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ABSTRACT

De novo protein design has proven to be a powerful tool for
understanding protein folding, structure, and function. In this
Account, we highlight aspects of our research on the design of
dimeric, four-helix bundles. Dimeric, four-helix bundles are found
throughout nature, and the history of their design in our laboratory
illustrates our hierarchic approach to protein design. This approach
has been successfully applied to create a completely native-like
protein. Structural and mutational analysis allowed us to explore
the determinants of native protein structure. These determinants
were then applied to the design of a dinuclear metal-binding
protein that can now serve as a model for this important class of
proteins.

Protein folding is an important and multifaceted scientific
problem.~8 One facet of this problem involves the predic-
tion of three-dimensional structure from amino acid
sequence, an endeavor the importance of which has been
highlighted by the recent release of gene sequences of
many whole organisms. As the size of the protein struc-
tural database expands, it will be increasingly possible to
assign amino acid sequences to a given structural family
on the basis of the homology of their sequences with
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proteins of known structure. Another facet of the folding
problem is the delineation of the kinetic mechanism by
which an unfolded protein chain undergoes the transition
from a random coil with an astronomical number of
configurations to a uniquely folded structure. A final facet
of the protein folding problem is to understand, at the
atomic level, the detailed physicochemical features that
kinetically and thermodynamically direct the formation
of an unique, cooperatively folded, native structure. This
latter endeavor is particularly important as it lays the
groundwork for the design of novel inhibitors of natural
proteins as well as the construction of novel proteins and
related biopolymers not found in nature.

De novo protein design is an approach to the protein
folding problem that critically tests our understanding of
all these facets of this problem.®° This method involves
the design of a sequence that is intended to fold into a
predetermined three-dimensional structure without the
sequence being patterned after any natural protein.
Through an iterative process of design and rigorous
characterization, the principles governing protein folding
and function can be evaluated. Thus, “failures” highlight
gaps in our understanding, whereas “successes” confirm
the principles used in the design and often provide simple
model systems to further refine the relevant parameters.
De novo protein design has been the subject of several
recent reviews, and spatial limitations prevent an exhaus-
tive discussion of the topic here.!! Instead, we will
endeavor to illustrate this approach through a brief
discussion of our work on the design of dimeric four-helix
bundles.

Conformational Specificity

Conformational specificity refers to the ability of a protein
to fold into a unique three-dimensional structure. There
are four levels at which conformational specificity is
apparent, beginning with the correct oligomeric state.
Second, the overall fold and topology of a protein must
be correctly specified. For example, the sequence of a
three-helix bundle can specify a clockwise-turning topol-
ogy as in the Z-domain of protein A'? or a counterclock-
wise-turning topology, as in a recent de novo-designed
protein, the success of which was experimentally dem-
onstrated.’®* Third, the relative spatial orientation of
secondary structural elements is a consideration for the
proper conformational specificity of a native protein. For
example, scores of related folds within a structural family
are found that differ simply by rigid body shifts of
secondary structural elements.’* Fourth, the packing of
the hydrophobic core needs to be favorable. Side chains
in protein interiors are generally well packed, and the
individual residues tend to populate a single rotameric
state of low energy.*®~*° Thus, conformational specificity
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FIGURE 1. Hypothetical free energy diagram for a protein. Each
line or bar represents a distinct conformational state, with the native
state as the lowest energy state and the unfolded states a densely
populated, nearly isoenergetic ensemble. Between these extremes
are non-native folded states, oftentimes referred to as the molten
globule ensemble. These non-native folded states exhibit extensive
secondary structure but lack well-defined tertiary structure. The
population of each state is dictated by the Boltzmann distribution.
For native protein structure the free energy gap, A, must be large
enough to significantly populate a distinct native state. For natural
proteins A has evolved to be much larger than in de novo-designed
proteins. Thus, a single mutation in designed proteins offers the
advantage of being able to access the non-native states in a manner
not often observed with natural proteins.

reflects the tendency of a protein to achieve a unique state
(or set of closely related states) at each of these different
levels.

The conformational specificity of a protein can also be
viewed in thermodynamic terms. A unique structure
requires a large free energy gap between the native state
and the ensemble of non-native folded states and partially
folded states,?° often denoted molten globules.?*~2% With-
out a large enough free energy gap, a sequence can fail
to display one or more of the four levels of conformational
specificity. A consensus concerning the nomenclature for
this free energy gap has not appeared in the literature;?*-26
here, we refer to it as A. Thus, successful protein design
requires sufficient thermodynamic stability to favor the
folded state over the unfolded states, as well as a large A
(relative to thermal energy, kT) to ensure conformational
specificity. A hypothetical free energy diagram for a
protein is shown in Figure 1.

In natural proteins, a lack of conformational specificity
can have severe pathophysiological consequences. A strik-
ing failure to attain the first level of conformational
specificity occurs in sickle cell anemia, where a Glu-to-
Val mutation on the surface of hemoglobin results in a
loss of this protein’s ability to specify the correct oligo-
meric state.?”?8 More recently, Booth et al. have described
mutants of human lysozyme that cause amyloid formation
in which the native state has been destabilized.?® Desta-
bilization of the native state relative to partially folded
structures leads to a transient population of molten-
globule-like states that lack global cooperativity. Although
the proteins are enzymatically active, the increased popu-
lation of non-native folded states leads to protein ag-
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gregation with concomitant formation of plaques in vivo.
The important role of alternative or partially folded
structures in amyloid formation is nicely illustrated by the
demonstration that some proteins which do not form
amyloid in vivo can be induced to form amyloid in vitro
by incubation under mildly denaturing conditions.®® The
elegant studies of Kelly and co-workers on the formation
of amyloids by transthyretin have further highlighted the
important role of conformational specificity of the forma-
tion of amyloids important to many disease states. In this
example, conditions or mutations that destabilize the
native tetramer of transthyretin may lead to amyloid
formation from a monomeric intermediate, while muta-
tions that stabilize the native state inhibit amyloid forma-
tion, as do small molecules which bind to and stabilize
the native tetramer.323 Prion proteins and the recently
discovered yeast prions offer yet another example of the
extreme effects that can accompany a lack of conforma-
tional specificity (for recent reviews, see Mihara et al.,
1998;% Lindquist, 1997;%* and Prusiner, 1982,% 19983¢),

De novo protein design has led to a variety of proteins
showing a gradation of conformational specificity. Early
attempts to design proteins led to structures that showed
extremely high thermodynamic stability, but whose interior-
facing side chains were dynamically disordered as in some
forms of molten globules.?3" Several groups followed this
work with the successful design of peptides that adopt
partially structured states. For example, Mayo and co-
workers have designed a tetrameric -sheet protein, based
on the sequence of cytokines PF4 and IL8.38%° The
monomers adopt two distinct antiparallel three-stranded
sheet conformations with different registries of the strands.
The monomers assemble into a dimer of six-stranded
sheets that is mediated through hydrophobic surfaces that
appear to interact in a number of dynamically intercon-
verting conformations, as assessed from the lack of
intersheet NOEs. In a similar manner, Wand, Dutton, and
co-workers described tetrameric four-helix bundles,*
composed of partially structured dimers that assemble
into tetramers via a structurally mobile hydrophobic
interface.** These proteins appear to have a marginal
energetic difference between parallel and antiparallel
topologies, a fact that was recently exploited to create a
“topological switch” in response to heme ligation.*? Also,
Baltzer and co-workers described a family of partially
native-like, dimeric, four-helix bundles with 4-nitrophe-
nylesterase activity.!14344

Natural proteins that form stable molten globule states
are typically larger than de novo-designed proteins, and
it has been suggested that proteins need to exceed a
certain minimum size to be able to form a stable molten
globule, or partially folded, state. The early work on de
novo-designed proteins coupled with recent efforts to
prepare “peptide models” of folding intermediates*>46
demonstrates that moderate sized polypeptides form
molten globule-like structures rather easily. These results
suggest that nature has worked quite hard to avoid
forming molten globules. Many research groups have also
worked quite hard to avoid designing molten globules,
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FIGURE 2. A dimeric, four-helix bundle can adopt six distinct
topologies. The topology diagrams shown are for the three possible
clockwise-turning helical bundles. Counterclockwise-turning helical
bundles are also possible and have interfacial interactions different
from their clockwise-turning correlates.

and, recently, the design of proteins that adopt a unique
conformation has been accomplished. Examples include
peptides of approximately 25 residues patterned after the
zinc finger motif.#”~%! Further, approximately 20-residue
peptides that adopt marginally stable antiparallel 5-sheets
have been described,*™%¢ and native-like two-helix,?’
three-helix,** and four-helix®®%° bundles have been de-
signed and structurally characterized. Here we describe a
family of dimeric four-helix bundles with properties
ranging from highly mobile molten globules to fully
native-like folds. An analysis of these proteins has led to
a deeper understanding of conformational specificity as
well as the design of a new class of metalloproteins that
serve as models of larger, functional proteins.

Determinants of the Free Energy Gap

Dimeric four-helix bundles occur in nature in the form
of noncovalently self-assembled proteins such as Rop.%°
These proteins adopt bundles with the helices lying in
either parallel or antiparallel orientations. Dimeric helical
bundles have a large number of possible topologies and
hence are ideally suited for studies of the determinants
of conformational specificity. While a single-chain four-
helix bundle with short connecting loops has only two
topologies—clockwise-turning or counterclockwise-turning—
a homodimeric four-helix bundle has six possible topolo-
gies (Figure 2): Four topologies have clockwise- or
counterclockwise-turning loops that connect neighboring
helices on either the same or opposite sides of the
bundle.®* Alternatively, the loops can cross diagonally over
the tops of the bundle in a motif denoted the bisecting
U, which was first described in the de novo-designed
protein o,D.%® Thus, the successful design of dimeric
helical bundles requires stabilization of one topology while
destabilizing the other five possible topologies.

The residues that comprise the loops between the
helices may play an important role in determining con-
formational specificity. Loop residues between helices can
adopt a number of different geometries (¢, angles),
analogous to the well-known turn motifs that connect

0,B ac- GELEELLKKLKELLK -gprrc- ELEELLKKLKELLKG -nH,
a,C A~ GEVEELLKKFKELWK -cprra- El EELFKKF KELIKG -nH,

a,D  ac- GEVEELEKKFKELWK -Grrrc- El EELHKKFHEL IKG -nH,

FIGURE 3. Amino acid sequences of the ay family, reflecting the
hierarchical approach to protein design. Each peptide is comprised
of 35 residues with the N-terminus acetylated and the C-terminus
amidated. a,B is comprised solely of leucine residues in the
hydrophobic core positions. a,C is comprised of a more diverse set
of nonpolar and aromatic residues in the hydrophobic core positions.
oD has three additional changes at positions 7, 26, and 30.

antiparallel 8-hairpins.®? Two frequently occurring three-
residue loops, helix—(a_-3-5)—helix and helix—(y-o.-f)—
helix, are comprised of two common helical motifs.1062
First, the C-capping Schellman motif (helix-a, -f3) caps the
end of the first helix.®® Second, the N-capping motif (3-
helix) or hydrophobic staple (3-3-helix) caps the start of
the second helix.5* The two motifs are defined by confor-
mational preferences, which are matched with sequence
preferences that help define the turn site. Thus, it is not
surprising that the conformational specificity, and the
thermodynamic stability, of a helix—loop—helix motif
depends on both the composition and the length of its
loop sequence.

For example, the thermodynamic stability of Rop is
modulated over 3.6 kcal mol~?, depending on the nature
of a single residue in its helix—(a.-8)—helix loop.® Also,
insertion of Gly residues into this loop have been shown
to be entropically destabilizing relative to the natural
sequence by 0.5—1.0 kcal mol~! for each Gly residue
inserted.’® Thus, a well-designed loop can stabilize a
protein by several kilocalories per mole relative to a
randomly chosen or poorly designed sequence.®” In some
cases, loop residues can also play an important role in
conformational specificity. In one particularly extreme
example, a single-residue replacement of Pro for Ala3l in
the loop of the dimeric helical bundle, Rop, switches this
protein’s topology from an anti counterclockwise-turning
bundle to a bisecting U!68

The o, family of dimeric four-helix bundle proteins
(Figure 3) provides an excellent opportunity to examine
other determinants of conformational specificity. An early
member of this family, a,B,%° consisted of a pair of
interconnected, identical helices, whose sequences con-
sisted of only Leu, Glu, and Lys. Although this peptide
dimerized to form an exceedingly stable helical bundle,
it adopted molten globule-like conformations.?® The dy-
namic character of o,B most probably arose from rapid
motions of side chains in the bundle and the formation
of multiple, interconverting topologies. With identical
sequences for helices 1 and 2 (Figure 3), and a flexible
loop, the six different topologies illustrated in Figure 2
should be nearly energetically degenerate and therefore
roughly equally populated. In the next generation design,
a,C, the sequence degeneracy of the helices was reduced,
and the diversity of the side chains within the core was
increased.” Half of the Leu residues were replaced by side
chains with aromatic and more conformationally re-
stricted pB-branched apolar side chains, resulting in a
peptide, a,C, that showed an increase in its ability to adopt
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FIS DNA-binding protein ROP mutant

FAS death domain & subunit of ATP synthase

IgG Fab fragment

FIGURE 4. The bisecting U motif is a common structural motif. a,D
was the first protein in which the bisecting U motif was recognized.®
(A backbone overlay of the 10 lowest energy NMR structures is
shown.) Subsequently, this motif has been identified in a wide variety
of proteins, including other dimeric helical bundles (FIS DNA-binding
proteint!® and Rop mutant®®), intramolecularly folded helical bundles
(FAS death domain'” and N-terminal domain of the & subunit of
the ATPsynthase!$), and j-sheet proteins (the IgG fold™?), and
multimeric proteins with both o/ structures (p53 tetramerization
domain'®),

p53 tetramerization domain

a unique conformation.” However, a fully native structure
was obtained only after changing three more residues. To
induce conformational specificity, two apolar residues
were changed to polar residues (Leu 7 to Glu and Phe 26
to His),’* and an interfacial Lys residue at position 30 was
switched to His. These substitutions were designed to
introduce a metal-ion-binding site, and this protein, a,D,
was indeed found to bind zZn(ll). However, even in the
absence of metal ions, the resulting dimer behaved like a
native protein, although it was thermodynamically less
stable than a,B. Thus, the increase in conformational
specificity occurred at the price of decreased thermody-
namic stability.

The three-dimensional structure of a,D was deter-
mined at high resolution (0.28 A rms deviation for
backbone atoms) by NMR (Figure 4).58 To date, this is the
most highly resolved solution structure of a designed
protein, providing an excellent starting place for the study
of conformational specificity. The topology of o,D was
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unanticipated and provided the first clear example of the
bisecting U motif. Interestingly, examination of the protein
database showed that the bisecting U is a ubiquitous
folding motif found throughout nature in both monomeric
and dimeric a-helical and S-sheet proteins (Figure 4).

oD contains three distinct helix/helix interfaces that
arise from the symmetry of its structure (Figure 5). The
first interface is quite similar to the four equivalent
interfaces originally designed in a,B and resembles an
antiparallel Leu zipper with interdigitated Leu residues
shielded by electrostatically interacting Glu and Lys
residues (Figure 5a). The substitutions required for the
native fold are found at the other two helix/helix inter-
faces. The second interface consists of a well-packed
collection of diverse hydrophobes (Figure 5b) and also
includes Glu 7, which is essential for adopting a unique
conformation. The third interface is also quite rich in
interacting aromatic side chains (Figure 5c¢). This interface
also includes the pair of critical His residues, which
interact in an interlocking set of intermonomer hydrogen-
bonded interactions.

Given that the sequence of oD differs from its partially
molten globule-like precursor by changes at only three
residues, it provides an outstanding opportunity to explore
the determinants of conformational specificity. The loca-
tion of these residues at the surface of the protein was
particularly interesting, because many earlier studies into
conformational specificity had focused on the role of
hydrophobic residues in the interior of the protein. For
example, the apolar cores of several natural proteins have
been replaced with a single type, or a random collection,
of different sized apolar residues with retention of folding
and/or activity.”>~77 The changes often result in a loss in
stability, and also in an increase in the dynamic properties
of the side chains. However, these proteins retained folded
structures, suggesting that hydrophobic interactions within
the protein core are not the sole contributors to native
structure.

A Polar and Solvent-Exposed Residue Is Essential for
the Native Structure of o,D. One of the residues in oD
that differs from its precursor is at position 7, where an
apolar Leu was replaced with a hydrophilic Glu (Figure
3). In the structure of oD, Glu 7 is exposed to solvent
and adopts multiple rotamers in solution (Figure 6),
suggesting that it might not strongly influence the overall
thermodynamic stability of the native dimer relative to
the unfolded monomers. Thus, its role must be to increase
the free energy gap A by destabilizing alternatively folded
conformations. To test this idea, Glu7 was changed to a
variety of hydrophobic and polar residues.” As expected,
the free energies of folding of these proteins were largely
independent of the substitutions and could be explained
almost entirely from the expected variations in helix
stability. However, there was a very strong correlation
between the hydrophobicity of the side chain and the
dynamic behavior of the dimers, with aliphatic residues
such as Val giving rise to a molten globule-like conforma-
tions, as assessed by examining the NMR spectrum and
AC, for folding.
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FIGURE 5. oD has three nonequivalent interfaces: (a) Interdigitated Leu residues stabilize the interface between helices 1 and 1'. (b) A
diverse collection of aromatic and hydrophabic residues stabilize the interface between helices 1 and 2. (c) Hydrogen-bonded clusters of His
residues stabilize the interface between helices 2 and 2'.
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FIGURE 6. Glu7 is not involved in stabilizing the native state of ayD. Superposition of the 10 lowest energy NMR-derived structures (left
panel) shows that Glu7 adopts multiple conformations typical of solvent-exposed residues (hydrophobic core residues in gray). Replacing
Glu7 with other polar or nonpolar residues has little effect on the overall stability (AG) of the protein but has a large effect on the conformational
specificity (A) of the protein (right panel). For example, replacing Glu7 with a polar residue (as in E7H) results in a protein with a A large
enough to adopt a native structure. However, replacing Glu7 with a hydrophobic residue (as in E7V) results in a protein that has lost its ability
to adopt a native structure. Note that the number of conformations that E7V adopts cannot be too large because this would result in a large
entropic stabilization of this ensemble, which is not observed. In conclusion, Glu7 is involved in “negative design” by increasing A through
the destabilization of the non-native folded states relative to the native state. We assume that the energy level of the unfolded ensemble is
not significantly affected by these substitutions.

These results suggest that Glu 7 of a,D is a “negative” tutional studies of His 26 and His 30 of a,D have
element of protein design, which promotes native struc- demonstrated that the buried residue, His 26, is also a
ture in ;D not by stabilizing the native state, but by “negative” element of design, while the interfacial His 30
destabilizing alternatively folded conformations. This con- plays a more “positive” role by specifically stabilizing the
cept is pictured in Figure 6, showing the effect of mutating native state (Figure 7). When the buried His 26 was
Glu 7 to either His or Val. A mutation to a polar residue changed to the nearly isosteric but apolar residue, Phe,
such as His affects the overall stability via helix propensity the protein was strongly stabilized to thermal or guani-
effects (in this case destabilizing the protein), without dine-induced denaturation.” However, this change also
markedly changing the size of the free energy gap. By induced a switch from a dimeric to a trimeric oligomeric
contrast, introduction of Val has little effect on the overall state. Thus, His 26 serves as a buried hydrogen-bonded
thermodynamic stability of the protein but stabilizes the group that contributes to the free energy gap between the
misfolded conformations, which now are also populated dimeric and trimeric states of a,D. The importance of
at room temperature. Presumably, these alternatively hydrogen-bonding was illustrated through the synthesis
folded states are dimeric, four-helix bundles with alterna- of a variant in which His26 was replaced by Asn, which
tive topologies (Figure 3) or more subtle alterations of the appeared to be able to form an analogous hydrogen bond
bisecting U motif. Clearly, however, position 7 in these in models. This variant formed a native, dimeric bundle.
alternative folds is less exposed than in the native state, Together, these findings are analogous to earlier results
allowing hydrophobic stabilization of their structures. from studies on two-stranded coiled coils in which a

A Hydrogen-Bonded Cluster of His Residues Is Es- buried, hydrogen-bonded Asn side chain was changed to
sential for the Native, Dimeric Structure of a,D. Substi- Val.8% This substitution resulted in the formation of
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FIGURE 7. Hydrogen-bonding within a His cluster is essential for the native state of a,D. An interior His (H26) forms a hydrogen bond across
the interface with an exterior His (H30') on the other monomer (left panel). A symmetrical interaction also occurs between H26' and H30.
Substitution of residues that are unable to form hydrogen bonds (as in H30K) results in a protein that has lost all ability to adopt the native
structure. Substitution of residues that are capable of forming hydrogen bonds (as in H30D) results in a protein that maintains the native
structure (right panel). Note that the non-native states of H30K are depicted slightly lower in energy than those of a,D because Lys is known
have a higher helical propensity than His. In conclusion, the His cluster is involved in “positive design” by increasing A through the direct

stabilization of the native state relative to the non-native folded states.

trimers, both in an analogue of the coiled coil from GCN4
and in designed peptides. In each of these cases, buried
polar residues promote the formation of a native, dimeric
state, although this specificity is energetically costly rela-
tive to the burial of a hydrophobic side chain.

In oD, the more interfacial His 30 plays a more positive
role in stabilizing the native structure of the dimer.”® When
this residue was replaced by Lys, which cannot participate
in a hydrogen bond with His 26" of a neighboring helix,
the protein was thermodynamically destabilized but still
adopted a dimeric, four-helix bundle. However, this
protein lost its conformational specificity and adopted
molten globule-like conformations. Thus, the introduction
of this mutation appeared to destabilize the protein,
making its energy level similar to those of alternatively
folded states. This finding suggests that the hydrogen-
bonded interaction between the His side chains is present
only in the native conformation. To demonstrate that a
hydrogen bond is, indeed, important for this native
structure, His 30 was replaced by Asp, which also can serve
as a hydrogen bond acceptor from His 26'. The resulting
variant was found to be even more stable than o,D and
retained the ability to adopt a unique conformation.

Hierarchic Principles of Protein Design. Together,
these studies on variants of a,D illustrate the hierarchic
principles of protein structure formation. Helix propensity
and hydrophobicity play an early and thermodynamically
important role in defining the folding of a protein.8
However, these features are somewhat geometrically non-
specific, and more specific interactions are often impor-
tant for obtaining a uniquely folded structure. Geometric
complementarity in the packing of hydrophobic side
chains must be important at some level, as the replace-
ment of small, hydrophobic, buried side chains with larger
hydrophobes strongly destabilizes the native states of
natural proteins.” Similarly, cavity-forming mutations also
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destabilize native proteins.®? The studies on variants of
a,D illustrate that solvent-exposed residues at interfaces
can play an important, even decisive, role in defining
structure. In summary, it is important to stress that many
interactions are critical for maintaining a large free energy
gap, and that these determinants of conformational
specificity are typically distributed throughout the protein.
Thus, conformational specificity oftentimes reflects the
sum of small contributions throughout the chain.

This view of conformational specificity—which stresses
the multiplicity of factors required for native structure—
extends and is somewhat more detailed than models that
stress the importance of the pattern of hydrophobic and
hydrophilic residues in a sequence for defining the unique
tertiary structure of a protein. Experiments in which the
cores of natural proteins are repacked with a designed or
randomly selected collection of hydrophobic side chains
have shown that such proteins often retain a native-like
structure, indicating that a variety of combinations of side
chains can give rise to native folds.”>"" It is tempting to
conclude from these studies that the packing of hydro-
phobic side chains is not an important determinant of
conformational specificity, and that only the pattern of
hydrophobic and hydrophilic residues actually matters.
However, only a fraction of the sequence of a protein is
normally varied in these studies, and stabilizing interfacial
interactions remain constant. Further, a critical feature
in these studies is that the sum of the volumes of the side
chains should be roughly equivalent to that of the native
sequence. Too large a summed volume gives rise to
molten globule-like structures, while too small volumes
lead to marginal stability.®® Also, if the side chains are
unable to achieve a good geometric fit, the interior side
chains can be less well ordered than in natural proteins.8

A second series of studies appear to support the
hypothesis that binary patterning is the sole contributor
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-,

FIGURE 8. X-ray structure of the di-Zn(ll) form of DF1 (2.5 A resolution), which is nearly identical to the intended design. The backbone of
the structure plus the ligands are shown in the two views. At left, a Tyr phenolic group hydrogen bonds to a Glu carboxylate (a second,
symmetry-related Tyr-Glu interaction is not shown for clarity). At right, hydrogen bonds between Asp carboxylates and His side chains are

shown.

of a fold.®% In this work, protein sequences were
prepared that were random within the constraints of a
hydrophobic/hydrophilic pattern. For example, a series
of single-chain four-helix bundles with the same hydro-
phobic pattern as o,B has been shown to adopt compact
structures with significant helical content. Individual
members of the library have various degrees of native-
like behavior, as assessed from their thermodynamic
properties and the degree of dispersion of their NMR
spectra. However, structures have not been determined
for these and other random-sequence proteins, so it is not
clear what fraction of the members of these libraries have
a uniquely folded structure.

Thus, the hydrophobic/hydrophilic pattern is an im-
portant driving force that strongly predisposes a protein
toward a family of related folds (e.g., clockwise- and
counterclockwise-turning four-helix bundles). For some
folds, such as coiled coils, a hydrophobic period may be
sufficient to specify an elongated helical bundle. However,
our studies with oD suggest that more fine-tuned inter-
actions may frequently contribute to a uniquely folded
state.

The process of protein design has certain parallels with
the folding of natural proteins. Forming collapsed molten
globule-like states is relatively rapid, indicating that there
is a small free energy barrier to this step in folding, and
this is often the easy part of the design process. The slow
step in folding and the difficult step in design is usually
the transition from a relatively noncooperative condensed
state to a fully native state.

From Structure to Function: Design of Metallopro-
teins. The above studies indicate that de novo protein

design has increased our understanding of how amino
acid sequence specifies native protein structure. The rules
for designing native-like four-helix bundle proteins are
now well in hand, and it is possible to use this technology
to address how an amino acid sequence specifies catalytic
function. Toward this goal, many groups are pursuing the
design of metalloproteins (reviewed recently®). There
are basically three approaches to designing mimics of
metal-binding sites: In the first, one uses automated
methods to graft a metal-binding site into the structure
of a natural protein of known structure.®®=%2 A second
approach has been to design small, flexible peptides that,
although intrinsically flexible, are nevertheless able to fold
around a metal ion. Examples of such peptides include
Cu(l)-binding motifs related to Gly-Gly-His,*~% as well
as small peptides that assemble into Fe,S, clusters.®”:%8

However, complete control of a cofactor’s environment
might be best effected through the de novo design%-1%2
of proteins whose active sites are defined by the favorable
free energy of folding of the polypeptide chain. There has
also been much progress made in the de novo design of
proteins that bind metalloporphyrins®?-9103-105 gnd zZn-
(11).29106 The structures of some simple porphyrin peptide
complexes have been solved by NMR.107.18 However, the
structures of larger designed proteins with bound cofac-
tors have not been solved, possibly because they have
dynamically averaging structures.*1:104109.110

As the principles and methods for de novo protein
design have matured, it has recently become possible to
design structurally defined models for metalloproteins.
The diiron class of proteins, which are capable of per-
forming a diverse range of functions yet contain a four-
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helix bundle at the heart of the protein, provided an
attractive target for these studies. Individual members of
this group of proteins either bind oxygen reversibly or
catalyze a diverse set of oxygen-dependent reactions,
including epoxidation, desaturation, monohydroxylation,
and radical formation. We therefore sought to design
minimal models for these large, highly complex proteins
to address how the amino acid sequence modulates the
type of chemistry performed. Subsequent studies of the
spectroscopic properties and chemical reactivities of these
designed models (with variations within their active sites)
will allow one to systematically address how changes in
polarity, electrostatics, and solvent accessibility of the
active site define the activities of the natural proteins.
Furthermore, by introducing non-natural metal ions, it
might be possible to design catalysts for a variety of
chemical transformations.

A geometric analysis of six natural diiron proteins
suggested that they all may have evolved from a dimer of
helix—loop—helix motifs.1%%1! Each of the helices donates
a single Glu residue, and the second helix of each helix—
loop—helix donates a single His residue to the diiron site.
In the diferrous form, the ligands often show approximate
two-fold symmetry with two bridging Glu residues, two
Glu residues that bind a single metal ion, and two His
residues. The ligands are arranged in an approximate
square pyramidal array, with the His side chains trans to
the empty sites (which presumably bind oxygen). On the
basis of this analysis, we designed a model diiron protein,
DF1, with four Glu residues and two His residues project-
ing toward the center of the bundle.*'! The backbone
structure was dictated by a mathematical parametrization
of the structures of natural diiron proteins, thus allowing
the design process to proceed in an objective manner that
is consistent with fully automated approaches to protein
design.5%112113 Hydrogen-bonded interactions were intro-
duced to stabilize the ligands in the proper orientation
for binding to iron. In particular, an Asp residue was
introduced to serve as a hydrogen bond acceptor for the
buried His, in precisely the same manner as a His 30-to-
Asp variant of a;D.” A hydrogen bond was also modeled
between a buried Tyr and the nonbridging Glu residue in
the core of the structure. The remaining positions in the
core were chosen to stabilize the geometry of the active
site, and the interfacial and exposed side chains were
chosen using the principles described previously.5%114

The crystal structures of the di-Zn(11)!%° and di-Mn(Il)
forms of the resulting protein conform precisely to the
design, with an RMSD of approximately 1.0 A between
the model and the structure (Figure 8). DF1 has a well-
defined dimetal-binding site with two bridging Glu car-
boxylates, two chelating Glu carboxylates, and two His
ligands. Further, the intended second-shell ligands form
hydrogen bonds to the first-shell ligands. The protein
also folds in solution in the absence of metal ions, and
preliminary NMR investigations of the solution struc-
ture dimer suggest that the native fold and metal-binding
site are largely preorganized in the apo-protein. Clearly,
this highly simplified minimal protein will serve as a
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robust template for examining how a protein is able to
bind and tune the reactivity of transition metal ions.
Further, the mathematical approach used in the design
of DF1 can be extended to the design of a variety of
metalloproteins.

Conclusion

De novo protein design has contributed significantly to
our understanding of the principles of protein folding and
stabilization. As this understanding has matured and tools
for design have become available, it has become possible
to design proteins of increasing complexity. Our early
studies in the design of diiron proteins suggest that it
should now be possible to approach the de novo design
of highly functionalized metalloproteins with well-defined
three-dimensional structures. Thus, in the future, the
attention of protein design may increasingly shift from the
problem of protein folding to the design of proteins with
specific biological and catalytic functions.
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