
CECsoll) x 1001 wlth an equation approximating soil 
cation exchange capacity (so11 CEC), which gives 
TEE = (BS%/100) x {35 x OC% + [(Claph x 
CECclay)/100)]}, where OC% IS percent organlc 
carbon in the soil, Clap? 1s the percent clay content, 
and CECclay is the approximate catlon exchange 
capacity for the domlnant clay mineral (for example, 
kaolinite, allophane) or an average value of 40 meq 
per 100 g for mixed clay mineralogy Soil pH values 

are based on the average weighted value of mea- 
sured pH over the top 100 cm of 400 so11 profiles 
from the FA0 soil units. [AGLS So11 Resources 
Group, Sod Properfles and Quaht~es Estimation 
Based on Soil Groups by the Soil Map of the World 
(FAO, Rome, Italy, 1992)l. 

29 1 thank S. Buol, D DeAngelis, G. Marland, J. 
McBrayer, W Post, and D Richter for critical 
review of the manuscript F Nachtergaele of the 
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Protein Design by Binary Patterning 
of Polar and Nonpolar Amino Acids 

Satwik Kamtekar, Jarad M. Schiffer,* Huayu Xiong, 
Jennifer M. Babik, Michael H. Hechtl 

A general strategy is described for the de novo design of proteins. In this strategy the 
sequence locations of hydrophobic and hydrophilic residues were specified explicitly, but 
the precise identities of the side chains were not constrained and varied extensively. This 
strategy was tested by constructing a large collection of synthetic genes whose protein 
products were designed to fold into four-helix bundle proteins. Each gene encoded a 
different amino acid sequence, but all sequences shared the same pattern of polar and 
nonpolar residues. Characterization of the expressed proteins indicated that most of the 
designed sequences folded into compact a-helical structures. Thus, a simple binary code 
of polar and nonpolar residues arranged in the appropriate order can drive polypeptide 
chains to collapse into globular a-helical folds. 

T h e  essential features for the design of 
proteins are suggested by two familiar prop- 
erties of natural proteins. First, globular, 
water-soluble proteins invariably fold into 
structures that bury extensive hydrophobic 
surface area while simultaneously exposing 
polar side chains to solvent ( I ) .  Second, 
these structures typically contain an abun- 
dance of hydrogen bonded secondary struc- 
ture ( a  helices and P strands). 

The dual constraints of forming regular 
secondary structure while burying hydro- 
phobic side chains (and exposing hydro- 
philic ones) are met most directly by de- 
signing novel amino acid sequences capable 
of forming amphiphilic a helices, P strands, 
or both. For a segment of polypeptide chain 
to form an a helix or a P strand with one 
hydrophilic face and one hydrophobic face, 
the sequence must be designed with a peri- 
odicity of polar and nonpolar residues that 
matches the repeat for that type of second- 
ary structure. For example, for the design of 
a stable P sheet protein, the sequence must 
be composed predominantly of alternating 
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polar and nonpolar residues. Conversely, 
for an a-helical protein, the periodicity of 
polar and nonpolar residues must approxi- 
mate the 3.6-residue repeat that is charac- 
teristic of a helices. 

We describe a general strategy for pro- 
tein design that is based on the assumption 
that the ability of a sequence to form 
amphiphilic secondary structures may actu- 
ally suffice to drive a designed polypeptide 
chain to fold into a compact native-like 
structure. Our strategy is based on the 
premise that formation of stably folded 
structures does not require the explicit de- 
sign of specific interresidue contacts; the 
precise packing of the three-dimensional 
jigsaw puzzle need not be specified a priori. 
Only the sequence location, but not the 
identity, of the polar and nonpolar residues 
must be specified explicitly. 

We produced a collection of protein 
sequences that satisfy these criteria. This 
collection was generated by constructing a 
degenerate family of synthetic genes. Each 
gene encoded a different amino acid se- 
quence, but all sequences shared the same 
periodicity of polar and nonpolar residues. 
The sequence degeneracy in this family of 
genes was made possible by the organization 
of the genetic code: Wherever a nonpolar 
amino acid was required, the degenerate 
codon NTN was used (where N represents a 
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mixture of A, G, T,  and C). Wherever a 
polar amino acid was required, the degen- 
erate codon NAN was used. With these 
degenerate codons, positions requiring a 
nonpolar amino acid were filled by Phe, 
Leu, Ile, Met, or Val, whereas positions 
requiring a polar amino acid were filled by 
Glu, Asp, Lys, Asn, Gln, or His. 

Design criteria. To test our design strat- 
em, we focused on a structural motif that -. . 
was small and simple, yet large enough to 
form a globular structure with a well-de- 
fined hydrophobic core and an abundance 
of secondary structure. To simplify the de- 
sign and characterization of the novel pro- - 
teins, we chose a fold that was composed of 
only one type of secondary structure, a 
helices. Previous work on the design of 
peptides and proteins has indicated that 
helices are easier to design than P structures 
(2-5). This probably reflects both the great- 
er modularity of helical structures and the 
greater tendency of p structures to form 
insoluble aggregates. For these reasons we 
designed four-helix bundles. The four-helix - 
bundle is a common fold among natural 
proteins (6) and has also been the target 
structure in previous efforts directed toward 
the design of novel proteins ( 2 4 ) .  Two 
representations of an idealized four-helix 
bundle are shown in Fig. 1. 

To sample a large section of sequence 
space, we used degenerate nonpolar codons 
at each of the buried positions and degen- 
erate polar codons at each of the surface 
positidns in the a helices of our designed 
proteins. In the four helices shown in Fig. 
lB, there are 24 buried (hydrophobic) po- 
sitions and 32 surface (hydrophilic) posi- 
tions. Because each buried position can be 
occupied by one of five different nonpolar 
side chains (Phe, Leu, Ile, Met, or Val) and 
each surface position can be occupied by 
any one of six different polar side chains 
(Glu, Asp, Lys, Asn, Gln, or His), a total 
of 524 x 632 = 4.7 x 1041 different amino 
acid sequences are theoretically possible. 
Our design strategy is based on the premise 
that a substantial fraction of the sequences 
fitting this pattern will actually fold into 
proteins that are compact, stable, and 
a-helical. 

In our collection of sequences (Fig. 2) 
the interhelical turn sequences were not 
degenerate. It was necessary to define ex- 
plicitly some regions of our sequence in 
order to facilitate gene construction, and 
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we chose to confine the nonvariable regions 
to the interhelical turns. The precise se- 
quence of these interhelical regions proba- 
blv is not crucial in dictating the structure - 
of a four-helix bundle, as suggested in an 
earlier study demonstrating that virtually 
any sequence can be tolerated in an inter- 
helical turn of the natural four-helix bundle 
protein cytochrome b562 (7). Nonetheless, 
because our synthetic strategy required the 
interhelical regions to be fixed (not vari- 
able) sequences, we chose sequences that 
would be reasonable at these positions. For 
the positions at the amino and carboxyl 
ends of the a helices (the "N-cap" and 
"C-cap"), we used glycine because its flex- 
ibility might be advantageous, given that 
we could not predict the exact orientation 
of the helices relative to one another. Also, 
glycine is found frequently at these posi- 
tions in natural proteins (8). At the posi- 
tion after the C-cap (that is, at the begin- 
ning of the three-residue interhelical turn) 
we chose proline, because it is a strong 
helix breaker (9, 10) and is the most com- 
monly found residue at that position in 
natural proteins (8). The other two residues 
of the interhelical turn differ for the three 
turns. The first and third turns were Prols- 
A S ~ ' ~ - S ~ ~ * ~  and P r ~ ~ ~ - A r g ~ ~ - S e r ~ ' ,  respec- 
tively. These sequences were chosen to 
make the turns fairly polar and to allow for 
the possibility of a salt bridge between 
Asp19 of the first turn and Arg57 of the third 
turn. The sequence of the middle turn 
( P r ~ ~ ~ - S e r ' ~ - G l ~ ~ ~ )  was dictated by the 
placement of a restriction endonuclease site 
for Bgl I in the center of the gene. 

The length of the designed interhelical 
turns was also considered. By inserting 
three residues between the C-cap glycine of 
one helix and the N-cap glycine of the next 
helix, we designed sequences to favor the 
formation of interhelical turns and disfavor 
the formation of a single long amphiphilic 
helix. This feature of negative design causes 
the hydrophobic stripe of one helix to be 
offset relative to the hydrophobic stripe of 
the preceding helix (2, 11). Consequently, 
if the interhelical sequences failed to form 
turns, then the resulting helix would be 
very long, but would no longer be capable 
of forming an amphiphilic structure with 
continuous ~o l a r  and non~olar faces. 

Construction of a degenerate library of 
designed sequences. A degenerate library 
of genes was constructed so that all mem- 
bers of the library encoded protein se- 
quences that fit the generic pattern (Figs. 1 
and 2), yet each particular member of the 
librarv encoded a different amino acid se- 
quence. The proposed interhelical turns 
were encoded by constant sequences. How- 
ever, the polar and nonpolar residues of the 
a helices were encoded by the degenerate 
codons NAN and NTN, respectively. 

Helix 4 Helix 3 

Helix 1 Helix 2 

Fig. 1. (A) Ribbon diagram (43) showing the periodicity of polar (red) and nonpolar (yellow) 
residues in a four-helix bundle. (B) Head-on representation of a four-helix bundle. Individual helices 
are shown in the helix wheel representation with a repeat of 3.6 residues per turn (44). The binary 
pattern of the design is illustrated by showing generic polar residues as white circles and generic 
nonpolar residues as black circles (39). The identities of the N-cap and C-cap residues at the ends 
of each helix are shown explicitly. The interhelical turns are represented by arrows. 

The degenerate library of genes was con- 
structed by assembling four synthetic oligo- 
nucleotides (Fig. 3). Each of these oligonu- 
cleotides was designed to encode a segment 
of protein comprising a single helix and 
adjacent turn regions. The oligonucleotides 
were synthesized with a mixture of bases at 
each of the N positions. However, the 
interhelical regions were not degenerate 
and thus could be annealed together to 

serve as priming sites for the enzymatic 
synthesis of complementary strands (Fig. 
3). These procedures were done twice: once 
to construct a restriction fragment encoding 
the first two helices (and adjoining turns) 
and once to construct a fragment encoding 
the last two helices (and adjoining turns). 
The double-stranded DNA was cut with Bal " 
I. This restriction enzyme was chosen be- 
cause it generates nonpalindromic "sticky 

0 Helix 1 Helix 2 Helix 3 Helix 4 0 
------a B 

ILZX. . . . . -. . . . . W m m m I ~ .  
m. .... IImIx s.. . . .--. 

a.. . . .v. 
r s . . .  . .D?auammm#D. 
5 . .  . . .*rrTrwgnOltnr. 

Fig. 2. De novo sequences that have been expressed as soluble and protease-resistant proteins. 
Within the a helices, the polar and nonpolar residues are shown in blue and red, respectively (13). 
Nondegenerate residues are shown in black. Each sequence is identified by a letter or number 
shown on the right. Single-letter abbreviations for the amino acid residues are: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; 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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ends" that can be ligated together in a 
specific head to tail fashion to generate a 
gene encoding the entire four-helix bundle. 
Because the sequence of the full-length gene 
reflects the semi-random sequences of the 
original oligonucleotides, this overall proce- 
dure gives rise to a highly degenerate library 
of synthetic genes. However, because the 
precise locations of NAN and NTN codons 
were controlled, all of the DNA sequences 
in this library were consistent with the ge- 
neric pattern (Figs. l and 2). 

In the design of our library of synthetic 
genes we incorporated several features to 
control the degeneracy of the library. For 
the NAN (polar) triplets the first and third 
bases consisted of equimolar mixtures of G, 
C ,  and A (12). Thymine was not included 
in the mixture because its presence in the 
first position would give rise to the stop 
codons TAA or TAG. By also omitting T 
in the third position, our collection of 
sequences was biased to favor some amino 
acids over others. In particular, glutamine 
would occur more freauentlv than histi- 
dine, lysine more than asparagine, and 
glutamic acid more than aspartic acid (13). 
These biases are found in the sequences of 
natural proteins (14, 15) and particularly in 
the sequences of a-helical proteins (9); 
therefore we also constrained the degener- 
acy in our library of genes. 

For the NTN (nonpolar) triplets, the 
first base comprised a mixture containing an 
A:T:C:G molar ratio of 3:3:3: 1 (12). The . , 

third base mixture contained equimolar 
concentrations of G and C. These mixtures 
were biased in this way because it was 
necessary to generate a more balanced mix- 
ture of amino acids than would be encoded 
by NTN codons having equimolar mixtures 
of all four bases at each of the N ~ositions. 
For example, equimolar mixtures at each of 
the N positions would encode six times as 
many leucines as methionines. (There are 
six leucine codons and only one methio- 
nine codon.) However, by biasing the mix- 
tures as we did, leucine is represented only 
three times as frequently as methionine 
(1 3). Another example concerns valine. 
There are four codons for valine. Thus, 
NTN codons having equimolar mixtures of 
all four bases at the N positions would 
encode vrotein seauences in which a auarter 
of the risidues in their hydrophobic inieriors 
would be valine. This was undesirable be- 
cause valine is known to be a strong helix 
breaker (9, 10, 16). Therefore we limited 
the sequence degeneracy so that only 10 
percent of the hydrophobic core would be 
composed of valine side chains. By including 
only C and G (rather than all four bases) in 
the third position, we have biased the library 
to favor codons used by Escherichia coli to 
express its most abundant proteins (1 7). 

After assembly of the full-length DNA 

(Fig. 3). the degenerate library of genes was 
cloned into the T7 expression vector pRB- 
12.65 (18) and 108 independent clones 
were chosen for further study. The DNA 
sequences of these synthetic genes were 
determined, and the sequence data revealed 
that 48 of the 108 clones contained correct 
sequences consistent with the designed pat- 
tern. The overall amino acid composition 
observed for these 48 seauences differed 
only slightly from the expected composition 
(13). The remaining 60 clones contained 
insertions, deletions, or aberrant ligations 
and were discarded. The 48 clones harbor- 
ing sequences that fit the correct pattern 

were then assayed for their ability to express 
novel proteins. 

Expression of stably folded proteins. 
Because each of our synthetic genes has a 
different DNA sequence (1 9), each clone 
has the potential to express a different pro- 
tein sequence. However, cloning a designed 
DNA sequence does not ensure expression 
of a protein that is compact, soluble, and 
resistant to intracellular Droteases. Overex- 
pression of many natural proteins has been 
hindered by difficulties with folding, stabili- 
ty, or solubility (20). In attempting to ex- 
press a de novo designed sequence, three 
possible outcomes must be considered: 

Fig. 3. Construction of a de- 5° H ~ I I X  1 3-  
-b 

5 -  Helix 3 3. 
1 1 1 1 1  

-b generate library of genes , - - - , - - - l l l l l  
designed to encode four- 3' ~ 0 1 1 x 2  5 '  3' H ~ I I X ~  5 '  
helix bundle proteins. Four I I 
deoxyoligonucleotides were I - Synthesize complementary strands 
synthesized by solid-phase - Cut with Bgl I 
phosphoramidite chemistry 
(45). The sequences of the 

ne11x 1 Helix 2 semirandom oligonucleo- 5 '  

I 
5 ,  Helix 3 H ~ I I X  4 3, 

3' 
tides are: Hel-1 ,5' ACG.CTC.- 3, Bgl I Bgl ! 5 '  3 
CCC.ATG.GGC.XAX.JTZ.- 

5' 

XAX.XAX.JTZ.JTZ.XAX.- I - Ligate to create four-helix gene 
JTZ.XAX.XAX.JTZ.JTZ.XAX.- - Cut with Nco I and Barn HI 

GGT.CCA.GAC.TCT.GGT. - Ligate into pRB12.65 
3'; Hel-2, 5' CAG.TTG.CGC.- 
GCC.TCT.CGG.GCC.YTY.- nellx 1 H ~ I I X  2 H ~ I I X  3 nellx 4 

ZAK.ZAK.YTY.YTY.ZAK.- :Co1 -- Barn HI 

TGT.CAG.GGC.CCG.AGC.- 
GGC.GGC.XAX.JTZ.XAX.- 
XAX.JTZ.JTZ.XAX.JTZ.- 
XAX.XAX.JTZ.JTZ.XAX.- 
GGT.CCT.CGT.AGC.GGT. 
3'; and Hel-4, 5' G C . A G A . C G G . A T C . C T A . A C G , ~ . Z A K . Z A K . ~ . ~ . Z A K . ~ m ~ . Z A K . Z A K , -  
m.YlY.ZAK.m.ACC.GCT.ACG.AGG.ACC. 3'. The mixture of T, C, G, and A used at J 
positions was 3:3:1:3; at K positions it was 3.1 ::3:3; at X positions the mixture of C, G, and A was 
1 :1 : l ;  at Y positions the mixture of T, C, and G was 1 :1:1; at Z positions the mixture of C and G 
was 1:l. Oligonucleotides were purified by denaturing PAGE. Subsequently, Hel-1 and Hel-2 
were annealed together and their complementary strands were synthesized by Klenow DNA 
polymerase as shown above. This procedure generated double-stranded DNA coding for helices 
1 and 2, which was then cut with Bgl I. An identical set of operations was performed on Hel-3 and 
Hel-4. Because Bgl I generates nonpalindromic overhangs, ligation produced only head to tail 
products (that is, full-length genes containing Hel-1 and Hel-2 ligated to Hel-3 and Hel-4 in the 
proper orientation). The full-length genes were subsequently cut with Nco I and Bam HI and 
ligated into linearized plasmid pRB12.65 (18). The genes were then transformed into E. colistrain 
X90lDE3. 

Fig. 4 (left). Coomass~e- F u z 10 15 60 NS SZ F 86 SZ 
stalned gel of the soluble 
fractlon of cells expressing 

SIX different protelns (pro- 
teins F, U, Z, 10, 15, and 
60) The h~ghly expressed - -29 
novel prote~ns are marked .- . , - .7 .. ,-12 , -1 2 
wlth an arrow on tne left + -- - CI 
slde of the flgure Lane 7, a 
control In whlch a mutatlon 
generates a nonsense (NS) at the thlrd codon, lane 8, slze markers (SZ). cytochrome c (12 kD), 
carbonlc anhydrase (29 kD), and bovlne serum albumln (66 kD) Soluble fractions were prepared 
as described (25) Fig. 5 (right). Sliver-stalned gel of the purlfled protelns B, F and 86 Slze 
markers are as In F I ~  4 
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1) No expression is observed. If the 
designed sequence does not fold into a 
stable compact structure then it will be 
proteolyzed in vivo and will fail to accumu- 
late in the cell (21). It is also possible that 
some proteins fail to be expressed because 
transcription or translation rates are dimin- 
ished by particular RNA structures or 
codon usage patterns. 

2) Expression is observed, but the pro- 
tein forms insoluble inclusion bodies. Insol- 
uble aggregates of misfolded chains are fre- 
quently observed when natural proteins are 
expressed in large amounts (20, 22). Al- 

though the polypeptide chains sequestered 
in inclusion bodies are resistant to intracel- 
lular proteolysis, no conclusions can be 
drawn about their folded structures. 

3) Expression of soluble protein is ob- 
served. The accumulation of a soluble protein 
requires that it escape degradation by cellular 
proteases. The ability of a soluble protein to 
resist proteolysis is far greater if it folds into a 
compact and stable structure than if it exists as 
an unfolded polypeptide chain (2 1). Thus the 
ability of a novel protein to withstand prote- 
olysis in vivo is evidence for the formation of 
a stable compact structure. 

0.0 --7-7-J , 
0.0 

\ I  
10.0 20.0 30.0 30- 40.0 p - 

Elution time (min) .% - = 
-, $ 20- 

Fig. 6 (left). Size-exclusion chromatography " 
demonstrating that protein F is compact and i t 10. 

8 E monomeric. Absorbance at 230 nm is shown as 
a function of elution time. The column was cali- o - 
brated using globular proteins whose molecular 
masses are known from their amino acid se- -10- 
quences. These proteins, their masses, and the 
observed elution times are: bovine serum albu- -20 

min (66 kD, 24.39 min), carbonic anhydrase (29 
kD, 27.62 min), and cytochrome b562 (12.3 kD, -30 

28.61 rnin). The novel 74-amino acid protein 
elutes at 29.22 min. This is later than cytochrome 190 200 210 220 230 240 250 
b562, which is a natural four-helix bundle of 106 
amino acids. Thus protein F has an apparent Wavelength (nrn) 

molecular mass that is smaller than cytochrome b562. Proteins were chromatographed on a Superose 
12 gel filtration column (Pharmacia). Fig. 7 (right). The CD spectra of proteins B, F, and 86. 
Spectra were recorded at 20°C in 10 mM NaPO, (pH 7.5), 50 mM NaF. Protein concentrations were 
23, 15, and 16 kM, respectively, as determined by quantitative amino acid analysis (28). Spectra 
were recorded on an Aviv Circular Dichroism Spectrometer model 62 DS with a 1-mm path length 
cuvette. Readings were taken every 0.2 nm and averaged over a period of 2 seconds. 

Fig. 8. Urea denaturation curves of 
proteins 6 (triangles) and F 
(squares). Ellipticity at 222 nm was 
monitored as a function of urea 
concentration with a I-cm path 0.8 
length cuvette in an Aviv Circular 
Dichroism Spectrometer model 62 
DS. Spectra were recorded at 20°C 2 0.6 
in 50 mM NaPO, (pH 7.5), 100 mM S 
NaCI. To calculate the fraction fold- .z 
ed, upper and lower baselines ij 0.4 
were determined and the formula f { 
= (ub - s)/(ub - Ib) was used 
where f is the fraction folded, ub is 0.2 

the value of the upper baseline, Ib 
is the value of the lower baseline, 

0 
and s is, the measured ellipticity. 
The AG and midpoint values were 
determined, as shown in the inset, 0 1 2 3 4 5 6 7 8  
by plotting -RTlnKas afunction of Urea (M) 
urea concentration and fitting a 
least squares line after discarding outlying points. The value of Kis defined as (ub - s)/(s - Ib). The 
solid curves shown in the main figure were obtained with these AG and midpoint values. 

We tested all 48 of the correct sequences 
for expression of novel proteins. Expression 
was monitored by means of SDS-polyacryl- 
amide gel electrophoresis (PAGE) to assay 
for a new band of -8 kD in either the 
soluble or the insoluble fraction of the cells. 
Overall. we found that 29 of the 48 se- 
quences (60 percent) expressed protein that 
was both soluble and resistant to intracel- 
lular degradation. Soluble proteins from six 
of these clones are shown in Fig. 4. 

The ability of these designed amino acid 
sequences to resist proteolytic degradation 
suggests that they fold into stable globular 
structures. Although protease resistance is a 
crude assav for structure. it is nevertheless 
demanding. For many natural proteins the 
abilitv of a structure to resist oroteolvtic 
degradation can be completely uLdermined 
by single amino acid substitutions that de- 
stabilize the native structure (21). The 
thermal stability of the native structure is a 
key determinant of the proteolytic suscep- 
tibility of a protein both in vivo and in vitro 
(2 1. 23). Thus the accumulation of soluble ~, , 

protein that resists proteolytic degradation 
provides initial evidence that most of our 
semirandom sequences (29 out of 48) adopt 
three-dimensional structures that are both 
compact and stable. 

Purification and characterization of the 
designed proteins. Three of our designed 
proteins (denoted B, F, and 86) were puri- 
fied and assayed for their abilities to form 
stable a-helical structures (24). Protein was 
overexpressed in the T7 expression system 
(25). The protein of interest was separated 
from bulk cellular contaminants by a freeze- 
thaw protocol (7, 26). Proteins were then 
purified by standard procedures, including 
acid precipitation and cation-exchange 
chromatography (27). Because the proteins 
isolated from the freeze-thaw orocedure were 
both abundant and relatively free of contam- 
inants, the final purifications were straight- 
forward and the designed proteins were pu- 
rified to the point where they could be seen 
as single bands on a silver-stained SDS- 
PAGE gel (Fig. 5). The purified proteins 
were subjected to amino acid analysis and 
mass spectrometry and determined to be 
covalently intact and not proteolyzed (28). 

The size and oligomeric state of the 
purified proteins were determined by size 
exclusion chromatography. Several natural 
proteins, known to form compact globular 
structures were used as calibration stan- 
dards. Protein F eluted as a single peak from 
a Superose 12 gel filtration column (Fig. 6). 
The location of this peak is consistent with 
the expected molecular mass of this protein 
(8335 daltons on the basis of its amino acid 
sequence). All three of the novel proteins 
eluted later than cytochrome b562, which 
is itself a monomeric four-helix bundle hav- 
ing a molecular mass of 12,300 (29). If the 
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novel proteins had formed either extended 
conformations or dimers, then they would 
have eluted with larger apparent molecular 
sizes. Therefore, the designed sequences 
fold into structures that are both compact 
and monomeric. 

The secondary structures of the designed 
proteins were probed by circular dichroism 
(CD) spectroscopy. This technique is par- 
ticularly diagnostic for a-helical proteins, 
whose spectra include a maximum at 190 
nm, a crossover at 200 nm, and negative 
minima at 208 and 222 nm (30). The CD 
spectra of all three of our purified proteins 
displayed these a-helical features (Fig. 7). 
These CD spectra were comparable both in 
shape and magnitude to the spectra of 
natural four-helix bundles such as cy- 
tochrome b562 (7, 3 1 ) , or growth hormone 
(32). Furthermore, the spectra of proteins 
B, F, and 86 all indicated helical contents 
similar to or greater than those measured for 
the designed proteins a4 (3) or Felix (2). 

The stabilities of the proteins to dena- 
turation by urea were measured by monitor- 
ing the mean residue ellipticity at 222 nm 
as a function of denaturant concentration 
(Fig. 8). As would be expected for proteins 
with different amino acid sequences, pro- 
teins B and F unfold with different transi- 
tion midpoints, 3.5 M and 4.3 M urea, 
respectively. Protein 86 was only marginal- 
ly stable, having a midpoint of - 1.5 M urea 
(33). The free energy associated with the 
transition between the folded and unfolded 
forms of a protein in the absence of dena- 
turant can be obtained by extrapolating to a 
urea concentration of 0 molar (34). By this 
method, these two designed proteins are 
stabilized by 3.7 kcallmol (B), and 4.4 
kcallmol (F) . For comparison, several nat- 
ural proteins that have similar, or only 
slightly greater stabilities are a-lactalbumin 
(4.4 kcallmol) (35), ribonuclease T I  (5.6 
kcallmol) , dihydrofolate reductase (5.9 
kcal/mol) , and staphylococcal nuclease 
(6.1 kcallmol) (3 6). 

A binary code for protein design. Ex- 
perimental studies of natural proteins have 
shown that their structures are remarkablv 
tolerant to amino acid substitution (37). 
This tolerance, however, is limited by a 
need to maintain the hydrophobicity of 
interior side chains. Thus, although the 
information necessarv to encode a oarticu- 
lar protein fold is highly degenerate, this 
degeneracy is constrained by a requirement 
to control the locations of polar and non- 
polar residues (38). Theoretical work by 
Dill and colleagues has suggested that the 
location of hydrophilic and hydrophobic 
residues in a linear chain provides the major 
force that drives collapse into a unique 
compact structure (39). 

We have built upon these earlier find- 
ings to develop a general strategy for pro- 

tein design. This strategy is based on a 
simple binary code of polar and nonpolar 
amino acids: Our sequences were designed 
to position polar side chains on the surface 
of a four-helix bundle and nonpolar side 
chains in the interior. However, the precise 
identity of each polar or nonpolar residue 
was allowed to vary extensively. We have 
begun characterization of a collection of 48 
different amino acid sequences whose de- 
sign was based on this binary code and have 
shown that most of them fold into struc- 
tures that are sufficiently compact and sta- 
ble to escape cellular proteases. Purification 
and detailed characterization of three of 
these proteins show that they indeed fold 
into structures that are compact, monomer- 
ic, and predominantly a-helical. Denatur- 
ation studies show, not surprisingly, that 
different sequences give rise to proteins 
with different stabilities. Of the three pro- 
teins purified thus far, two have stabilities 
comparable to natural proteins. 

The sequences of our designed proteins 
resemble those of natural proteins both 
because they are complex rather than repet- 
itive and because individual members of the 
collection differ substantially from one an- 
other (for example, protein U contains 15 
leucines whereas protein 15 contains only 
3). Overall, our sequences contain 15 of 
the 20 naturally occurring amino acids. 
Eleven different amino acids are possible in 
the helices. and an additional four are 
present in ;he fixed interhelical regions. 
The sequences of our novel proteins are also 
native-like in that they use a hydrophobic- 
hydrophilic pattern inherent in the genetic 
code. Furthermore, the binary code we 
have postulated for de novo design suggests 
a mechanism for the early evolution of 
natural proteins. 

The results described above indicate 
that the purified proteins fold into compact 
structures that contain an abundance of 
a-helical secondary structure. However, 
our results do not prove these proteins 
actually have the appropriate number and 
orientation of a helices that define a four- 
helix bundle. Furthermore, we have not yet 
demonstrated how many of our proteins 
actually possess native-like interiors. Stud- 
ies of the folding of natural proteins (40) 
and recent attempts to design proteins (2- 
5, 41) have shown that polypeptide chains 
can collapse into globular structures that 
are significantly more flexible than truly 
native protein structures. These "molten 
globule" states resemble native proteins in 
that they are compact and contain signifi- 
cant amounts of secondary structure, yet 
they differ from native proteins by having 
interiors that are flexible and less ordered 
than those of truly native structures (40). 
The flexibilities of interior side chains in a 
protein can be compared experimentally by 

multidimensional nuclear magnetic reso- 
nance spectroscopy (42) and our collection 
of 29 proteins represents an attractive sys- 
tem for making such comparisons. Al- 
though we cannot yet say which of our 
designed proteins possess flexible interiors, 
and which are native-like, we anticipate 
that among our collection of compact stable 
structures there will be a range of behaviors. 
Some will probably have relatively flexible 
interiors, others will be somewhat less flex- 
ible, and still others will exhibit the com- 
plementary packing of side chains that is 
typical of the jigsaw puzzle-like interiors of 
native proteins. 
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