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Protein Design: A Hierarchic Approach

James W. Bryson, Stephen F. Betz, Helen S. Lu, Daniel J. Suich, Hongxing X. Zhou,

Karyn T. O’Neil, William F. DeGrado*

The de novo design of peptides and proteins has recently emerged as an approach for
investigating protein structure and function. Designed, helical peptides provide model
systems for dissecting and quantifying the multiple interactions that stabilize secondary
structure formation. De novo design is also useful for exploring the features that specify
the stoichiometry and stability of a-helical coiled coils and for defining the requirements
for folding into structures that resemble native, functional proteins. The design process
often occurs in a series of discrete steps. Such steps reflect the hierarchy of forces
required for stabilizing tertiary structures, beginning with hydrophobic forces and adding
more specific interactions as required to achieve a unique, functional protein.

During protein folding, a random coil with
a large number of rapidly interconverting
conformers assembles into a fully folded and
unique three-dimensional structure by mo-
lecular recognition. The side chains facing
the interior of proteins are well-packed and
almost invariably occupy single conforma-
tions; indeed, this precise orientation of
functional groups is essential for function
(for example, catalysis or signal transduc-
tion). Folded proteins. come in sizes and
shapes as numerous as their diverse func-
tions. This complexity stands in contrast to
the simplicity of the forces that determine
their folds; clearly, the same van der Waals,
electrostatic, hydrophobic, and hydrogen-
bonded interactions that determine inter-
molecular recognition of small molecules
also dictate the intramolecular folding pro-
cess (1). Thus, considerable effort is now
being directed to the de novo prediction of
protein conformations with the use of com-
putational methods (2) as well as the design
of proteins from scratch (3-5). The lessons
learned from the study of designed proteins
depend on the rigor of their experimental
characterization (5). Here, we review a hi-
erarchic approach to protein design, which
begins with highly simplistic minimalist (3,
6, 7) models and builds in complexity only
as needed to achieve a uniquely folded,
functional protein.

Helix Stabilization

The a helix represents one of the earliest
recognized and fundamental building blocks
used in the construction of natural proteins.
Simple model systems have contributed
much to our understanding of the forces
stabilizing this secondary structure. Al-
though in general peptides spanning the
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sequences of helices in proteins are non-
helical as monomers in water, it is possible to
design peptides that form short o helices.
Strategies used to create these helices in-
clude (i) the incorporation of many helix-
stabilizing Ala residues (8, 9); (ii) adding salt
bridges between residues separated by one
a-helical turn (8, 10—13); (iii) incorporating
covalent macrocycles (14); and (iv) adding
nonpeptide templates to initiate helix for-
mation (15). The sequences of these mini-
mal models have been systematically varied
to elucidate helix-stabilizing interactions.
The thermodynamic basis for the dis-
tinct a-helical propensities of amino acids

has been evaluated by systematically vary-
ing solvent-exposed positions near the cen-
ter of model helices (10, 12, 16-20). The
results are generally expressed as the differ-
ence in the Gibbs free energy (AG®°) for
forming a helix with a given residue at the
variable position, relative to the corre-
sponding process with a reference amino
acid. There is good agreement in both the
rank order and magnitude of the helical
propensities determined with different
model systems, with the correlation coeffi-
cients ranging from 0.81 to 0.94 (Table 1).
The difference between the most (Ala) and
the least (Gly, excepting Pro) helix-stabi-
lizing amino acid is approximately 1.0
kcal/mol for every scale, with one excep-
tion (Table 1) (20). The energetic range
of the helical propensities (1 kcal/mol) is
small by comparison to other interactions
(Fig. 1), so it is tempting to assume that
factors such as helix propensity are insig-
nificant. However, helical propensities ac-
cumulate along the entire length of the
helix, amounting to a sizable energetic
driving force. These findings have stimu-
lated numerous theoretical studies that

Table 1. Helix propensities of the individual amino acids. In general, there is good agreement between the
experimental scales (0.3 kcal/mol). The outliers presumably reflect contextual effects in either the native

or unfolded states. Lys., lysate.

Values for AA G° (kcal/mol) determined with different methods

Experimental in

Experimental in

Amino acid Statistical peptides proteins Composite
- Sax  CoOiled  Monomeric T4 lys. Barnase
Helix®  PhiPS™  coilst  helicest  (site 44)§  (site 32  ACAPIRT

Ala 0 0 0 0 0 0 0
Arg 0.1 0.1 0.1 0.2 0.2 0.1 0.06
Asp 0.4 0.3 0.6 0.9 0.5 0.7 0.59
Asn 0.5 0.5 0.7 0.9 0.6 0.7 0.60
Cys 0.5 0.5 0.5 0.8 0.5 0.8 0.60
Gln 0.2 0.2 0.4 0.6 0.2 0.5 0.32
Glu (=0.3) 0.1 0.5 0.7 0.4 0.6 0.34
Gly 0.7 0.7 0.8 1.9 1.0 0.9 1.10
His 0.4 0.4 0.7 0.8 0.4 0.8 0.62

lle 0.1 0.3 0.5 0.7 0.1 0.8 0.35
Leu 0.1 0.1 0.1 0.3 0.0 0.3 0.19
Lys 0.2 0.2 0.1 0.4 0.2 0.2 0.15
Met 0.0 0.1 0.3 0.5 0.1 0.3 0.21
Phe 0.3 0.4 0.4 0.9 0.4 0.7 0.47
Ser 0.5 0.4 0.4 0.8 0.4 0.4 0.52
Thr 0.5 0.4 0.7 1.3 0.4 0.8 0.57
Tyr 0.3 0.4 0.6 0.7 0.2 0.8 0.47
Trp 0.3 0.3 0.3 0.8 0.4 0.8 0.47
Val 0.3 0.3 0.6 1.0 0.3 0.9 0.51

Correlation to AGADIR 093 0.93 0.86 0.94 0.91 0.81

*For description, see (105).
(78). |IFor description, see (17).
for this scale.
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tFor description, see (719). §For description, see
#Glu was excluded from the correlation analysis
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have shown that conformational entropy
is a major determinant of the helical pro-
pensities of amino acids (16, 21). Helix
formation also affects the solvent accessi-
bility of amino acid side chains, which
further affects helical propensities (22).
The extent of this effect will vary depend-
ing on the structural and sequential con-
text of the site (23) and can be evaluated
with atomic solvation parameters (24).
The a helix has a large macrodipole
(Fig. 1), and appropriately charged residues
near the NH,- and COOH-termini can
electrostatically stabilize the structure by
approximately 0.5 kcal/mol (13, 20, 25).
Specific hydrogen-bonded interactions that
“cap” the ends of helices (26) have been
investigated with minimal models (27) and
natural proteins (28) (Fig. 1). These inter-
actions serve as punctuation marks in the
syntax of protein folding. Ser, Asn, Gly,
Asp, or Thr residues can hydrogen-bond to
exposed amide protons at the NH,-termi-
nus of a helix, stabilizing it by 1 to 2
kcal/mol (27). In addition, hydrogen
bonding and electrostatic interactions be-
tween amino acid side chains separated by
a single a-helical turn stabilize a helix by

up to 0.5 kcal/mol (11, 13).
Coiled Coils

The a-helical coiled coil (Fig. 2) represents
a structure of intermediate complexity,
bridging the gap between simple monomer-
ic helices and native proteins. Coiled coils
figure largely in the structures of fibrous
proteins and certain DNA binding proteins
and also serve as a convenient model system
for the study of protein folding. Coiled coils

have a seven-residue geometric repeat, -

which led Hodges and co-workers to design
repeating heptapeptides as models for two-
stranded coiled coils. In the prototype,
(Leu,Glu,Ala_LeuyGlu GlydLys,),, apolar
Leu residues at positions “a” and “d” of the
heptad hydrophobically stabilize the struc-
ture (29). Glu and Lys residues at “e” and
“g” also stabilize the structure only if the
helices pack parallel to one another. Anti-
parallel homodimers (30) or parallel het-
erodimers (31, 32) have also been engi-
neered by manipulating the charges of res-
idues at “e” and “g.”

This heptad repeat formed the basis for
the design of a 29-residue peptide (16) that
was used to determine the helical propen-
sities of various amino acids substituted at a
solvent-exposed position of the helix (Ta-
ble 1). Subsequent determination of the
crystal structure of this peptide provided a
trimeric structure (33) (Fig. 2B). As in the
design, the trimer contains a parallel pair of
a helices, but a third helix docks against
this dimer in an antiparallel manner. This
finding stimulated a reexamination of the
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solution behavior of the peptide, which had
previously been assumed to be dimeric. The
peptide changes its association state pro-
gressively from monomer to dimer to trimer
as the concentration is increased from a
very dilute solution to levels approaching

Side chain—side chain
electrostatic interactions

o- tHaN

Glu

those used in the crystallization (34). A
careful determination of the helical propen-
sities with the use of a monomer-dimer-
trimer equilibrium resulted in a scale not
significantly different from that published
earlier (34).

Lys

His (C-cap)

(N-cap) Side chain—helical dipole
lectrostatic interactiol
& el rostatic interactions 1} Sondad
side chain—main chain
interactions
NH,*
Helix 1
dipole O+ 5

Groupwise free energies of interactions (in 0.15 M NaCl):

N-cap

C-cap

Charge-macrodipole electrostatic
Side chain-side chain electrostatic
Range of helix propensities

Dehydration of an isobutyl group (Leu)

1 to 2 keal/mol
~0.5 keal/mol
~0.5 kecal/mol
~0.5 kecal/mol

~1 kecal/mol

2 to 5 kcal/mol

Fig. 1. Idealized a helix, highlighting stabilizing intrahelical interactions. The a helix has a large macrodi-
pole arising from the alignment of the amide bonds such that there is an effective +1/2 or —1/2 charge
near the NH,- and COOH-termini, respectively (706). Dehydration of an isobutyl group is included as an
example of the hydrophobic effect for comparative purposes.

Fig. 2. MOLSCRIPT (707)
diagrams of crystallographi-
cally determined «-helical
bundles of associating pep-
tides. Side chain packing in-
teractions determine the ge-
ometry of two-, three-, and
four-stranded helical bun-
dles. The parallel two-
stranded coiled coil GCN4
(A) contains Val at ““a”” and
Leu at “‘d,” as well as a crit-
ical Asn at a central “‘a’ (36).
The de novo-designated
antiparallel coil-Ser trimer
(B) contains Leu at both “‘a”
and “‘d”’ (33). The antiparal-
lel four-stranded a-helical D
bundle PD1 (C), is not strict-
ly a coiled coil. However,
near the center of the struc-
ture small (Ala) and large
(Leu) residues at “a” and
“d,” respectively (75), alter-
nate. (D and E) A represent-
ative 5 A axial slice of coil-
Ser (D) and a similar slice
from PD1 (E). In (D) and (E),
carbon atoms are green, ni-
trogen atoms are black, and
oxygen atoms are pink. The

side chain atoms of hydrophobic core residues are displayed as space-filing models with an atomic

radius of 1.2 A.
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The free energies of the two association
steps in the monomer-dimer-trimer equilib-
rium are about the same, which is indicative
of a relatively noncooperative assembly pro-
cess. However, specific changes to the se-
quence can stabilize either the three-helical
or the two-helical state. For instance, addi-
tion of loops between the helices leads to
single-chain, three-helix bundles (35). A
noncovalent dimer has also been engineered
by consideration of the two-stranded coiled
coil (36) from GCN4, which contains a
hydrophilic Asn residue on the hydrophobic
surface of its helices. Asn at an equivalent
position of the designed peptide similarly
specifies dimers. Conversely, changing this
Asn residue to Val in GCN4 led to trimers
(37, 38). In crystal structures of GCN4, this
Asn side chain forms a hydrogen bond be-
tween the carboxamide proton of one mono-
mer and the carboxamide carbonyl of its
interhelical neighbor. Importantly, the re-
maining polar functionality of each Asn res-
idue remains accessible for hydration by wa-
ter. However, in a trimer the Asn residue
would be fully buried without the formation
of hydrogen bonds to all its polar functional
groups. Thus, this break in hydrophobic pe-
riodicity provides specificity to the structure,
albeit at the price of thermodynamic stability
as this substitution destabilizes the free ener-
gy of dimerization by about 3 kcal per mole
of monomer (34, 39). Other substitutions
that affect the hydrophobic periodicity ap-
pear to have similar effects (39, 40).

Kim, Alber, and co-workers have studied
variants of the GCN4 coiled coil in which
each “a” or “d” was replaced by a single
amino acid. Peptides with Leu at “d” and
Val or Leu at “a” exist in a monomer-
dimer-trimer equilibrium (37). By contrast,
Ile at “d” and Leu at “a” specifies tetramers,
whereas Ile at both “a” and “d” specifies
trimers (37, 38). The specific steric proper-
ties of the amino acids dictate the aggrega-
tion state (37, 38); each peptide adopts an
aggregation state that provides the best side
chain packing while simultaneously main-

Fig. 3. Sequence progression of
the o, and a, family of four-helix
bundle proteins (96). The sequenc- o1
es are listed to illustrate the hierar-

chic, iterative design from simple to 1A
more complex molecules. Green
residues are hydrophobic, pink res- 4B
idues are polar, and boxed blue

. . 2B
residues represent designed metal-
binding sites. Dashed boxes indi-
cate apolar residues that have been H30z
engineered to replace the all-
leucine core with a more native-like,
well-packed interior. References for 02C
the sequences are as follows: oy
and oA, (56); a4B and a,B, (47);
H3a,, (69); a,C, (71); and a,D, (72). 02D

taining low-energy side chain conforma-
tions. The residues at positions other than
“a” and “d” also help to determine the
aggregation state. For example, peptides
with Leu at “a” and “d” form dimers (31),
trimers (33), tetramers (35, 41), pentamers
(42), or hexamers (43), depending on the
hydrophobicity and steric properties of the
residues at “e” and “g.” Thus, hydrophobic-
ity can drive the formation of secondary
structure and self-assembly, but the specific
topology depends on side chain packing,
hydrogen bonding, and elements included
to selectively destabilize alternative folds.

Various researchers have also designed
monomolecular coiled coils or helical pairs.
Two-stranded structures can be entropically
stabilized by forming a disulfide between
opposing Cys residues at “a” or “d” (40) or
by linking two helices via peptide linkers
(44). The low-resolution solution structure
of a de novo-designed 38-residue peptide
with an antiparallel pair of helices (45) has
been determined by nuclear magnetic reso-
nance (NMR) spectroscopy. Similarly, the
solution structure of an antiparallel helical
dimer ALIN has also been determined by
NMR techniques (46).

Design of Four-Helix Bundles

The simplicity, approximate symmetry, and
functional diversity of the four-helix bun-
dle—found in cytochromes, lymphokines,
enzymes, and phage coat proteins (47)—
has made it an attractive target for such
protein design. A class of four-helix bundles
referred to as TASP proteins (48) (tem-
plate-assembled synthetic peptides) has
been designed in which four helical pep-
tides are attached to a macrocyclic tem-
plate, such as cyclic peptides (48) or por-
phyrin derivatives (49, 50). A number of
TASP proteins have been prepared (51),
including models for protein folding (52),
ion channels (50, 53), and redox-active
porphyrin derivatives (49, 54). New meth-
ods (54, 55) for ligating peptides to tem-
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plates allow the construction of asymmetric
arrays of either parallel or antiparallel heli-
ces, greatly expanding the complexity of
structures that can be engineered.

Whereas TASP proteins use a rigid tem-
plate to force the helices into juxtaposition,
natural proteins use weak, noncovalent
forces to specify their fold. In an attempt to
mimic this process, we, in collaboration
with Eisenberg and co-workers, designed a
series of sequences (Fig. 3) that self-assem-
ble into four-helix structures, including tet-
rameric helices (designated a;A and «,B),
helix-loop-helix dimers (a,), and single-
chain, four-helix proteins (o) (41, 56, 57).
These minimal abstractions of natural four-
helix bundles contain Leu as the sole hy-
drophobic residue comprising the apolar
core. More specific long-range interactions
such as interhelical hydrogen bonding or
buried salt bridges were not included.

One feature that helps to shape the ge-
ometry of the four-helix bundle is the length
of the helices: helices of four or more turns
pack optimally in elongated bundles, where-
as shorter helices can pack into a number of
other geometries (58). Therefore, we were
interested in determining the structure of a
12-residue amphiphilic a-helical peptide
(a;; Fig. 3) that was isolated as a truncated
side product during the course of synthesis of
the longer helical peptides (41). In aqueous
solution, this peptide equilibrates between
random coil monomers and a-helical aggre-
gates of tetramers, hexamers, and higher
order aggregates (35, 41, 59). In crystals
grown at low pH, it adopts a novel hexam-
eric state stabilized by the packing of the
hydrophobic Leu residues (Fig. 4) (60),
whereas crystallization at pH 7 provides a
different structure.

Fig. 4. MOLSCRIPT (707) diagram of the crystal
structure of the 12-residue peptide a4 (60) (see
Fig. 3 for sequence). The hexameric bundle struc-
ture of a, illustrates the interior packing of leucine
side chains in the hydrophobic core. The side
chain carbon atoms are displayed as space-filing
models with an atomic radius of 1.6 A.
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In contrast to a,, the full-length o;B
peptide cooperatively assembles into four-
helix bundles that show some of the char-
acteristics of native proteins: the o;B te-
tramer is compact and globular, and its
backbone is structurally well defined and
helical as assessed by NMR (61). However,
between the conception of a designed pro-
tein and its realization lies the molten glob-
ule (62)—an energy well of surprising depth
and breadth that must be overcome en
route to the final goal (5, 63). Molten
globules are nonnative states of proteins
with dynamically averaging conformations,
often containing poorly packed hydropho-
bic cores. Both the ;B tetramer and the
full-length a, protein show some character-
istics of this state. Several other designed
four-helical bundle proteins (64), including
one protein, Felix (65), with a native-like
sequence, also show some characteristics of
the molten globule (5, 63).

In each of these designs, the association
of hydrophobic side chains provides a pow-
erful driving force for the formation and
association of helices. This conclusion is
consistent with lattice simulations, which
show that sequences of the proper hydro-
phobic and hydrophilic periodicity can rap-
idly assume compactly folded structures
(66). However, both lattice models as well
as early design attempts lack the diversity of
stabilizing interactions and specificity found
in natural proteins, which we believe are
essential for stabilizing native-like folds and
function.

Toward this goal, Hecht and co-workers
(67) introduced a combinatorial approach as
a powerful tool for de novo protein design.
They used mixed oligonucleotides to encode
a library of partially random proteins with
polar-nonpolar patterns similar to those used
in a4. Hydrophobic side chains were drawn
randomly from a pool consisting of Met, Val,
Leu, Phe, or Ile; hydrophilic residues were
Asn, Asp, Gln, Glu, His, or Lys; hydrophilic
and helix-breaking residues were used in the
loops (Fig. 5). Most of the partially random
proteins were expressed at high levels in
Escherichia coli, which suggests that they
achieved structures protecting them from
rapid proteolysis. It will be interesting to
determine what percentage of the random-
ized proteins adopt native-like structures in
solution.

Alternatively, one can introduce more
specific interactions into a minimalist
framework such as a,, thereby establishing
a hierarchic order of principles essential for
achieving a unique fold. Regan and Clarke
(68) introduced a Cys,His,, tetrahedral
Zn**-binding site into o, and Handel and
co-workers (69, 70) introduced one or two
Zn**-binding sites into o, (Fig. 3) and a,.
These proteins were considerably less stable
than o, in the absence of metal ions, but
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F G-E-I-E-D-L-L-Q-K-L-Q-E-L-M-E-G-P-
G-D-L-H-N-L-I-N-K-L-D-D-V-M-Q-G-P-

86 G-K-L-N-D-L-L-E-D-L-Q-E-V-L-K-G-P-
G-K-L-Q-E-M-M-K-E-F-Q-Q-V-L-D-G-P-

D
R

S-G-H-L-Q-N-V-I-E-D-I-H-D-F-M-Q-G-P-5-G
§-G-N-I-K-E-I-F-H-H-L-E-E-L-V-H-R

Fig. 5. Comparison of semirandom proteins (67) to a, (96). The color coding of the residues is the
same as in Fig. 3. The free energy of denaturation of «, is 15 kcal/mol (70), whereas that of proteins
B, F, and 86 is 1 to 5 kcal/mol. This stability gap can be partially accounted for by differences in helix
propensity (=4 to 6 kcal/mol; see Table 1) and possibly also by intrahelical electrostatic interactions

(=4 kcal/mol; see Fig. 1).

Zn?* restored their thermodynamic stabili-
ties while also decreasing the conformation-
al mobility of the hydrophobic core. Thus,
it has been possible to replace much of the
nonspecific hydrophobic driving force with
geometrically restrictive metal ion-ligand
interactions. However, for all the improve-
ments, Hoo, still lacked a cooperative ther-
mal transition indicative of a fully native
conformation.

We also investigated the effect of varying
the steric bulk of the interior side chains to
introduce more geometric complementarity
into the helix-helix interfaces. Seven simul-
taneous changes were made in the hydro-
phobic core of a,B, resulting in a dimeric
protein (a,C; Fig. 3) that underwent a tem-
perature-dependent transition from a native-
like state to a molten globule-like state with
a transition midpoint near room temperature
(71). We next introduced a metal-binding
site into this protein and found a surprise
characteristic of progress in protein design:
The resulting dimeric protein, a,D, proved
to be native-like, even in the absence of
metal ions (72). Subsequent synthesis of a,D
analogs showed that the improvements were
a consequence of changing two hydrophobic
residues to hydrophilic residues (originally
included to bind metal ions), which might
destabilize unwanted folds in a manner sim-
ilar to the above-mentioned Asn in position
“a” of coiled coils. Thus, conformational
specificity demands the correct balance of
hydrophobic and hydrophilic interactions
(73): too few hydrophobic residues lead to
inadequate stability, but too many lead to
highly stable but dynamic structures.

In an approach similar to de novo de-
sign, Regan and co-workers have idealized
the entire hydrophobic interior (24 resi-
dues) of a natural four-helix bundle, ROP
(74), while keeping the polar interactions
invariant. This protein tends to have a hep-
tad repeat with small hydrophobes at “a”
and large hydrophobes at “d,” and these
residues stack in layers consisting of two
small and two large side chains per stack.
This tendency was idealized by making all
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the “a” and “d” residues Ala and Leu, re-
spectively. The resulting protein is highly
stable and behaves in all respects examined
like a native protein. A similar pattern of
Ala and Leu residues has recently been
found in the crystal structure of a helical
peptide (75) designed to solubilize mem-
brane proteins (Fig. 2, C and E). These
findings provide a paradigm for the design
of uniquely folded, four-helix bundle pro-
teins. The alternation of small and large
residues at “a” and “d” should destabilize
rotationally symmetrical parallel coiled
coils; the Ala residues would group in lay-
ers, leading to cavernous holes. On the
other hand, in antiparallel structures the
small and large residues combine with con-
siderable geometric complementarity: large
Leu side chains pack into holes created by
smaller Ala side chains.

B Sheet and Mixed a-3
Structures

A number of experimental difficulties have
beset the development of models for B sheet
formation. Unlike a helices, where there is a
regular succession of hydrogen bonds be-
tween amides four residues apart in se-
quence, B sheets are formed by residues at
variable and often distant positions in the
sequence. Also, the exposed amides at the
edge of B sheets can hydrogen-bond to other
sheets, leading to insoluble aggregates. Nev-
ertheless, considerable progress has been
made through the design of dibenzofurans
and other templates that stabilize B sheets
(51, 76). In addition several groups have
modified natural B sheet proteins to obtain
model systems for determining B sheet pro-
pensity scales (77). These scales appear to be
more contextually dependent than the anal-
ogous a-helical scales, so their utility for
protein design has yet to be established.
Betabellin was one of the first de novo
designed proteins (78). It is intended to fold
into a sandwich of two identical four-
stranded, antiparallel B sheets. Iterative im-
provements on the original design increased



the solubility of the protein, whereas type I’
B turns were introduced with the use of
D-amino acids (78). Recently, Quinn and
co-workers  (79) designed betadoublet,
which is similar to betabellin but contains
only naturally encoded amino acids. The
protein possesses a cooperative thermal de-
naturation and a well-dispersed amide NMR
spectrum. However, its aliphatic NMR spec-
trum is less well dispersed, which suggests
that its core is poorly ordered. The most
recent version of betabellin also shows a
cooperative thermal denaturation and a rea-
sonably well dispersed NMR spectrum (80).

Pessi and co-workers made extensive
modifications to the sequence of the vari-
able heavy domain of the antibody
McPC603 to create the “minibody” (81), a
six-stranded B sandwich. The utility of this
molecule as a scaffold for molecular recog-
nition was demonstrated by its ability to
selectively bind Cu?* and Zn?" over other
metals. These studies on minibodies and
betabellins suggest that the design of B
sandwich proteins with unique, native-like
conformations is a realizable goal that may
be achieved through iterative cycles of de-
sign and structure determination. In the
most ambitious design attempts to date,
several groups have engineered - pro-
teins (82, 83), two of which represent the
familiar (B-a)g barrels typified by triose
phosphate isomerase (83). Biophysical
characterization of the proteins indicates
that they fold into compact, monomeric
structures with the appropriate secondary
structure, but they also display characteris-
tics of the molten globule (83).

Functional Proteins

Recent progress in designing structural pro-
teins has set the stage for the engineering of
functional proteins. Unidirectional electron
transfer is one particularly attractive func-
tion because of its biological importance and
mechanistic simplicity (84). Minimal re-
quirements for design of an electron transfer
protein include the binding of multiple re-
dox-active centers in a predetermined array;
tuning the midpoint potential of these cen-
ters; and controlling the rigidity and solvent
accessibility of the environment to minimize
the reorganization energy.

Dutton and co-workers have begun de-
signing minimalist peptides, which, like the
small, three-dimensional maquettes used by
architects during the design of full-scale
buildings, are intended to serve as stepping
stones en route to the construction of mo-
lecular machines. In initial work, a heme-
binding site with bis-His ligation was intro-
duced into the interior of a dimeric four-
helix bundle based on a, (85). The result-
ing protein binds protoporphyrin IX with a
dissociation constant in the nanomolar

range, and its redox and spectroscopic prop-
erties are close to those anticipated from
the design. Studies with control peptides
indicated that specific heme binding re-
quires the presence of two strongly ligating
His residues for coordinating iron and a
hydrophobic cavity to accommodate the
macrocycle. The initial designs show some
of the characteristics of the molten globule
state and will require iterative improvement
to provide the rigid interiors characteristic
of cytochromes.

Next, a 62-residue helix-loop-helix pep-
tide that binds two hemes with the use of
bis-histidine ligation was prepared (86).
The peptide assembles into a dimeric four-
helix bundle protein with four bound
hemes. The spectroscopic properties of the
model protein are consistent with the de-
sign, and redox titrations indicate that the
hemes are electrochemically coupled. In re-
lated work, Suslick and Huffman have de-

_signed single a-helical peptides that con-
tain a single His residue on the face of an
amphiphilic « helix (87). These and related
peptides (88) provide attractive systems for
exploring the role of the protein matrix in
electron transfer.

Designed ion channel peptides and pro-
teins have also contributed to our under-
standing of the mechanism of transmem-
brane ion conductors (89). In particular,
careful characterization of minimally de-
signed channels composed of amphiphilic
helices has shown how the a-helical mac-
rodipole—in the absence of other charged
groups—can give rise to marked asymmetry
of ion conduction (rectification) (90).

The design of enzymes provides an even
greater challenge for protein design. Although
several designed peptides and proteins have
been reported to have substantial enzymatic
activity (91), the structural basis for this ac-
tivity has been established for only one pep-
tide. Benner and co-workers designed a short,
self-associating, Leu-Lys-rich peptide that ac-
celerated the rate of decarboxylation of ox-
aloacetate by a factor of 10 to 100 (92). This
peptide catalyzes decarboxylation by means of
a Schiff’s base intermediate between substrate
and an amine with an electrostatically de-
pressed pK, (where K, is the acid constant).
The peptide is helical, and this secondary
structure is important for activity. Recently, a
combinatorial approach has been taken to
improve this peptide, resulting in a fivefold
increase in the rate accelerations (93). In
other research, a four-helical bundle peptide
was designed to mimic the activity of a-chy-
motrypsin. Although the initially reported
high level of esterase activity was later shown
to be in error, this protein does show some
catalysis toward activated 4-nitrophenyl esters
(94). In these two examples, the catalysts
show many of the features of molten globule
proteins, which suggests that they may be
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assuming a large ensemble of conformations,
only a limited number of which are active.
With an appropriate selection, it might be
possible to evolve more active catalysts from
such molten globule precursors through the
accrual of random mutations that increasingly
stabilize the catalytically active conformation.

DNA Binding Proteins

Minimalist design principles have been ap-
plied to the study of four classes of DNA
binding proteins, including the basic re-
gion, leucine zipper (bLZ) motif. The bLZ
consists of a coiled coil segment responsible
for dimerization and a helical basic region
responsible for DNA binding. We designed
an idealized bLZ peptide based on a predic-
tion of the structure of a DNA-GCN4 com-
plex (95). The coiled coil consisted of the
repeating polyheptapeptide (LEEKLKA),
(96). The basic region contained the fea-
tures required for specific binding to DNA:
four residues thought to contact the bases
were retained; Arg was placed at each po-
sition believed to electrostatically interact
with the phosphodiester backbone; and the
helix-stabilizing residues Glu and Ala were
placed at solvent-exposed sites. The peptide
indeed bound with high affinity to DNA,
and subsequent crystallographic studies of
GCN4 bound to DNA supported the main
features of the predicted model (97). Fisher
and co-workers applied a similar approach
to map out the residues believed to be im-
portant for DNA binding in the related
basic helix-loop-helix (bHLH) motif,
which consists of a basic DNA binding
region followed by a helix-loop-helix
dimerization motif (98). Again, crystallo-
graphic studies of the bHLH domain of USF
bound to DNA confirmed the essential fea-
tures inferred from construction of minimal
models (99).

Minimalist design has also been applied
to probe the role of specific residues in the
folding and function of DNA binding mo-
tifs of known structure. Berg and co-workers
(6) designed a model zinc finger, a motif
whose conformation is determined by inter-
actions between conserved His and Cys res-
idues and a tetrahedrally ligated Zn?* ion.
A Cys,His, peptide was designed and syn-
thesized, and its metal binding and structur-
al properties were characterized (6). This
26-residue peptide was based on a polyala-
nine sequence and contained only seven of
the most conserved residues for TFIIIA-
type zinc fingers. The designed peptide ex-
hibited properties similar to those of native
zinc fingers, which demonstrated that all of
the information required for correct folding
and metal coordination is contained within
the seven conserved residues. However, the
peptide lacked specificity as it formed both
2:1 and 1:1 complexes with metal ions.
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Similarly, initial attempts to design mini-
mal peptides based on the homeodomain
motif resulted in structures with fluctuating
tertiary structures (7). Subsequent designs
served to identify several exposed residues
that are important for specific folding and
DNA binding.

Other researchers have used the zinc
finger motif as a framework for creating
proteins with novel DNA binding prefer-
ences. Because each finger module recogniz-
es three base pairs, it is theoretically possible
to identify zinc fingers that bind each of the
64 possible codons. It would then be possible
to design multimeric zinc fingers to bind to
any DNA sequence (100). With this goal in
mind, a prototype three finger sequence
from Zif268 was fused to plll, a minor coat
protein from bacteriophage M13 (101). Af-
ter the residues known to be important for
DNA binding in one finger module were
randomized, phages displaying mutant fin-
gers were selected for their ability to bind to
novel DNA sequences. In a particularly el-
egant contribution, Klug and co-workers
(102) created a three—zinc finger protein
that bound a nine—base pair target sequence
spanning the fusion point of pl190BCR-ABL,
In vivo expression of the peptide blocked
transcription of DNA containing the target
sequence.

Outlook

De novo protein design has provided a pow-
erful methodology for investigating protein
folding. The gross features that direct the
collapse of the protein chain into compact
structures have been demonstrated, and the
subtleties that specify unique structures are
being elucidated. A variety of uniquely fold-
ed helical bundles have been designed; sim-
ilar progress on other folds will certainly
follow. As designers turn their attention to
functional proteins with less symmetry, the
blending of combinatorial approaches with
rational design should provide impressive
results. For instance, one might convert a
minimalist framework to a redox active pro-
tein by first introducing side chains that
ligate a desired transition metal ion. The
ligating side chains could then be stabilized
in the appropriate conformation through
interactions with surrounding residues in-
troduced with an experimental (103) or
computational (104) combinatorial ap-
proach. In a similar manner, it is easy to
envision the design of sites capable of bind-
ing transition-state analogs or proteins of
therapeutic importance.
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Geometry of a Black Hole
Collision

Richard A. Matzner,* H. E. Seidel, Stuart L. Shapiro, L. Smarr,
W.-M. Suen, Saul A. Teukolsky, J. Winicour

The Binary Black Hole Alliance was formed to study the collision of black holes and the
resulting gravitational radiation by computationally solving Einstein’s equations for gen-
eral relativity. The location of the black hole surface in a head-on collision has been
determined in detail and is described here. The geometrical features that emerge are
presented along with an analysis and explanation in terms of the spacetime curvature
inherent in the strongly gravitating black hole region. This curvature plays a direct,
important, and analytically explicable role in the formation and evolution of the event
horizon associated with the surfaces of the black holes.

Black holes are small (a black hole of a
million solar masses would be only as large
as the sun), distant objects that have yet to
be observed directly. But definite predic-
tions about them come from detailed stud-
ies of solutions of Einstein’s equations of
general relativity. Fortunately, analytical
methods (1) are powerful enough to solve
these equations for a single, stationary black
hole. However, this is not true for dynam-
ically interacting black holes, believed to
underlie some of the most dramatic phe-
nomena in our universe.

The two-body problem in general relativ-
ity is still unsolved and is the subject of a
National Science Foundation High-Perform-
ance Computing and Communications
Grand Challenge project, termed the Binary
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Black Hole Alliance. The members of the
Alliance include principal investigators at
eight universities as well as a number of
associates, collaborators, students, and post-
doctoral fellows. The focus is to solve the
problem as formulated topologically by Ein-
stein and Rosen (2) in 1935 and as formu-
lated numerically by DeWitt and Misner (3)
in 1957. Solution of this 60-year-old prob-
lem will require the teraflop supercomputers
of the late 1990s.

Supercomputers have advanced in
speed by over 50,000 times since Hahn
and Lindquist (4) made the first numerical
attack on the problem 30 years ago. Nearly
20 years ago, Smarr and Eppley (5) ob-
tained the first numerical solution of the
head-on collision of two black holes of
equal mass. They determined that the
black holes did coalesce, radiating gravi-
tational waves with energy of approxi-
mately 1073 Mc?, where M is the mass of
the system and c is the speed of light. The
gravitational waveform was similar to the
damped vibrations (“ringing modes”) fa-
miliar from perturbation calculations of
black holes (6). However, numerical in-
stabilities prevented those early calcula-
tions from being used to determine the
details of the coalescence, which we report
here.
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