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Several groups have applied and experimentally tested systematic, quan-
titative methods to protein design with the goal of developing general
design algorithms. We have sought to expand the range of computational
protein design by developing quantitative design methods for residues of
all parts of a protein: the buried core, the solvent exposed surface, and
the boundary between core and surface. Our goal is an objective, quanti-
tative design algorithm that is based on the physical properties that
determine protein structure and stability and which is not limited to
speci®c folds or motifs. We chose the bba motif typi®ed by the zinc ®n-
ger DNA binding module to test our design methodology. Using pre-
viously published sequence scoring functions developed with a combined
experimental and computational approach and the Dead-End Elimination
theorem to search for the optimal sequence, we designed 20 out of 28
positions in the test motif. The resulting sequence has less than 40% hom-
ology to any known sequence and does not contain any metal binding
sites or cysteine residues. The resulting peptide, pda8d, is highly soluble
and monomeric and circular dichroism measurements showed it to be
folded with a weakly cooperative thermal unfolding transition. The NMR
solution structure of pda8d was solved and shows that it is well-de®ned
with a backbone ensemble rms deviation of 0.55 AÊ . Pda8d folds into the
desired bba motif with well-de®ned elements of secondary structure and
tertiary organization. Superposition of the pda8d backbone to the design
target is excellent, with an atomic rms deviation of 1.04 AÊ .
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De novo protein design has received considerable
attention recently, and signi®cant advances have
been made toward the goal of producing stable,
well-folded proteins with novel sequences. Several
groups have applied and experimentally tested
systematic, quantitative methods to protein design
with the goal of developing general design algor-
ithms (Hellinga et al., 1991; Hurley et al., 1992;
Desjarlais & Handel, 1995; Harbury et al., 1995;
Klemba et al., 1995; Betz & Degrado, 1996; Dahiyat
& Mayo, 1996). To date, these techniques, which

screen possible sequences for compatibility with
the desired protein fold, have focused mostly on
the redesign of protein cores. We have sought to
expand the range of computational protein design
by developing quantitative design methods for
residues of all parts of a protein: the buried core,
the solvent exposed surface, and the boundary
between core and surface. A critical component of
the development of these methods has been their
experimental testing and validation. Our goal is an
objective, quantitative design algorithm that is
based on the physical properties that determine
protein structure and stability and which is not
limited to speci®c folds or motifs. This work
reports the initial computational and experimental
results of combining our core, surface, and bound-
ary methodologies for the design of a small protein
motif.

In selecting a motif to test the integration of our
design methodologies, we sought a protein fold

Abbreviations used: DEE, Dead-End Elimination;
CD, circular dichroism; PDB, Protein Data Bank;
TOCSY, total correlation spectroscopy; NOESY, nuclear
Overhauser enhancement spectroscopy; NOE, nuclear
Overhauser enhancement; DQF-COSY, double quantum-
®ltered correlation spectroscopy; COSY, correlation
spectroscopy; FMOC, 9-¯uorenylmethoxycarbonyl;
TFA, tri¯uoroacetic acid.
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that would be small enough to be both computa-
tionally and experimentally tractable, yet large
enough to form an independently folded structure
in the absence of disul®de bonds or metal binding
sites. We chose the bba motif typi®ed by the zinc
®nger DNA binding module (Pavletich & Pabo,
1991). Though it consists of less than 30 residues,
this motif contains sheet, helix, and turn structures.
Further, recent work by Imperiali and co-workers
who designed a 23 residue peptide, containing an
unusual amino acid (D-proline) and a non-natural
amino acid (3-(1,10-phenanthrol-2-yl)-L-alanine),
that takes this structure has demonstrated the abil-
ity of this fold to form in the absence of metal ions
(Struthers et al., 1996a).

Our design methodology consists of an auto-
mated side-chain selection algorithm that explicitly
and quantitatively considers speci®c side-chain to
backbone and side-chain to side-chain interactions
(Dahiyat & Mayo, 1996). The side-chain selection
algorithm screens all possible sequences and ®nds
the optimal sequence of amino acid types and side-
chain orientations for a given backbone. In order to
correctly account for the torsional ¯exibility of side-
chains and the geometric speci®city of side-chain
placement, we consider a discrete set of all allowed
conformers of each side-chain, called rotamers
(Ponder & Richards, 1987). The immense search
problem presented by rotamer sequence optimiz-
ation is overcome by application of the Dead-End
Elimination (DEE) theorem (Desmet et al., 1992;
Goldstein 1994; De Maeyer et al., 1997). Our
implementation of the DEE theorem extends its uti-
lity to sequence design and rapidly ®nds the glob-
ally optimal sequence in its optimal conformation.

In previous work we determined the different
contributions of core, surface, and boundary resi-
dues to the scoring of a sequence arrangement. The
core of a coiled coil and of the streptococcal protein
G b1 domain were successfully redesigned using a
van der Waals potential to account for steric con-
straints and an atomic solvation potential favoring
the burial and penalizing the exposure of non-
polar surface area (Dahiyat & Mayo, 1996, 1997b).
Effective solvation parameters and the appropriate
balance between packing and solvation terms were
found by systematic analysis of experimental data
and feedback into the simulation. Solvent exposed
residues on the surface of a protein are designed
using a hydrogen-bond potential and secondary
structure propensities in addition to a van der
Waals potential (Dahiyat & Mayo, 1997a). Coiled
coils designed with such a scoring function were
10 to 12�C more thermally stable than the naturally
occurring analog. Residues that form the boundary
between the core and surface require a combi-
nation of the core and the surface scoring func-
tions. The algorithm considers both hydrophobic
and hydrophilic amino acids at boundary pos-
itions, while core positions are restricted to hydro-
phobic amino acids and surface positions are
restricted to hydrophilic amino acids. We use these
scoring functions without modi®cation here in

order to provide a rigorous test of the generality of
our current algorithm.

Sequence design

The sequence selection algorithm requires struc-
ture coordinates that de®ne the target motif's back-
bone. The Brookhaven Protein Data Bank (PDB)
(Bernstein et al., 1977) was examined for high resol-
ution structures of the bba motif, and the second
zinc ®nger module of the DNA binding protein
Zif268 (PDB code 1zaa) was selected as our design
template (Pavletich & Pabo, 1991). The backbone of
the second module aligns very closely with the
other two zinc ®ngers in Zif268 and with zinc ®n-
gers in other proteins and is therefore representa-
tive of this fold class. 28 residues were taken from
the crystal structure starting at lysine 33 in the
numbering of PDB entry 1zaa which corresponds
to our position 1. The ®rst 12 residues comprise
the b sheet with a tight turn at the sixth and
seventh positions. Two residues connect the sheet
to the helix, which extends through position 26
and is capped by the last two residues.

In order to assign the residue positions in the
template structure into core, surface or boundary
classes, the extent of side-chain burial in Zif268
and the direction of the Ca-Cb vectors were exam-
ined. The small size of this motif limits to one (pos-
ition 5) the number of residues that can be
assigned unambiguously to the core while six resi-
dues (positions 3, 12, 18, 21, 22, and 25) were
classi®ed as boundary. Three of these residues are
from the sheet (positions 3, 5, and 12) and four are
from the helix (positions 18, 21, 22, and 25). One of
the zinc binding residues of Zif268 is in the core
and two are in the boundary, but the fourth, pos-
ition 8, has a Ca-Cb vector directed away from the
protein's geometric center and is therefore classi-
®ed as a surface position. The other surface pos-
itions considered by the design algorithm are 4, 9,
and 11 from the sheet, 15, 16, 17, 19, 20, and 23
from the helix and 14, 27, and 28 which cap the
helix ends. The remaining exposed positions,
which either were in turns, had irregular backbone
dihedrals or were partially buried, were not
included in the sequence selection for this initial
study. As in our previous studies, the amino acids
considered at the core positions during sequence
selection were A, V, L, I, F, Y, and W; the amino
acids considered at the surface positions were A, S,
T, H, D, N, E, Q, K, and R; and the combined core
and surface amino acid sets (16 amino acids) were
considered at the boundary positions. The scoring
functions used were identical to our previous work
(Figure 1 legend).

In total, 20 out of 28 positions of the template
were optimized during sequence selection. The
algorithm ®rst selects Gly for all positions with f
angles greater than 0� in order to minimize back-
bone strain (residues 9 and 27). The 18 remaining
residues were split into two sets and optimized
separately to speed the calculation. One set con-
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tained the one core, the six boundary positions and
position 8 which resulted in 1.2 � 109 possible
amino acid sequences corresponding to 4.3 � 1019

rotamer sequences. The other set contained the
remaining ten surface residues which had 1010

possible amino acid sequences and 4.1 � 1023 rota-
mer sequences. The two groups do not interact
strongly with each other making their sequence
optimizations mutually independent, though there
are strong interactions within each group. Each
optimization was carried out with the non-opti-
mized positions in the template set to the crystallo-
graphic coordinates.

The optimal sequences found from the two cal-
culations were combined and are shown in Figure 1
aligned with the sequence from the second zinc ®n-
ger of Zif268. Even though all of the hydrophilic
amino acids were considered at each of the bound-
ary positions, only non-polar amino acids were
selected. The calculated seven core and boundary
positions form a well-packed buried cluster. The
Phe side-chains selected by the algorithm at the
zinc binding His positions, 21 and 25, are 80% bur-
ied and the Ala at 5 is 100% buried while the Lys
at 8 is greater than 60% exposed to solvent
(Figure 2). The other boundary positions demon-

strate the strong steric constraints on buried resi-
dues by packing similar side-chains in an
arrangement similar to Zif268 (Figure 2). The calcu-
lated optimal con®guration buried �830 AÊ 2 of non-
polar surface area, with Phe12 (96% buried) and
Leu18 (88% buried) anchoring the cluster. On the
helix surface, the algorithm positions Asn14 as a
helix N-cap with a hydrogen bond between its
side-chain carbonyl oxygen and the backbone
amide proton of residue 16. The six charged resi-
dues on the helix form three pairs of hydrogen
bonds, though in our coiled coil designs helical
surface hydrogen bonds appeared to be less
important than the overall helix propensity of the
sequence. Positions 4 and 11 on the exposed sheet
surface were selected to be Thr, one of the best
b-sheet forming residues (Kim & Berg, 1993; Minor
& Kim, 1994; Smith et al., 1994).

Combining the 20 designed positions with the
Zif268 amino acids at the remaining eight sites
results in a peptide with overall 39% (11/28) hom-
ology to Zif268, which reduces to 15% (3/20) hom-
ology when only the designed positions are
considered. A BLAST (Altschul et al., 1990) search
of the non-redundant protein sequence database of
the National Center for Biotechnology Information

Figure 1. Sequence of pda8d aligned with the second zinc ®nger of Zif268. The boxed positions were designed using
the sequence selection algorithm. The coordinates of PDB record 1zaa (Pavletich & Pabo, 1991) from residues 33 to 60
were used as the structure template. In our numbering, position 1 corresponds to 1zaa position 33. The program BIO-
GRAF (Molecular Simulations Incorporated, San Diego, CA) was used to generate explicit hydrogen atoms on the
structure which was then conjugate gradient minimized for 50 steps using the Dreiding force ®eld (Mayo et al., 1990).
As in our previous work (Dahiyat & Mayo, 1997a), a backbone-dependent rotamer library was used (Dunbrack &
Karplus, 1993). w1 and w2 angle values of rotamers for all aromatic amino acids, and w1 angle values for all other
hydrophobic amino acids were expanded �1 standard deviation about the mean value reported in the Dunbrack and
Karplus library. w3 angles that were undetermined from the database statistics were assigned the following values:
Arg, ÿ60�, 60�, and 180�; Gln, ÿ120�, -60�, 0�, 60�, 120�, and 180�; Glu, 0�, 60�, and 120�; Lys, ÿ60�, 60�, and 180�. w4

angles that were undetermined from the database statistics were assigned the following values: Arg, ÿ120�, ÿ60�,
60�, 120�, and 180�; Lys, ÿ60�, 60�, and 180�. Rotamers with combinations of w3 and w4 that resulted in
sequential g�/gÿ or gÿ/g� angles were eliminated. All rotamers contained explicit hydrogen atoms and were built
with bond lengths and angles from the Dreiding force ®eld. All His rotamers were protonated on both Nd and Ne.
A Lennard-Jones 12-6 potential with van der Waals radii scaled by 0.9 (Dahiyat & Mayo, 1997b) was used for
van der Waals interactions for all residues. An atomic solvation parameter of 23 cal/mol/AÊ 2 was used to favor
hydrophobic burial and to penalize solvent exposure for core and boundary residues (Dahiyat & Mayo, 1996, 1997b).
To calculate side-chain non-polar exposure in our optimization framework, we ®rst consider the total hydrophobic
area exposed by a rotamer in isolation. This exposure is decreased by the area buried in rotamer/template contacts,
and the sum of the areas buried in rotamer/rotamer contacts, quantities that are calculated as pairwise interactions
between rotamers as required for DEE. The remaining exposed area is then converted to a penalty energy using a sol-
vation parameter with the same magnitude as for hydrophobic burial but with opposite sign. The Richards de®nition
of solvent-accessible surface area (Lee & Richards, 1971) was used and areas were calculated with the Connolly algor-
ithm (Connolly, 1983). All residues with hydrogen bond donor or acceptors used a hydrogen bond potential based
on the potential used in Dreiding but with more restrictive angle-dependent terms to limit the occurrence of unfavor-
able hydrogen bond geometries (Dahiyat & Mayo, 1997a). A secondary structure propensity potential was used for
surface b sheet positions (residues 4 and 11) (Dahiyat & Mayo, 1997a). Propensity values from Serrano and co-
workers were used (Munoz & Serrano, 1994). Sequence optimization was performed with a modi®ed version of DEE
(Dahiyat & Mayo, 1996). The set consisting of positions 3, 5, 8, 12, 18, 21, 22, and 25 contained 1.2 � 109 possible
amino acid sequences and 4.3 � 1019 rotamer sequences. The set consisting of positions 4, 11, 14, 15, 16, 17, 19, 20, 23,
and 28 contained 1010 possible amino acid sequences and 4.1 � 1023 rotamer sequences. The energy calculations and
sequence optimizations took a total of 281 CPU minutes. All calculations were performed on a Silicon Graphics
Power Challenge server with 10 R10000 processors running in parallel.
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Figure 2. Comparison of Zif268
and calculated pda8d structures.
For clarity, only side-chains from
residues 3, 5, 8, 12, 18, 21, 22, and
25 are shown. a, Stereo diagram of
Zif268 showing its buried residues
and zinc binding site. b, Stereo dia-
gram of the calculated pda8d side-
chain orientations showing the
same residue positions as in a. Dia-
grams were made with MOLMOL
(Koradi et al., 1996).

Figure 3. CD measurements of pda8d. a, Far UV CD spectrum of pda8d. Protein concentration was 43 mM in 50 mM
sodium phosphate at pH 5.0. The spectrum was acquired at 1�C in a 1 mm cuvette and was baseline corrected with a
buffer blank. The spectrum is the average of three scans using a one second integration time and 1 nm increments.
All CD data were acquired on an Aviv 62DS spectrometer equipped with a thermoelectric temperature control unit.
b, Thermal unfolding of pda8d monitored by CD. Protein concentration was 115 mM in 50 mM sodium phosphate at
pH 5.0. Unfolding was monitored at 218 nm in a 1 mm cuvette using 2deg. increments with an averaging time of 40
seconds and an equilibration time of 120 seconds per increment. Reversibility was con®rmed by comparing 1�C CD
spectra from before and after heating to 99�C. Peptide concentrations were determined by UV spectrophotometry.
Pda8d was synthesized using standard solid phase FMOC chemistry on an Applied Biosystems 433A automated pep-
tide synthesizer. The peptide was cleaved from the resin with TFA and puri®ed by reversed phase high performance
liquid chromatography on a Vydac C8 column (25 cm � 10 mm) with a linear acetonitrile-water gradient containing
0.1% TFA. Peptide was lyophilized and stored at ÿ20�C. Matrix assisted laser desorption mass spectroscopy yielded
a molecular weight of 3363 daltons (3362.8 calculated).
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Figure 4. NMR spectra and solution structure of pda8d. a, TOCSY Ha-HN ®ngerprint region of pda8d. NMR data
were collected on a Varian Unityplus 600 MHz spectrometer equipped with a Nalorac inverse probe with a self-
shielded z-gradient. NMR samples were prepared in 90/10 H2O/2H2O or 99.9% 2H2O with 50 mM sodium phosphate
at pH 5.0. Sample pH was adjusted using a glass electrode with no correction for the effect of 2H2O on measured
pH. All spectra for assignments were collected at 7�C. Sample concentration was approximately 2 mM. NMR assign-
ments were based on standard homonuclear methods using DQF-COSY, NOESY and TOCSY spectra (Wuthrich,
1986). NOESY and TOCSY spectra were acquired with 2048 points in F2 and 512 increments in F1 and DQF-COSY
spectra were acquired with 4096 points in F2 and 1024 increments in F1. All spectra were acquired with a spectral
width of 7500 Hz and 32 transients. NOESY spectra were recorded with mixing times of 100 and 200 ms and TOCSY
spectra were recorded with an isotropic mixing time of 80 ms. In TOCSY and DQF-COSY spectra water suppression
was achieved by presaturation during a relaxation delay of 1.5 and 2.0 seconds, respectively. Water suppression in
the NOESY spectra was accomplished with the WATERGATE pulse sequence (Piotto et al., 1992). Chemical shifts
were referenced to the HO2H resonance. Spectra were zero-®lled in both F2 and F1 and apodized with a shifted gaus-
sian in F2 and a cosine bell in F1 (NOESY and TOCSY) or a 30� shifted sine bell in F2 and a shifted gaussian in F1

(DQF-COSY). Water-sLED experiments (Altieri et al., 1995) were run at 25 �C at 1.5 mM, 400 mM and 100 mM in 99.9%
2H2O with 50 mM sodium phosphate at pH 5.0. Axial gradient ®eld strength was varied from 3.26 to 53.1 G/cm and
a diffusion time of 50 ms was used. Spectra were processed with 2 Hz line broadening and integrals of the aromatic
and high ®eld aliphatic protons were calculated and ®t to an equation relating resonance amplitude to gradient
strength in order to extract diffusion coef®cients (Altieri et al., 1995). Diffusion coef®cients were 1.48 � 10ÿ7,
1.62 � 10ÿ7 and 1.73 � 10ÿ7 cm2/s at 1.5 mM, 400 mM and 100 mM, respectively. The diffusion coef®cient for the zinc
®nger monomer control was 1.72 � 10ÿ7 cm2/s and for protein G b1 was 1.49 � 10ÿ7 cm2/s. b, NMR assignments
summary and NOE connectivities of pda8d. Bars represent unambiguous connectivities and the bar thickness of the
sequential connections is indexed to the intensity of the resonance. c, Solution structure of pda8d. Stereoview show-
ing the best ®t superposition of the 32 converged simulated annealing structures from X-PLOR (BruÈ nger, 1992). The
backbone Ca trace is shown in blue. The amino terminus is at the lower left of the Figure and the carboxy terminus
is at the upper right of the ®gure. The structure consists of two antiparallel strands from positions 3 to 6 (back
strand) and 9 to 12 (front strand), with a hairpin turn at residues 7 and 8, followed by a helix from positions 15 to
26. The termini, residues 1, 2, 27, and 28, have very few NOE restraints and are disordered. NOEs were classi®ed
into three distance-bound ranges based on cross-peak intensity: strong (1.8 to 2.7 AÊ ), medium (1.8 to 3.3 AÊ ) and weak
(1.8 to 5.0 AÊ ). Upper bounds for restraints involving methyl protons were increased by 0.5 AÊ to account for the
increased intensity of methyl resonances. All partially overlapped NOEs were set to weak restraints. Standard hybrid
distance geometry-simulated annealing protocols were followed (Nilges et al., 1988, 1991; Kuszewski et al., 1992). 98
distance geometry structures were generated and, following regularization and re®nement, resulted in an ensemble
of 32 structures with no restraint violations greater than 0.3 AÊ , rms deviations from idealized bond lengths less than
0.01 AÊ and rms deviations from idealized bond angles and impropers less than 1�. Coordinates will be deposited
with the Brookhaven Protein Data Bank and are available from the authors on request until processed and released.
d, Comparison of pda8d solution structure and the design target. Stereoview of the best ®t superposition of the aver-
age NMR structure of pda8d (blue) and the backbone of Zif268 (red). Residues 3 to 26 were used in the ®t.
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®nds weak homology, less than 40%, to several
zinc ®nger proteins and fragments of other unre-
lated proteins. None of the alignments had signi®-
cance values less than 0.26. By objectively selecting
20 out of 28 residues on the Zif268 template, a pep-
tide with little homology to known proteins and
no zinc binding site was designed.

Experimental characterization

The far UV circular dichroism (CD) spectrum of
the designed molecule, pda8d, shows a maximum
at 195 nm and minima at 218 nm and 208 nm,
which is indicative of a folded structure (Figure 3a).
The thermal melt is weakly cooperative, with an
in¯ection point at 39�C, and is completely revers-
ible (Figure 3b). The broad melt is consistent with
a low enthalpy of folding which is expected for a
motif with a small hydrophobic core. This behavior
contrasts the uncooperative transitions observed
for other short peptides (Weiss & Keutmann, 1990;
Scholtz et al., 1991; Struthers et al., 1996b).

Sedimentation equilibrium studies at 100 mM
and both 7�C and 25�C give a molecular mass of
3490, in good agreement with the calculated mass
of 3362, indicating the peptide is monomeric. At
concentrations greater than 500 mM, however, the
data do not ®t well to an ideal single species
model. When the data were ®t to a monomer-
dimer-tetramer model, dissociation constants of 0.5
to 1.5 mM for monomer-to-dimer and greater than
4 mM for dimer-to-tetramer were found, though
the interaction was too weak to accurately measure
these values. Diffusion coef®cient measurements
using the water-sLED pulse sequence (Altieri et al.,

1995) agreed with the sedimentation results: at
100 mM pda8d has a diffusion coef®cient close to
that of a monomeric zinc ®nger control, while at
1.5 mM the diffusion coef®cient is similar to that of
protein G b1, a 56 residue protein. The CD spec-
trum of pda8d is concentration independent from
10 mM to 2.6 mM. NMR COSY spectra taken at
2.1 mM and 100 mM were almost identical with
®ve of the Ha-HN cross-peaks shifted no more
than 0.1 ppm and the rest of the cross-peaks
remaining unchanged. These data indicate that
pda8d undergoes a weak association at high con-
centration, but this association has essentially no
effect on the peptide's structure.

The NMR chemical shifts of pda8d are well dis-
persed, suggesting that the protein is folded and
well-ordered. The Ha-HN ®ngerprint region of the
TOCSY spectrum is well-resolved with no overlap-
ping resonances (Figure 4a) and all of the Ha and
HN resonances have been assigned. All unambigu-
ous sequential and medium-range NOEs are
shown in Figure 4b. Ha-HN and/or HN-HN NOEs
were found for all pairs of residues except R6-I7
and K16-E17, both of which have degenerate HN
chemical shifts, and P2-Y3 which have degenerate
Ha chemical shifts. An NOE is present, however,
from a P2 Hd to the Y3 HN analogous to sequential
HN-HN connections. Also, strong K1 Ha to P2 Hd

NOEs are present and allowed completion of the
resonance assignments (see Supplementary
Material).

The structure of pda8d was determined using
354 NOE restraints (12.6 restraints per residue) that
were non-redundant with covalent structure. An

Table 1. NMR structure determination of pda8d: distance restraints, structural statistics,
atomic root-mean-square (rms) deviations, and comparison to the design target.

Distance restraints
Intraresidue 148
Sequential 94
Short range (|i-j| � 2-5 residues) 78
Long range (|i-j| > 5 residues) 34
Total 354

Structural statistics
hSAi �SD

Rms deviation from distance restraints (AÊ ) 0.049 � .004
Rms deviation from idealized geometry (AÊ )
Bonds (AÊ ) 0.0051 � 0.0004
Angles (degrees) 0.76 � 0.04
Impropers (degrees) 0.56 � 0.04

Atomic rms deviations (AÊ )a

hSAi versus SA �SD
Backbone 0.55 �0.03
Backbone � non-polar side-chains 1.05 �0.06
Heavy atoms 1.25 �0.04

Atomic rms deviations between pda8d and the design target (AÊ )a

SA versus target
Backbone 1.04
Heavy atoms 2.15

hSAi are the 32 simulated annealing structures, SA is the average structure and SD is the standard devia-
tion. The design target is the backbone of Zif268.

a Atomic rms deviations are for residues 3 to 26, inclusive. The termini, residues 1, 2, 27, and 28, were
highly disordered and had very few non-sequential or non-intraresidue contacts.
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ensemble of 32 structures (Figure 4c) was obtained
using X-PLOR (BruÈ nger, 1992) with standard pro-
tocols for hybrid distance geometry-simulated
annealing. The structures in the ensemble had
good covalent geometry and no NOE restraint vio-
lations greater than 0.3 AÊ . As shown in Table 1, the
backbone was well de®ned with a root-mean-
square (rms) deviation from the mean of 0.55 AÊ

when the disordered termini (residues 1, 2, 27, and
28) were excluded. The rms deviation for the back-
bone (3 to 26) plus the buried side-chains (residues
3, 5, 7, 12, 18, 21, 22, and 25) was 1.05 AÊ .

The NMR solution structure of pda8d shows
that it folds into a bba motif with well-de®ned sec-
ondary structure elements and tertiary organiz-
ation which match the design target. A direct
comparison of the design template, the backbone
of the second zinc ®nger of Zif268, to the pda8d
solution structure highlights their similarity
(Figure 4d). Alignment of the pda8d backbone to
the design target is excellent, with an atomic rms
deviation of 1.04 AÊ (Table 1). Pda8d and the design
target correspond throughout their entire struc-
tures, including the turns connecting the secondary
structure elements.

In conclusion, the experimental characterization of
pda8d shows that it is folded and well-ordered with
a weakly cooperative thermal transition, and that its
structure is an excellent match to the design target.
To our knowledge, pda8d is the shortest sequence of
naturally occurring amino acids that folds to a
unique structure without metal binding, oligomeri-
zation or disul®de bond formation (McKnight et al.,
1996). The successful design of pda8d supports the
use of objective, quantitative sequence selection
algorithms for protein design. Also, this work is an
important step towards the goal of the successful
automated design of a complete protein sequence.
Though our algorithm requires a template backbone
as input, recent work indicates that it is not sensitive
to even fairly large perturbations in backbone geo-
metry (Su & Mayo, 1997). This robustness suggests
that the algorithm can be used to design sequences
for de novo backbones.
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