein interactions in a series of
related and well-characterized protein complexes.
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