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with Backbone Freedom 
Pehr B. Harbury," Joseph J. PLecs, Bruce Tidor, 

Tom ALber, Peter S. Kim? 

Recent advances in computational techniques have allowed the design of 
precise side-chain packing in proteins with predetermined, naturally occurring 
backbone structures. Because these methods do not model protein main-chain 
flexibility, they lack the breadth to  explore novel backbone conformations. Here 
the de novo design of a family of a-helical bundle proteins with a right-handed 
superhelical twist is described. In the design, the overall protein fold was 
specified by hydrophobic-polar residue patterning, whereas the bundle oli- 
gomerization state, detailed main-chain conformation, and interior side-chain 
rotamers were engineered by computational enumerations of packing in al- 
ternate backbone structures. Main-chain flexibility was incorporated through an 
algebraic parameterization of the backbone. The designed peptides form a-he- 
lical dimers, trimers, and tetramers in accord with the design goals. The crystal 
structure of the tetramer matches the designed structure in atomic detail. 

Proteins exhibit precise geometric packing of 
atoms in their interiors. Nevertheless, empir- 
ical protein design methods have achieved a 
measure of generality and simplicity by ig- 
noring detailed interactions between amino 
acid residues. These design approaches rely 
instead on imitation of statistical sequence 
patterns in naturally occurring proteins, such 
as hydrophobic-polar residue patterns, amino 
acid secondary structure propensities, and 
characteristic local interaction motifs (I). 
Perhaps as a direct consequence, many de- 
signed proteins exhibit fluctuating or "mol- 
ten" interiors (2) ,  and some assume unintend- 
ed tertiary conformations (3). 

Packing in proteins has been studied com- 
putationally by holding the protein main 
chain in the wild-type conformation (the 
"fixed-backbone" approximation) and asking 
which sets of amino acid side chains can 
efficiently fill the interior space (4). This 
technique has been used successfully to re- 
pack wild-type side chains into predeter- 

P. B. Harbury is at  the Whitehead lnstitute for Bio- 
medical Research, Howard Hughes Medical lnstitute 
and Department of Biology, Massachusetts lnstitute 
of Technology, Nine Cambridge Center, Cambridge, 
MA 02142, USA, and Department of Biological Chem- 
istry and Molecular Pharmacology, Haward Medical 
School, Boston, MA 02115, USA. J. J. Plecs is in the 
Department of Molecular and Cell Biology and De- 
partment of Physics, University of California at Berke- 
ley, Berkeley, CA 94720, USA. B. Tidor is in the 
Department of Chemistry, Massachusetts lnstitute of 
Technology, Cambridge, MA 02139, USA. T. Alber is in 
the Department of Molecular and Cell Biology, Uni- 
versity of California at Berkeley, Berkeley, CA 94720, 
USA. P. S. Kim is at the Whitehead lnstitute for 
Biomedical Research, Howard Hughes Medical Insti- 
tute and Department of Biology, Massachusetts Insti- 
tute of Technology, Nine Cambridge Center, Cam- 
bridge, MA 02142, USA. 

*Present address: Department of Biochemistry, Stan- 
ford University, Stanford, CA 94305, USA. 
?To whom correspondence should be addressed. E- 
mail: dvorak@wi.mit.edu 

mined backbone stiuctures ( 5 )  and has more 
recently been extended to the design of amino 
acid sequences. Fixed-backbone design based 
on naturally occurring backbone templates 
has produced proteins that fold to the target 
structures with high thermal stabilities ( 6 ) .  

However, fixed-backbone methods are 
unable to model protein main-chain flexibil- 
ity. Thus, main-chain adjustments known to 
occur in response to core mutations in pro- 
teins (7)  are not allowed. Moreover, the 
fixed-backbone approach has a severe limita- 
tion when applied to backbone structures for 
which a naturally occurring example does not 
exist. Although naturally occurring backbone 
coordinates represent the ground-state con- 
formation for at least one sequence (the nat- 
urally occurring sequence), this assumption is 
not necessarily valid for arbitrary backbone 
coordinates. When the backbone structure is 
designed de novo, a complete set of plausible 
backbone conformations must be sampled to 
identify structures that lie at a free-energy 
minimum in the sequence and conformational 
spaces. 

These limitations may be overcome by 
treating the backbone as a parametric family 
of structures rather than as a static entity (8). 
A small but well-defined subset of main- 
chain conformations can then be exhaustively 
sampled in a finite time. For example, cou- 
pled searches of side-chain packing and 
main-chain conformation under a parametric 
coiled-coil backbone model have been used 
to reproduce detailed, crystallographically 
observed conformations for coiled-coil pro- 
teins (8). 

A true test of the utility of parametric- 
backbone models in protein design would be 
to engineer a protein fold for which no struc- 
tural example is known. N'e report here the 
computational design of a family of dimeric, 
trimeric, and tetrameric a-helical bundles 
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with a right-handed superhelical structure. around the helix axis (360" for 3.6 residues). and h) fall on the same surface of the helix. 
Although a nuclear magnetic resonance Seven amino acids rotate 700°, lagging two These considerations suggest that a 3-4-4 hy- 
(NMR) structure of a right-handed dimer of full turns (720") by 20". A sevenfold repeat, drophobic repeat might specify a right-hand- 
helices in detergent micelles has been report- therefore, forms a left-handed stripe in a ed coiled coil. 
ed (9), no structures of trimeric or tetrameric 
right-handed coiled coils exist. The x-ray 
crystal structure of the tetrameric bundle de- 
signed here matches the predicted structure in 
atomic detail, adopting an unprecedented, but 
deliberately engineered, right-handed super- 
helical fold. 

Design principles. The first step of our 
design is based on an analysis of the hydro- 
phobic-polar residue pattern in left-handed 
coiled coils. The superhelical twist of left- 

straight a helix (Fig. 1). In a left-handed 
supercoiled conformation that evolves 20" 
every seven residues, this stripe can always 
face toward the axis of superhelical rotation 
(Fig. 1). 

Application of this principle to an 11 -fold 
(undecatad) amino acid repeat suggests that a 
right-handed supercoil should form. Eleven 
amino acids rotate about 1 100°, which leads 
three full turns (1080") by 20". Thus, an 
undecatad repeat produces a right-handed 

The second step of our design consisted of 
determining which amino acids can pack the 
core of a right-handed bundle with a 3-4-4 
hydrophobic repeat, and by their shapes di- 
rect dimer, trimer, or tetramer formation. De- 
tailed dimer, trimer, and tetramer right-hand- 
ed coiled coils were modeled for all possible 
core sequences made up of the small aliphatic 
amino acids alanine, valine, norvaline, 
leucine, isoleucine, and alloisoleucine. Allo- 
isoleucine, the stereoisomer of isoleucine 

handed coiled coils arises from a small dif- stripe in a straight a helix, which should give with inverted chirality at the CP carbon, was 
ference between the integral frequency of the rise to a right-handed supercoil (Fig. 1). Ex- included in the design calculation because 
heptad repeat and the characteristic frequency amination of an 1 1-residue helical-wheel pro- preliminary models suggested the need for a 
of a helices (10). Each amino acid in a jection indicates that amino acids in the first, residue that would orient side-chain volume 
straight helix rotates about 100" radially fourth, and eighth positions (positions a, d, into a trans X, dihedral angle in its most 

HPPHPPP HPPHPPPHPPP 
Fig. 1. (Left) Sevenfold hydrophobic repeats give rise to  
left-handed coiled coils, and 11-fold repeats to  right-hand- 
ed coiled coils. (A) A heptad repeat in a regular a helix 
produces a left-handed stripe and a left-handed supercoil. 
This arrangement is schematically illustrated alongside 
the standard sevenfold helical wheel projection for 
coiled coils. (B) An undecatad repeat in a regular a helix 
produces a right-handed stripe and a right-handed su- 
percoil. The 11-fold helical wheel projection is illustrat- 
ed. H, hvdrophobic residue: P. polar residue: +I-. 

Original Sequences Mutant Sequences 

Rlght-Handed Lett-Handed I Right-Handed ~eft-~Tnded I 

I Rlght-Handed Lett-Handed 

charged Gsidue. Fig. 2. (Right') Calculatingthe e f i  
fects of sequence changes on unfolding free energies, illustrated for 
an isoleucine-to-valine substitution at position a of a right-handed 
coiled-coil dimer. The top panels show axial projections of one 
right-handed and one left-handed coiled coil. The top left panel 
differs from the top right panel by interchange of the amino acid at 
position a of the right-handed coiled coil with the amino acid at 
position f of the left-handed coiled coil. The lower panels show the 
unfolded polypeptides. Each leg of the thermodynamic cycle is labeled 
with a letter. The legs labeled A and B correspond t o  unfolding of the 
wild-type and mutant coiled-coil sequences respectively. The legs 
labeled C and D correspond t o  residue permutation in  the folded and 
unfolded states, respectively. Because the cycle is closed, the differ- 
ence in  the two unfolding free energies is equal t o  the difference in 
the two permutation free energies: A - B = C - D. The A and B legs 

Right-Handed Left-Handed 

are a sum of two terms, the unfoldingfree energy for the right-handed coiled 
coil AC"nfOld, and the unfolding free energy for the left-handed coiled coil, 
~&i~ l '? !x~andin~ A and B and rearranging terms gives AG$!Jdd, (I at a) - 
A%,"', ( V  a t  a)] = C - D + [Aq;'Old (I at f )  - Aq;fOJ, (V at f)]. For the 
computational studies reported here (12, 16) D was assumed to be 0 
kcal/mol, C was computed from the bonded, van der Waals and hydrogen 
bonding terms of the CHARMM19 potential (26) and a solvent accessible 
surface hydration potential (25), and [ACunfold, ( V  at f )  - Aqihld, (I at f)] 
was taken from experimentally measurerfree energies of unfolding (15). 
Differences in calculated stability are dominated by the CHARMM19 poten- 
tial, which accounts for 80% of the variance in the calculated stabilities of 
right-handed coiled-coil sequences. The surface hydration potential and 
left-handed coiled-coil unfolding free energies each account for -10% of 
the variance in the calculated stabilities. 

www.sciencemag.org SCIENCE VOL 282 20 NOVEMBER 1998 



R E S E A R C H  A R T I C L E S  

commonly occurring rotamer. Norvaline (an 
n-propyl side chain) was used as a general 
straight-chain analog for methionine and ly- 
sine (11). These six amino acids could be 
placed at the core positions a, d, and h in 2 16 
(63) possible sequences. However, because 
most of the amino acids have multiple side- 
chain conformations, about 25 possible side- 
chain rotamers exist at each position. For 
simplicity, the design calculations were lim- 
ited to the 11 lowest energy rotamers at each 
core position in each oligomeric state, as 
determined by single-level packing calcula- 
tions (12). Thus, 3993 (3 X 113) structures 
(ignoring variations in backbone conforma- 
tion) were generated for the design analysis. 

Computation. To model the right-handed 
structures, we modified a technique previous- 
ly used to predict crystal structures of natural 
left-handed coiled coils (8, 12). For each of 
the 3993 core rotamer conformations, main- 
chain coordinates were determined by explor- 
ing a parametric family of superhelix back- 
bones described originally by Francis Crick 
(13). The parametric backbone algebra for 
left-handed coiled coils was altered to reflect 
an 11-fold amino acid repeat. Periodic 
boundary conditions were applied, and two-, 
three-, or fourfold rotational symmetry was 
imposed around the superhelix axis. For the 
computational studies, alanine residues were 
placed at the exterior positions of the unde- 

catad repeat (positions b, c, f, g, and j), and 
a-amino butyric acid residues (an ethyl side 
chain) were placed at positions on the bound- 
ary of the hydrophobic core (positions e, i, 
and k). As the backbone coordinate search for 
each core rotamer conformation required -3 
min on a MIPS R3000 processor, the entire 
calculation took about 8 days. 

A difficult aspect of protein design is the 
need to compare unfolding free energies for 
different candidate amino acid sequences. 
The effects of sequence changes on unfolding 
free energies can be calculated as the differ- 
ence in the free energy of mutation in the 
folded and unfolded states (14). To avoid 
explicitly modeling the unfolded state, which 
consists of a large ensemble of conforma- 
tions, we modified this basic strategy by cal- 
culating an energy of permutation: the energy 
difference between two different covalent ar- 
rangements of the same amino acids (Fig. 2). 
Whereas energies of mutation are seldom 
zero, an energy of permutation will be zero if 
the amino acid side chains do not interact 
with each other, which we assume to be the 
case in the unfolded state. Importantly, con- 
formation-independent energetic biases for 
one amino acid over another in the underly- 
ing potential energy function are canceled in 
a permutation difference. The permutation 
used here interchanges an amino acid at po- 
sition f of a left-handed coiled coil with an 

Table 1. Top sequence solutions for right-handed dimer, trimer, and tetramer coiled coils according to the 
packing calculation. The table consists of three lists, the first sorted according to dimer stability, the 
second according to trimer stability, and the third according to tetramer stability. 

Sequence? 
Stabilityf Specificity5 

a d h 
- 

Dimer Dimer-trimer Dirner-tetramer 

nV L nV 2.0 0.9 1.3 
nV nV L 1.9 0.8 0.7 
nV L L 1.9 0.7 0.9 
I L nV* 1.8 1.8 1 .O 

Trimer Trimer-dimer Trimer-tetrarner 

nV al L 2.6 0.3 -0.5 
I al L 2.4 0.5 0.2 
I al nV 2.4 0.6 0.6 
nV al nV 2.3 0.6 -0.4 
L al L 2.0 -0.1 -0.8 
al al I * 2.0 1.9 2.0 

Tetrarner Tetrarner-dirner Tetramer-trimer 

nV al I 3.1 2.2 1.7 
nV al L 2.6 0.6 0.5 
L al I* 2.5 1.9 2.0 
L al L 2.3 0.3 0.8 

*The core sequences chosen for RHZ. RH3, and RH4 are indicated by asterisks. These sequences were chosen on the basis 
of two criteria: high predicted stabilities in the target conformation, and high predicted preference for the target 
conformation over the two competing alternatives. Thus, large positive values in both the stability and the specificity 
columns were required. TResidues present at positions a, d, and h for each sequence in the table (28). $Within 
each oligomerization state, the stabilities of individual sequences are expressed in units of standard deviation from the 
mean stability of all 216 possible sequences (see text). More positive values indicate larger predicted 
stability. §Specificity of each sequence for the target conformation over the two competing conformations (for 
example, the list sorted on dimer stability shows the dimer-over-trimer and dimer-over-tetramer specificities). More 
positive values indicate larger predicted specificities for the target conformation (see text). 

amino acid in the hydrophobic core of a 
right-handed coiled coil. Using experimental- 
ly measured unfolding free energies of f- 
substituted left-handed coiled coils (IS), and 
assuming that the free energy of permutation 
in the unfolded state is zero, we derived 
calculated unfolding energy differences for 
different undecatad sequences in the right- 
handed model conformation (16). 

Experimentally observed structures. Two 
criteria were used to choose optimal core se- 
quences for each oligomeric state. First, the 
stability of the sequence in the target conforma- 
tion was required to be high. Second, the spec- 
ificity of the sequence for forming the target 
conformation, instead of the two alternative 
oligomeric states, was maximized. We took the 
following approach: (i) Within each oligomeric 
state, the mean stability averaged over the entire 
family of 2 16 possible sequences was tabulat- 
ed; stabilities of individual sequences were ex- 
pressed as standard deviations from this mean. 
(ii) Because equilibria between different oli- 
gomerization states depend on monomer con- 
centration and on residues outside of the hydro- 
phobic core, we calculated specificities using an 

Fig. 3. Helical wheel projection of residues Alal 
to Ala33 of the RH coiled-coil template se- 
quence (28). View is from the NH,-terminus, 
and residues in the first three helical turns are 
boxed or circled. Undecatad positions are la- 
beled a through k. The full template sequence 
consists of three undecatads. The peptides RH2, 
RH3, and RH4 differ only by the amino acids 
present at positions a, d, and h (78). The se- 
quences (with positions a, d, and h in italics; 
al, alloisoleucine; and nV, nowaline) are the 
following. 
RH2-AE I E Q  LKKEnVAYL IKK LKAEKLAE IKK LKQEKA 
R H 3 - A E a I E Q a I K K E  I A Y L a I K K a m E I L A E a I K K a I K Q E I A  
R H 4 - A E  LEQaIKKE I A Y L  L K K a r K A E I L A E  L K K a I K Q E I A  

The template sequence was chosen to contain 
positively charged lysine residues at position e 
on one side of the helix and negativelv charged 
glutamate residues at position;g and k on The 
opposite side to favor a parallel association of 
helices in a helical bundle. 
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arbitmy standard state that factors out these tions of the template to ensure high solubility, 
considerations. For each equilibrium. the free 
energy of interconversion was assigned a value 
of zero when averaged 0~7er all 216 core se- 
quences. Specificities were thus evaluated by 
taking the stability difference (in kilocalories 
per mole) for each sequence between the target 
conformation and the alternative oligomeric 
conformations, and expressing the differences 
in units of standard deviation. 

Dirner. trimer: and tetrarner core sequenc- 
es thus identified (Table 1) were inserted into 
a common 33-residue template to generate 
the peptides RH2. RH3, and RH4 (Fig. 3). 
The teipplate contains positively charged ly- 
sine re'sidues on one side of the hydrophobic 
core and negatively charged glutamate resi- 
dues on the other side to favor parallel helix 
ai~angernents over antiparallel arrangements 
(1  ?). Two norvaline residues at positions 11 of 
the dimer sequence pack against glutamate 
residues at positions I< in the neighboring 
helix and were therefore substituted with the 
isosteric arnino acid lysine. Charged and po- 
lar residues were placed at the exterior posi- 

and a single tyrosine residue was included to 
facilitate concentration determination. The 
RH peptides were prepared by solid-phase 
synthesis and purified by reversed-phase 
high-performance liquid chromatography 
(18). 

On the basis of circular dichroism (CD) 
measurements at 10 p.M peptide concentra- 
tion in neutral pH phosphate-buffered saline 
(PBS) at 4OC: RH2 appears to be -80% 
helical. whereas RH3 and RH4 appear to be 
>95% helical (19) (Fig. 4A). Under these 
conditions, RH2 displays a broad thermal 
unfolding transition, RH3 exhibits a cooper- 
ative melt with an apparent melting temper- 
ature (T,) of 95'C: and RH4 has a theimal 
stability that exceeds 100°C (Fig. 4B). In the 
presence of the denaturant guanidinium hy- 
drochloride (GdmCl) at 3 M concentration: 
RH4 melts cooperati\7ely with an apparent Trn 
of 90°C. Thus: whereas RH2 appears to be 
incompletely folded under physiologic con- 
ditions, RH3 and RH4 foim well-structured 
and extremely stable helical structures. 

2 2 r -r 
meniscus (cm2) 

8 7.5 7 6.5 
Chemical Shift (ppm) 

Fig. 4. The RH2 (open circles), RH3 (open triangles), and RH4 (open squares) peptides fo rm two-, 
three-, and four-stranded helical bundles. (A) CD spectra a t  4 O C  in  PBS (pH 7.0) and 10 p M  peptide 
concentration (79). The mean residue ellipticity, [@I,  is reported in  units of l o3  degrees cmZ dmol-'. 
(B) Thermal melts monitored by CD a t  222 n m  (19). The fil led squares show data for RH4 collected 
in the presence o f  3 M GdmCl, a denaturant. (C) Analytical ultracentrifugation data (32 krpm) 
collected a t  4 O  C in PBS (pH 7.0) at -100 FM peptide concentration (22). The natural logarithm 
o f  the  absorbance at 235 n m  is plotted against the  square o f  the radial position. Dashed lines w i t h  
increasing slopes indicate, respectively, the  predicted data for dimer, trimer, and tetramer bundles. 
(D) Aromatic and amide-proton NMR spectra of the  RH4 peptide a t  different t imes after transfer 
in to D,O (27). The inset shows the volume of one amide resonance (the peak labeled w i th  an 
arrow) plotted against exchange t ime. The data closely f i t  a single exponential decay w i th  a half-life 
of -10 days. 

Sedirnentation equilibrium measurements 
(20) were used to determine the oligomeriza- 
tion state of each peptide under native con- 
ditions (Fig. 4C). As intended in the design. 
the RH2 peptide sedirnents approxirnately as 
a dimer, the RH3 peptide sediments approx- 
imately as a trimer, and the RH4 peptide 
sediments approxirnately as a tetramer. The 
RH3 and RH4 peptides exhibit no systematic 
dependence of molecular weight on concen- 
tration between 20 p.M and 200 p.M. The 
molecular weight of the RH2 peptide systern- 
atically decreases at concentrations below 
100 p.M (presumably because of dissociation 
in the low micrornolar concentration ranee) - ,  

but exhibits no systematic deviation from 
dimer molecular weight between 200 p.M and 
2 mM. Thus, each of the RH peptides as- 
sumes the oligomerization state for which it 
was designed. 

To assess whether the designed oligomers 
associate in a "molten" fashion or with fixed 
tertiary structures. we studied the dynamic 
properties of RH3 and RH4 by hydrogen- 
- - 

deuteriurn amide-proton exchange (21) (Fig. 
4D). Relative to poly D,L-alanine, the most 
slowly exchanging protons in RH3 were pro- 
tected by a factor of >lo5. whereas the most 
slowly exchanging protons in RH4 were pro- 
tected by a factor of >lo7.  These protection 
factors are cornparable to protection factors 
observed for the native states of naturally 
occui~ing proteins. The trimer and tetramer 
structures thus appear to assemble with na- 
tive-like rigidity. 

To evaluate the high-resolution features of 
the design, we determined the x-ray crystal 
structure of the RH4 peptide at 1.9 A resolu- 
tion (22). The RH4 structure was refined to a 
conventional R-factor of 20.4% with a free 
R-factor of 24.8% and root mean square de- 
viations from ideal bond lengths and bond 
angles of 0.009 A and 1.97", respectively. 
The designed peptide forins the intended par- 
allel; right-handed superhelix structure (Fig. 
5A). Moreover, the side-chain packing ob- 
served in the RH4 crystal structure closely 
matches that predicted by the design calcula- 
tion (Fig. 5B). The engineered and observed 
rotamers for the core side chains are identical. 
The crystal stiucture differs from the de- 
signed confoi~nation primarily at the COOH- 
teinlinus where crystal contacts cause the 
superhelix to be locally undei~vound. Such 
end effects were deliberately ignored by the 
design method in the interest of simplicity 
(8). Core side-chain and main-chain atom 
positions in the central undecatad of the crys- 
tal structure differ from atom positions in the 
calculated model by a root mean square de- 
viation of 0.20 A. The superhelical parame- 
ters (8, 13) (radius R,, frequency w,; and 
phase angle 4) for the designed structure and 
the NH,-terminal two undecatads of the ciys- 
tal structure are as follows: R, = 7.29 A, w, 
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Subbiah, j. Mol. Biol. 217,373 (1991); L. Holm and C. 
Sander, ibid. 218, 183 (1991); P. Tuffery. C. 
Etchebest, 5. Hazout, R. Lavery, j. Biornol. Struct. Dyn. 
8. 1267 (1991); J. Desmet. M. D. Maeyer. B. Hazes. I. 
Lasters, Nature 356, 539 (1992); P. Koehl and M. 
Delarue. j. Mol. Biol. 239, 249 (1994); C. Lee, ibid. 
236. 918 (1994). 1 6 J. R Desjahis and T. M. Handel, Protein Sci. 4, 2006 
(1995); C. A. Lazar, J. R. Desjarlais, T. M. Handel, ibid. 
6, 1167 (1997); B. I. Dahiyat and 5. L Mayo, Science 
278.82 (1997); B. I. Dahiyat, C. A. Sarisky. 5. L Mayo. 
j. Mol. Biol. 273, 789 (1997); 5. M. Malakauskas and 
S. L. Mayo, Nature Struct. Biol. 5. 470 (1998); J. W. 
BNSO~. I. R. Desiarlais. T. M. Handel. W. F. DeCrado. 

Fig.5.Crystdsbuchneof B (8- ( 4 - h ~  Wlrya 
RH4. (A) Axhl view of the 
Left-handed GCN4-pU tet- 
ramer (27) next to the 
ri$It- RH4 tet- 
tamer (22). The view is 
from the NH -terminus 
looking toward tke COOH- 
terminus Purple van der 
Waals surfaces identfy 
residws at the a positions, C 

gpensurfacesidentifyres- lacine (-.t) do-ik (St) - (-st) 
idues at the d p i t h s ,  
and yellow surfaces identify residues at the h 
positions. (B) Superposition of the central C 
undecatad of the calculated (red) and ays- 
tabgraphically obserwd (Mw) struchuer of 
RH4. Three ~ s e c t i o m  of the supemdix. 
centered at positiorrs a, d, and h are drown. 
In each case the cdcubted sidechain paddw 
c o n - m a t c h e s t h e d o b ;  
sewed in the crystal structurr (1 7). (C) Su- 
wrwsitionofthecakulated~4andav4- 
bhgaphiilly observed 6)' bxkb&le 
conformations of the right-handed tetamer. 

" 

I 
Struct. Biol. 5, 525 ({998).'. 

7. T. Alber et al., Science 239,631 (1988); E. P. Baldwin. 
0. Hajiseyedjavadi, W. A. Baase. B. W. Matthews, ibid. 
262, 1715 (1993). 

I 8. P. 8. ~ a r b u j ,  B. fidor. P. 5. Kim. Proc. Natl. Acad. Sci. 
U.S.A. 92, 8408 (1995). 

9. The transmembrane helices of the erythrocyte pro- 
tein glycophorin A have been shown to  form a right- 
handed dimer in detergent micelles [K. R. MacKenzie. 
I. H. Prestegard, D. M. Engelman. Science 276, 131 

= 1.5 centiradians per residue, and 4 = 1 1" for 
the model, and R, = 7.49 A, w, = 1.6 centi- 
radians per residue, and 4 = 10" for the crystal 
structure. Thus, the experimentally observed 
structure for the RH4 peptide matches the de- 
signed structure in atomic detail. 

Practical implications. Our results dem- 
onstrate that empirical protein design princi- 
ples combined with computational protein 
engineering methods can be used to predict 
and design novel backbone structures, with 
root mean square coordinate errors that ap- 
proach 0.2 A. This level of precision is en- 
couraging with regard to the feasibility of 
designing protein catalysts, which may re- 
quire the accurate positioning of reactive 
groups. Methods to engineer buried electro- 
static interactions and to calculate accurately 
their energetic effects (23) should provide a 
second high-resolution design tool that is ef- 
fectively orthogonal to engineered van der 

~ k t e i ~  ici. 7. 1'404 (1998): H. W. ~ellinea. Nature 

Waals packing. Efforts to parameterize the 
backbones of more complex protein folds 
have begun (24), and it will be interesting to 
see the extent to which the parametric-back- 
bone approach to protein design presented 
here can be generalized. 
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