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The first fully automated design and experimental validation of a novel sequence for an 
entire protein is described. Acomputational design algorithm based on physical chemical 
potential functions and stereochemical constraints was used to screen a combinatorial 
library of 1.9 x l oz7  possible amino acid sequences for compatibility with the design 
target, a @@a protein motif based on the polypeptide backbone structure of a zinc finger 
domain. A BLAST search shows that the designed sequence, full sequence design 1 
(FSD-I), has very low identity to any known protein sequence. The solution structure of 
FSD-1 was solved by nuclear magnetic resonance spectroscopy and indicates that 
FSD-1 forms a compact well-ordered structure, which is in excellent agreement with the 
design target structure. This result demonstrates that computational methods can per- 
form the immense combinatorial search required for protein design, and it suggests that 
an unbiased and quantitative algorithm can be used in various structural contexts. 

3, . . 
~ g n ~ f ~ c a n t  advances have been made to- 

ward the design of stable, well-folded pro- 
teins with novel sequences (1 ). These efforts 
have generated insight into the factors that 
control protein folding and have suggested 
new approaches to biotechnology (2) .  In 
order to broaden the scope and power of 
protein design techniilues, several groups 
have developed and experimentally tested 
systematic quantitative methods for protein 
design directed toward developing general 
design algorithms (3, 4).  These techniques, 
which have been used to screen possible 
sequences for compatibility with the desired 
protein fold, have been focused mostly on 
the redesign of protein cores. 

W e  have sought to expand the range of 
computational protein design to residues of 
all parts of a protein: the buried core, the 
solvent-exposed surface, and the boundary 
between core and surface (4-6). Our goal is 
an unbiased, quantitative design algorith~n 
that is based on the physical properties that 
determine protein structure and stability and 
that is not limited to specific folds or motifs. 
Such a method should escape the lack of 
generality of design approaches based on sys- 
tem-specific heuristics or subjective consid- 
erations or both. We have developed our 
algorithm by combining theory, computa- 
tion, and experiment in a cycle that has 
improved our understanding of the physical 
chemistry governing protein design (4). We 
now report the successf~ll design by the algo- 

rithm of an original seauence for an entire 
protein and the experimental validation of 
the nrotein's structure. 

Sequence selection. Our design method- 
ology begins with a backbone fold and we 
attempt to select an amino acid sequence 
that will stabilize this target structure. The  

u 

method consists of an automated side-chain 
selection algorithm that explicitly and quan- 
titatively considers specific interactions be- 
tween (i) side chain and bacltbone and (ii) 
side chain and side chain (4).  The  side 
chain selection algorithm screens all possi- 
ble amino acid sequences and finds the op- 
timal sequence and side-chain orientations 
for a given bacltbone. In order to correctly 
account for the torsional flexibility of side 
chains and the geometric specificity of side- 
chain placement, we consider a discrete set 
of all allowed conformers of each side chain, 
called rotamers (7). The  sizable search prob- 
lem presented by rotamer sequence optimi- 
zation is overcome hy application of the 
dead-end elimination (DEE) theorem (8). 
Our implementation of the DEE theorem 
extends its utility to sequence design and 
rapidly finds the globally optimal sequence 
in its ootimal conformation 34). 

Previously we determined the different 
contributions of core, surface, and boundarv 
residues to the scoring of a sequence ar- 
rangement. The  sequence predictions of a 
scoring filnction, or a co~nbination of scor- 
ing functions, were experimentally tested in 
order to assess the accuracy of the algorithm 
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surface area (4,  6). Effective solvation pa- 
rameters and the appropriate balance be- 
tween ~ac l t ine  and solvation terms were 
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found by systematic analysis of experimental 
data and feedback into the simulation. Sol- 
vent-exposed residues on the surface of a 
protein were designed with the use of a 
hydrogen-bond potential and secondary 
structure propensities in addition to a van 
der Waals potential. Coiled coils designed 
with such a scoring function were 10" to 
12°C more thermally stable than the natu- 
rally occurring analog (5). Residues that 
form the boundarv between the core and 
surface require a combination of the core 
and the surface scoring functions. The algo- 
rithm considers both hydrophobic and hy- 
drophilic amino acids at boundary positions, 
whereas core positions are restricted to hy- 
drophobic amino acids and surface positions 
are restricted to hydrophilic amino acids. 

In order to assess the canabilitv of our 
design algorithm, we have computed the 
entire amino acid sequence for a small pro- 
tein motif. We sought a protein fold that 
would be small enough to be both comnuta- u 

tionally and experimentally tractable, yet 
large enough to form an independently fold- 
ed structure in the absence of disulfide bonds 
or metal binding. We chose the ppa motif 
typified by the zinc finger DNA binding 
 nodule (9). Although this motif consists of 
fewer than 30 residues, it does contain sheet, 
helix, and turn structures. The ability of this 
fold to form in the absence of metal ions or 
disulfide bonds has been demonstrated bv 
I~nperiali and co-workers, who designed a 
23-residue peptide, containing an unusual 
amino acid (D-proline) and a nonnatural 
amino acid [3-(l,l0-phenanthro1-2-yl)-~- 
alanine], which achieved this fold (10); our 
initial characterization of a partially comput- 
ed sequence indicated that it also forms this 
fold (1 1 ). In computing the full sequence for 
this target fold, we use the scoring f~lnctions 
from our previous work without modification 
(1 2).  The PPa motif was not used in any of 
our prior work to develop the design meth- 
odology and therefore provides a test of the 
algorithm's generality. 

The sequence selection algorithm requires 
structure coordinates that define the target 
motif's backbone (N,  Ca, C, and O atoms 
and Ca-CP vectors). The Brookhaven Pro- 
tein Data Bank (PDB) (1 3) was examined for 
high-resolution structures of the ppa motif, 
and the second zinc finger module of the 
DNA binding protein Zif268 was selected as 
our design template (9, 14). In order to assign 
the residue positions in the template structure 
into core, surface, or boundary classes, the 
orientation of the Ca-CP vectors was assessed 
relative to a solvent-accessible surface com- 
puted with only the template Ca atoms (15). 
The small size of this motif limits to one 
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(position 5) the number of residues that can 
be assigned unambiguously to the core, where- 
as seven residiles (positions 3, 7,  12, 18, 21, 
22, and 25) were classified as boundarv and 
tlie remaining 20 residues were assigned ;o the 
surface. Whereas three of the zinc bindine 
positions of Zif268 are in the boundary or 
core, one residue, position 8, has a Ca-CP 
vector directed away from the geometric cen- 
ter of the  rotei in and is classified as a surface 
position. As in our previous studies, the amino 
acids considered at the core positions during 
sequence selection were Ala, Val, Leu, Ile, 
Phe, Tyr, and Trp; the amino acids coilsidered 
at the surface positions were Ala, Ser, Thr, 
His, Asp, Asn, Glu, Gln, Lys, and Arg; and 
the combined core and surface amino acid sets 
116 amino acids) were collsidered at the 
bouildary positions. Two of the residue posi- 
tions (9 and 27) have + angles greater than O0 
and are set to Gly by the sequence selection 
algorithm to minimize backbone strain. 

The total number of amino acid sequenc- 
es that must be coilsidered by the design 
algorithm is the product of the number of 
possible amino acids at each residue posi- 
tion. The B B a  motif residue classification 

8 ,~ 
described above results in a virtual combi- 
ilatorial library of 1.9 x loz7 possible amino 
acid sequences (1 6). This library size is 15 
orders of lnaenitude lareer than that acces- " " 
sible by experimental random library ap- 
proaches. A corresponding peptide library 
consisting of only a single molecule for each 
28-residue seauence would have a mass of 
11.6 metric tons (1 7). In order to accurately 
model the geometric specificity of side- 
chain placement, we explicitly consider the 
torsioilal flexibilitv of amino acid side 
chains in our sequehce scoring by represent- 
ing each amino acid with a discrete set of 
allowed conformations, called rotamers 
(18). As a result, the design algorithm must 
coilsider all rotamers for each possible amino 
acid at each residue position. The total size 
of the search space for the PPa motif is 
therefore 1.1 X 106' possible rotamer se- 
quences. We use a search algorithm based 
on an exteilsion of the DEE theorem to 
solve the rotamer sequence optimization 
problem (4, 8) .  Efficient implementatioil of 
the DEE theorem has made comnlete nro- 
teiil sequence design tractable for about 50 
residues on current parallel computers in a 
single calculation. The rotamer optimization 
problem for the @Pa motif required 90 CPU 
hours to find the optimal sequence (19, 20). 

The optimal sequence (Fig. 1) is called 
f ~ ~ l l  sequence design (FSD-1). Even though 
all of the hvdronhilic amino acids were con- , A 

sidered at each of the boundary positions, 
the algorithm selected only nonpolar amino 
acids. The eight core and boundary positioils 
are predicted to form a well-packed buried 
cluster. The Phe side chains selected by the 

algorithm at positions 21 and 25, the zinc- 
binding His positions of Zif268, are more 
than 80 percent buried, and the Ala at 
position 5 is 100 percent buried but the Lys 
at position 8 is more than 60 percent ex- 
posed to solvent (Fig. 2).  The other bound- 
ary positions demonstrate the steric con- 
straints on buried residues by packing similar 
side chains in an arrangement similar to that 
of Zif268 (Fig. 2). The calculated optimal 
configuration fc;r core and bouildary residues 
buries -1150 AZ of nonpolar surface area. 
On the helix surface, the algorithm places 
Asn" with a hydrogen bond between its 
side-chain carbonyl oxygen and the back- 
hone alnide proton of residue 16. The eight 
charged residues on the helix form three 
pairs of hydrogen bonds, although in our 
coiled-coil designs, helical surface hydrogen 

bonds appeared to be less important than 
the overall helix propensity of the sequence 
(5). Positions 4 and 11 on the exposed sheet 
surface were selected by the program to be 
Thr, one of the best P-sheet forming resi- 
dues (21).  

Alignment of the sequences for FSD-1 
and Zif268 (Fig. 1) indicates that only 6 of 
the 28 residues (21 percent) are identical 
and only 11 (39 percent) are similar. Four of 
the identities are in the buried cluster, which 
is consistent with the expectation that bur- 
ied residues are more conserved than sol- 
vent-exposed residues for a given motif (22). 
A BLAST (23) search of the FSD-1 se- 
quence against the nonredundant protein 
sequence database of the National Center 
for Biotechilology Information did not re- 
veal any zinc finger protein sequences. Fur- 
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Fig. 1. Sequence of FSD-I algned with the second zinc finger of Zif268. The bar at the top of the figure 
shows the residue position classifications: the sold bar indicates the single core position, the hatched 
bars indicate the seven boundary positions and the open bars lndlcate the 20 surface positlons. The 
alignment matches positions of FSD-I to the corresponding backbone template positlons of Zif268. Of 
the six Identical positions (21 percent) between FSD-I and Zif268, four are burled (Ie7, Phe'', Leu", and 
lle2q. The zinc binding residues of Z1f268 are boxed. Representative nonoptima sequence solutions 
determined by means of a Monte Carlo simulated annealing protocol are shown with their rank. Veriical 
lines indicate identity wth FSD-1. The symbols at the bottom of the figure show the degree of sequence 
conservation for each residue position computed across the top 1000 sequences: fllled circles Indicate 
more than 99 percent conservation, half-illled circles lndlcate conservation between 90 and 99 percent, 
open circles indicate conservation between 50 and 90 percent, and the absence of a symbol indicates 
less than 50% conservation. The consensus sequence determined by choosing the amino acid wlth the 
highest occurrence at each posltlon 1s ident~ca to the sequence of FSD-I . Single-letter abbreviations for 
amino acid resldues asfolows: A,  Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H ,  His; I ,  Ie: K, Lys; L,  Leu; 
M,  Met; N,  Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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ther, the BLAST search found only low a match being a chance occurrence. Random 
identity matches of weak statistical signifi- 28-residue sequences that consist of amino 
cance to fragments of various unrelated pro- acids allowed in the PPa position classifica- 
teins. The highest identity matches were 10 tion described above produced similar 
residues (36 percent) with P values ranging BLAST search results, with 10- or 1 1-residue 
from 0.63 to 1.0, where P is the probability of identities (36 to 39 percent) and P values 

Fig. 2. Comparison of Zif268 (9) and computed FSD-1 structures. (A) Stereoview of the second zinc 
finger module of Zii268 showing its buried residues and zinc binding site. (B) Stereoview of the 
computed orientations of buried side chains in FSD-1. For clarity, only side chains from residues 3,5,8,  
12, 18, 21, 22, and 25 are shown. Color figures were created with MOLMOL (38). 

Table 1. NMR structure determination: distance restraints, structural statistics, and atomic root-mean- 
square (rrns) deviations. (SA) are the 41 simulated annealing structures, SA is the average structure 
before energy minimization, (SA), is the restrained energy minimized average structure, and SD is the 
standard deviation. 

Distance restraints 

lntraresidue 97 
Sequential 83 
Short range (li - jl = 2 to 5 residues) 59 
Long range (li - jl > 5 residues) 35 
Hydrogen bond 10 
Total 284 

Structural statistics 
rms deviations (SA) + SD 64, 

Distance restraints (A) 0.043 + 0.003 0.038 
Idealized geometry 

Bonds (A) 0.0041 + 0.0002 0.0037 
Angles (degrees) 0.67 + 0.02 0.65 
Impropers (degrees) 0.53 + 0.05 0.51 

Atomic rms deviations (i)' 
(SA) versus SA + SD (SA) versus (SA), + SD 

Backbone 0.54 -+ 0.15 0.69 + 0.16 
Backbone + nonpolar side chainst 0.99 + 0.17 1.16 + 0.18 
Heavy atoms 1.43 + 0.20 1.90 + 0.29 

*Atomic rms deviations are for residues 3 to 26, inclusive. Residues 1, 2, 27, and 28 were disordered 19, Jr, angular 
order parameters (34) < 0.781 and had only sequential and li - A  = 2 NOES. tNonpolar side chains are from 
residues TyP, Ala5, lle7, Phe12, Leuq8, Phsq, lls2, and Phs5, which constitute the core of the protein. 

ranging from 0.35 to 1.0, further suggesting 
that the matches for FSD-1 are statistically 
insignificant. The low identity with any 
known  rotei in seauence demonstrates the 
novelty of the FSD-1 sequence and under- 
scores that no seauence information from 
any protein motif was used in our sequence 
scorine function. - 

In order to examine the robusmess of the 
computed sequence, we used the sequence of 
FSD-1 as the starting point of a Monte Carlo 
simulated annealing run. The Monte Carlo 
search revealed high scoring, suboptimal se- 
quences in the neighborhood of the optimal 
solution (4). The energy spread from the 
ground-state solution to the 1000th most 
stable seauence is about 5 kcaYmo1. an indi- 
cation &t the density of states is high. The 
amino acids com~risine the core of the mol- 

A - 
ecule, with the exception of position 7, are 
essentially invariant (Fig. 1). Almost all of 
the sequence variation occurs at surface po- 
sitions, and typically involves conservative 
changes. Asn14, which is predicted to form a 
stabilizing hydrogen bond to the helix back- 

Wavelength (nm) 

-3500 

Fig. 3. Circular dichroism (CD) measurements of 
FSD-1. (A) Far-UV CD spectrum of FSD-1 at 1 "C. 
The minima at 220 and 207 nm indicate a folded 
structure. (B) Thermal unfolding of FSD-1 moni- 
tored by CD. The melting curve has an inflection 
point at 39°C. To illustrate the cooperativity of the 
thermal transition, the melting curve was fit to a 
two-state model [(39) and the derivative of the fit is 
shown (inset)]. The melting temperature deter- 
mined from this fit is 42°C. 
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bone, is among the most conserved surface 
positions. The strong sequence conserva- 
tion observed for critical areas of the 
molecule suggests that, if a representative 
sequence folds into the design target struc- 
ture, then many sequences whose varia- 
tions do not disrupt the critical interac- 
tions may be equally competent. Even if 
billions of sequences would successfully 
achieve the target fold, they would repre- 
sent only a very small proportion of the 

possible sequences. 
Experimental validation. FSD-1 was 

synthesized in order to allow us to charac- 
terize its structure and assess the per- 
formance of the design algorithm (24). 
The far-ultraviolet (UV) circular dichro- 
ism (CD) spectrum of FSD-1 shows mini- 
ma at 220 nm and 207 nm, which is 
indicative of a folded structure (Fig. 3A) 
(25). The thermal melt is weakly cooper- 
ative, with an inflection point at 39OC 
(Fig. 3B), and is completely reversible. 
The broad melt is consistent with a low 
en tha l~v  of folding which is ex~ected for a 
motif with a smallhydrophobic core. This 
behavior contrasts the uncooperative ther- 
mal unfolding transitions observed for 
other folded short peptides (26). FSD-1 is 
highly soluble (greater than 3 mM), and 
equilibrium sedimentation studies at 100 
FM, 500 FM, and 1 mM show the protein 
to be monomeric (27). The sedimentation 
data fit well to a single species, monomer 
model with a molecular mass of 3630 at 1 
mM, in good agreement with the cal- 
culated monomer mass of 3488. Also, far 
UV-CD spectra showed no concentra- 
tion dependence from 50 FM to 2 mM, 
and nuclear magnetic resonance (NMR) 
COSY spectra taken at 100 FM and 2 mM 
were essentially identical. 

The solution structure of FSD-1 was 
solved by means of homonuclear 2D 'H 

{ESErIKCH ARTICLE I 
NMR spectroscopy (28). NMR spectra were 
well dispersed, indicating an ordered protein 
structure and easing resonance assignments. 
Proton chemical shift assignments were de- 
termined with standard homonuclear meth- 
ods (29). Unambiguous sequential and short- 
range NOES (Fig. 4) indicate helical second- 
arv structure from residues 15 to 26 in amee- 

L, 

ment with the design target. Representative 
long-range NOES from the helix to Ile7 and 
Phe12 indicate a hydrophobic core consistent 
with the desired tertiary structure (Fig. 4B). 

The structure of FSD-1 was determined 
from 284 experimental restraints (10.1 re- 
straints per residue) that were nonredundant 
with covalent structure including 274 NOE 
distance restraints and 10 hydrogen bond 
restraints involving slowly exchanging 
amide protons (30). Structure calculations 
were performed with X-PLOR (3 1 ) with the 
use of standard ~rotocols for hvbrid distance 
geometry-simulated annealing (32). An en- 
semble of 41 structures converged with good 
covalent geometry and no distance restraint 

violations greater than 0.3 8, (Fig. 5 and 
Table 1). The backbone of FSD-1 is well 
defined with a root-mean-squye (rms) devi- 
ation from the mean of 0.54 A (residues 3 to 
26). Consideration of the buried side chains 
(Tyr3, Ala5, Ile7, Phe12, Leu", Phe21, Ile22, 
and Phe25) along with the backbone gives an 
rms deviation of 0.99 A, indicating that the 
core of the molecule is well ordered. The 
stereochemical quality of the ensemble of 
structures was examined with PROCHECK 
(33). Apart from the disordered termini and 
the glycine residues, 87 percent of the resi- 
dues fall in the most favored region and the 
remainder in the allowed region of +,+ 
space. Modest heterogeneity is evident in 
the first strand (residues 3 to 6), which has 
an average backbone angular order parame- 
ter, (S) (34), of 0.96 + 0.04 compared to the 
second strand (residues 9 to 12) with an (S) 
= 0.98 2 0.02 and the helix (residues 15 to 
26) with an (S) = 0.99 2 0.01. Overall, 
FSD-1 is notably well ordered and, to our 
knowledge, is the shortest sequence consist- 

Fig. 5. Solution structure of FSD-1. Stereoview showing the best-f~ superposition of the 41 converged 
simulated annealing structures from X-PLOR (31). The backbone Ca trace is shown in blue and the 
side-chain heavy atoms of the hydrophobic residues (Tyr3, Alas, lle7, Phe12, Leuq8, Phe21, lleZ2, and 
PheZs) are shown in magenta. The amino terminus is at the lower left of the figure and the carboxyl 
terminus is at the upper right of the figure. 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. 

5 10 15 20 25 
Q Q Y T A K I  K G R T F R N E K E L R D F I  E K F K G R  . 'I- I- 

Fig. 4. NOE contacts for FSD-1. (A) Sequential and short-range NOE con- tions, as is the hairpin turn at residues 7 and 8. (8) Representative NOE 
nectivities. The d denotes a contact between the indicated protons. All contacts from aromatic to methyl protons. Several long-range NOEsfrom lle7 
adjacent residues are connected by Ha-HN, HN-HN, or Hp-HN NOE cross- and Phe12 to the helix help define the fold of the protein. The starred peak has 
peaks. The helix (residues 15 to 26) is well defined by short-range connec- an ambiguous F1 assignment, lleZ2 Hdl or Leul8 Hd2. 
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Table 2. Comparison of the FSD-1 experimentally 
determined structure and the design target struc- 

Fig. 6. Comparison of the FSD-1 structure (blue) and the design target (red). Stereoview of the best-fit 
superposition of the restrained energy minimized average NMR structure of FSD-1 and the backbone of 
Zif268. Residues 3 to 26 are shown. 

ing entirely of naturally occurring amino 
acids that folds to a well-ordered structure 
without metal binding, oligomerization, or 
disulfide bond formation (35). 

The packing pattern of the hydrophobic 
core of the NMR structure ensemble of 
FSD-1 (Tyr3, Ile7, Phe12, Leu18, Phe2', Ilez2, 
and Phez5) is similar to the com~uted ~ a c k -  
ing arrangement. Five of the seven residues 
have X, angles in the same gauche+, gauche- 
or trans category as the design target, and 
three residues match both x1 and x2 angles. 
The two residues that do not match their 
computed X, angles are Ile7 and Phe2', 
which is consistent with their location at the 
less constrained open end of the molecule. 
Alas is not involved in its exvected exten- 
sive packing interactions and instead ex- 
Doses about 45 Dercent of its surface area 
because of the displacement of the strand 1 
backbone relative to the desien tem~late. 
Conversely, Lys8 behaves as prevdicted dy the 
algorithm with its solvent exposure (60 per- 
cent) and x1 and x2 angles matching the 
computed structure. Because there are few 
NOES involving solvent-exposed side 
chains, most of these side chains are disor- 
dered in the solution structure, a state that 
precludes examination of the predicted sur- 
face residue hydrogen bonds. However, 
Asn14 forms a hydrogen bond from its side 
chain carbonyl oxygen as predicted, but to 
the amide of Glu17, not Lys16 as expected 
from the design. This hydrogen bond is 
present in 95 percent of the structure ensem- 
ble and haso a donor-acceptor distance of 
2.6 +- 0.06 A. In general, the side chains of 
FSD-1 correspond well with the design algo- 
rithm predictions, but further refinement of 
the scoring function and rotamer library 
should improve sequence selection and side 
chain placement and improve the correla- 
tion between the predicted and observed 
structures. 

We compared the average restrained 
minimized structure of FSD-1 and the design 
target (Fig. 6). The overall backbone m 
deviation of FSD-1 from the design target is 
1.98 A for residues 3 to 26 and only 0.98 A 

for residues 8 to 26 (Table 2). The largest 
difference between FSD-1 and the target 
structure occurs from residyes 4 to 7, with a 
displacement of 3.0 to 3.5 A of the backbone 
atom positions of strand 1. The agreement 
for strand 2, the strand-to-helix turn, and the 
helix is remarkable, with the differences 
nearlv within the accuracv of the structure 
determination. For this region of the struc- 
tuie, the rms difference of +, IJJ angles be- 
tween FSD-1 and the design target is only 
14 ? 9". In order to quantitatively assess the 
similarity of FSD-1 to the global fold of the 
target, we calculated their supersecondary 
structure parameter values (Table 2) (36, 
37), which describe the relative orientations 
of secondary structure units in proteins. The 
values of 0, the inclination of the helix 
relative to the sheet. and R. the dihedral 
angle between the helix axis and the strand 
axes (see legend to Table 2), are nearly 
identical. The heigh: of the helix above the 
sheet, h, is only 1 A greater in FSD-1. A 
study of protein core design as a function of 
helix height for GP1 variants demonstrated 
that up to 1.5 A variation in helix height has 
little effect on sequence selection (37). The 
comparison of supersecondary structure pa- 
rameter values and backbone coordinates 
highlights the excellent agreement between 
the experimentally determined structure of 
FSD-1 and the design target, and demon- 
strates the success of our algorithm at com- 
puting a sequence for this PPa motif. 

The quality of the match between FSD-1 
and the design target demonstrates the abil- 
ity of our algorithm to design a sequence for 
a fold that contains the three major second- 
ary structure elements of proteins: sheet, he- 
lix, and turn. Since the PPa fold is different 
from those used to develop the sequence- 
selection methodology, the design of FSD-1 
represents a successful transfer of our algo- 
rithm to a new motif. Further tests of the 
~erformance of the algorithm on several dif- - 
ferent motifs are necessary, although its basis 
in physical chemistry and the absence of 
heuristics and subjective considerations 
should allow the algorithm to be used in 
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ture. The FSD-1 structure is the restrained energy 
minimized averaae from the NMR structure deter- 
mination. The design target structure is the sec- 
ond DNA binding module of the zinc finger Zit268 
(9) 

Atomic rms deviations fl) 
Backbone, residues 3 to 26 1.98 
Backbone, residues 8 to 26 0.98 

Super-secondary structure parameters' 
FSD-1 Design target 

h (4 9.9 8.9 
0 (degrees) 14.2 16.5 

(degrees) 13.1 13.5 

*h, 0, and are calculated as described (36,37), h is the 
distance between the centroid of the helix Ca coordi- 
nates (residues 15 to 26) and the least-squares plane fit 
to the Ca coordinates of the sheet (residues 3 to 12); 0 is 
the angle of inclination of the principal moment of the helix 
Ca atoms with the plane of the sheet; is the angle 
between the projection of the principal moment of the 
helix onto the sheet and the projection of the average 
least-squares fit line to the strand Ca coordinates (resi- 
dues 3 to 6 and 9 to 12) onto the sheet. 

many different structural contexts. Also, the 
generation of various kinds of backbone tem- 
plates for use as input to our fully automated 
sequence selection algorithm could enable 
the design of new protein folds. Recent re- 
sults indicate that the sequence selection 
algorithm is not sensitive to even fairly large 
perturbations in backbone geometry and 
should be robust enoueh to accommodate " 
computer-generated backbones (37). 

The key to using a quantitative method for 
the FSD-1 design, and for the continued de- 
velopment of the methodology, is the tight 
coupling of theory, computation, and experi- 
ment used to improve the accuracy of the 
physical chemical potential functions in our 
algorithm. When combined with these poten- 
tial functions, computational optimization 
methods such as DEE can rapidly find se- 
quences for structures too large for experimen- 
tal library screening or too complex for 
subjective approaches. Given that the FSD-1 
sequence was computed with only a 4-Giga- 
FLOPS computer (1 9), and that TeraFLOPS 
computers are now available with PetaFL.OPS 
computers on the drawing board, the prospect 
for pursuing even larger and more complex 
designs is excellent. 
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