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ABSTRACT Although de novo protein design is an impor-
tant endeavor with implications for understanding protein
folding, until now, structures have been determined for only a
few 25- to 30-residue designed miniproteins. Here, the NMR
solution structure of a complex 73-residue three-helix bundle
protein, azD, is reported. The structure of a;D was not based
on any natural protein, and yet it shows thermodynamic and
spectroscopic properties typical of native proteins. A variety
of features contribute to its unique structure, including elec-
trostatics, the packing of a diverse set of hydrophobic side
chains, and a loop that incorporates common capping motifs.
Thus, it is now possible to design a complex protein with a well
defined and predictable three-dimensional structure.

Protein folding is a complex process involving van der Waals
and hydrophobic interactions, electrostatics, and hydrogen
bonding networks. One approach to understanding protein
folding is to design from scratch a particular protein fold,
thoroughly characterize its solution properties, and determine
its three-dimensional structure. The field of de novo protein
design (1, 2) has experienced some recent exciting successes in
the redesign of natural proteins to incorporate novel, func-
tional metal-binding sites (3, 4). Also, the redesign of proteins
patterned after the sequence or three-dimensional structural
motifs such as the zinc finger (5-8), coiled coils (9), or other
small protein domains (10, 11) has progressed quite signifi-
cantly. Unnatural right-handed coiled coils have been success-
fully designed (12), and small, marginally stable models for
protein secondary (13, 14) and supersecondary structures,
including helix-loop-helix (15, 16) and three-stranded B-hair-
pin motifs (17-20), have been designed and shown to adopt the
desired conformation. However, the de novo design of larger
proteins with well defined hydrophobic cores and stabilities
similar to natural proteins has proven to be more difficult.
Often, designed proteins have adopted more dynamic struc-
tures characteristic of a molten globule conformation (1). Such
structures lack the well packed apolar cores that are charac-
teristic of the native states of proteins and are essential to their
functional properties as catalysts, transducers, mechanical
devices, etc. The tight and unique packing of a protein core
also can be discerned in its thermodynamic and spectroscopic
properties, including cooperative protein unfolding curves,
well dispersed NMR spectra, and a lack of binding of hydro-
phobic dyes. Even more discriminating features include the
change in heat capacity for unfolding, the rates and mechanism
of hydrogen exchange, and—most importantly—the adoption
of a unique native-like structure.

A few helical bundles (21, 22) and a coiled coil (12, 23) have
passed many or all of these tests. However, the structures of
only a few of these are known at high resolution. The topology
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of one dimeric four-helix bundle was found to differ from the
design (21), and it was not possible to calculate a unique
structure for a second dimeric four-helix bundle by using NMR
distance restraints (24). Also, the structure of a four-helix
bundle consisting of four identical a-helices (originally de-
signed to solubilize membrane proteins) interconnected by
Gly-rich loops has been determined by x-ray crystallography
(22). However, the loops were not resolved in the structure, so
it was impossible to determine whether the helices adopted a
clockwise or counterclockwise topology. Thus, the design and
structure determination of a single-chain, native-like protein
of more than ~30 residues has remained an important, unre-
solved problem.

The three-helix bundle occurs ubiquitously in nature as a
robust scaffold for molecular recognition. First observed in the
helical IgG-binding domains of Staphylococcal aureus (25), this
family has grown to include DNA-binding proteins, enzymes,
and structural proteins (26). Surprisingly, despite its wide-
spread utility, there have been few attempts to design single-
chain antiparallel three-helix bundles (27, 28). Therefore, a3C
has recently been designed (27) by using as a starting point the
crystal structure of a de novo designed antiparallel three-
stranded coiled coil, “Coil-Ser” (29). In a hierarchic approach
(1), the helices of Coil-Ser were shortened to a length typical
of globular three-helix bundles, N-terminal capping boxes (30,
31) were included, and the electrostatic interactions between
the helices were rearranged to stabilize the desired counter-
clockwise topology (32). Finally, the hydrophobic core was
repacked with a diverse set of amino acids by using a genetic
side-chain packing algorithm (33), yielding «3C. This protein
was native-like as assessed from its cooperative thermal un-
folding, hydrogen-deuterium exchange, and the chemical shift
dispersion of its NMR spectra. Dutton and colleagues (28)
recently also designed a three-helix bundle that appears native-
like as judged by its NMR chemical shift dispersion.

In this report, we describe the structure determination of
asD, a derivative of a3C (Fig. 1; ref. 27). azD contains 19 of
the 20 naturally occurring amino acids (it lacks a cysteine), and
it is native-like by all thermodynamic criteria. azD differs from
the a3C sequence by the following amino acid changes: M1,
G2, E9Q, S16T, and S65D. Positions 9, 16, and 65 are
surface-exposed and were changed to decrease the sequence
homology between the a-helices.

MATERIALS AND METHODS

Expression and Characterization of azD. A synthetic gene
for a3sD was cloned into pET-16b (Novagen) and expressed in

Abbreviations: NOE, nuclear Overhauser effect; 7, melting temper-

ature.
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3.0 and pH 7.0 with melting temperature (7, ranging from 80
to 95°C, and a heat capacity change (AC,) of 12 cal'mol ~-K™!
per residue. Guanidine hydrochloride denaturation in 10 mM
sodium acetate (pH 5.0) and 30°C yields a free energy change
for unfolding (AG,) of 5.1 kcal'mol™! (m 2.4 kcal

abcdefg abcdefg abcede (Loop) mol~*M~!, C,, = 2.8 M). Differential scanning caloriometry
EWEALEKK LNALESK LQALE KG studies conducted on a3D at pH 3.0 show a two-state reversible
NWEALKKE LNALKSE LQALK KPG transition (AHyan't Hott = AHpsc) with a AH of —44 kcal-mol ™!
NWEALEKK LNALESK LQALEHG and a AC, of 10 cal'mol "K' per residue (S.T.R.-W., S. F.

a3B: Synthetic Betz, P. Liebman, and W.F.D., unpublished results).
NMR Sample Preparation. Isotopically enriched azD for
NPD EEV;N AEAALLKEé%( LL/{\AALLKESS];( ]]:8 :]I: ﬁg KG NMR studies was grown on M9 minimal media containing
NPEWEALEKK LAALESK LQALEHG BNH,CI (1.0 g/liter, Isotec) with or without [U-!*C]glucose
(2.0 g/liter, Isotec) as the sole nitrogen and carbon sources,
a3C: Synthetic respectively. NMR samples included an “N-a;D (2 mM,
SWAEFKER LAAIKSR LQAL GG 92:8% H,0 to ?H,0), PN,3C-a3D (3 mM, 92:8% H,0 to
SEAELAAFEKE TAAFESE LQAY KGKG ’H,0), and PN, 13C-a5D (2 mM, 99.9% 2H,0) all in 50 mM
NPEVEALRKE AAAIRSE LQAYRHN deuterated sodium acetate and 0.05% sodium azide, with a pH

. . uncorrected for the isotope effect of 5.0.

a3D: Recombinant NMR Spectroscopy. Nl\F/}R spectra were collected at 30°C on
g‘E?ASE\?‘/ /’: /E l;.]é gER %::égg}? ]}8:\% ggK G a Bruker (Bellerica, MA) DMX 600-MHz spectrometer
NPEVEALRKE AAAIRDE LQAYRHN equipped with a 5-mm x,y,z-shielded pulsed field gradient

Fic.1. Sequences of the a3 family and of Coil-Ser. The residues are
aligned with their corresponding heptad position in a coiled coil (26).
asA through a3C and Coil-Ser were chemically synthesized whereas
asD was cloned and expressed in E. coli. The residues that are different
between a3D and a3C are labeled in bold.

Escherichia coli strain BL21(DE3) (Novagen). After sonica-
tion and heat denaturation, asD was purified to homogeneity
on a C18 preparative reverse phase HPLC. Molecular weight
was determined by electrospray mass spectroscopy (theoreti-
cal, 7977.4; determined, 7977.2). Thermal unfolding curves
show that a3D is fully folded at room temperature, between pH

triple resonance probe. Aromatic experiments (also at 30°C)
were collected on a Varian INOVA 750-MHz spectra
equipped with a 5-mm z-shielded pulsed field gradient triple
resonance probe. A series of three-dimensional experiments
[HNCA, HN(CO)CA, HNCO, HN(CA)CO, HNCACB, CB-
CA(CO)NH, C(CO)NH, H(CCO)NH, "N-nuclear Over-
hauser effect (NOE) spectroscopy—heteronuclear single-
quantum coherence, N-TOCSY-heteronuclear single-
quantum coherence, HCCH-TOCSY, aromatic-'3C-HMQC-
TOCSY] were collected for complete resonance assignments
(34). Stereospecific assignments of the methyl groups of valine
and leucine residues were determined by using a 10% '*C-azD
sample as described (35).
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FIG. 2. (a) NMR spectrum of a3D ('H,'3C-CT-heteronuclear single-quantum coherence) illustrating the assignments of the methyl groups.

Prochiral assignments of the methyl groups of valine and leucine were obtained by using a 10% 13C labeled sample (35). () Summary of the azD
sequential NOEs. The size of the bar corresponds to the intensity of the NOE. The NOEs were taken from the N- and 3C-resolved nuclear
Overhauser effect spectroscopy spectra. The three bond 3J,n coupling constants determined for a3D are displayed as filled circles and boxes
corresponding to 3/,n coupling constants <6.0 Hz or >8.0 Hz, respectively.
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Structure Determination. Distance restraints were obtained
from N- and BC-resolved NOE spectroscopy experiments.
The NOE distant restraints were divided into four classes:
strong (0-2.7 A), medium (2.7-3.3 A), weak (3.30-4.0 A), and
very weak (4.0-6.0 A). An HNHA experiment was used to
determine 3/,n coupling constants for ¢ angles (36). x! angles
were determined from NOE patterns, and the 3J,g coupling
constants were determined from the HNHB (37) and
HACAHB-COSY (38) experiments. Hydrogen exchange rates
were determined by diluting a '®N-a;D sample into 99.9%
2H,0 and measuring the decrease in signal intensities in
serially acquired 'H,"SN-heteronuclear single-quantum coher-
ence spectra. Hydrogen exchange protection factors were
calculated versus random coil exchange rates (39). a3D struc-
ture calculations were calculated by using dynamical simulated
annealing protocol (40) using the program X-PLOR (41).

RESULTS

a3D Structure Determination. The NMR spectra of ozD
showed good chemical shift dispersion typical of a well folded
native proteins (Fig. 2a). The solution structure of asD was
determined by using heteronuclear multidimensional NMR
methods (34). Structures were calculated on the basis of 1,143
NOE distance restraints, 48 hydrogen bonds (96 restraints), 55
¢ angle restraints, and 14 x! angle restraints (Table 1). Sixty
structures were generated by using the simulated annealing
algorithm in the program X-PLOR (41). All of the structures
showed the same overall topology, and 13 structures converged
to good covalent geometry with no distance or dihedral angle
violation >0.35 A or 5°, respectively (Table 1). The structure
was well defined, with ~16 restraints per residue (very few
NOEs were observed for the residues in the loops and at the
termini). The sequential and short range NOEs along with the
3]~ coupling constants are represented in Fig. 2b. The stere-
ochemistry of the structures was checked by using the program

Table 1.

Proc. Natl. Acad. Sci. USA 96 (1999)

PROCHECK-NMR (ref. 42; Table 1). The rms deviations of the
well defined areas of a3D for the backbone (N, C*, C) and
backbone with side chain atoms (hydrophobic residues ex-
cept W4, Y45, and Y70) were 0.75 and 1.03 A, respectively
(Table 1).

The structure of a;D reasonably agreed well with the design,
showing an overall rms deviation of 1.9 A for the backbone
atoms (N, C% C, O) of the lowest energy structure of azD
(residues 4—21, 25-45,51-70) versus the original model of a;3C.
When viewed down their axes, helical bundles may wind in a
clockwise or a counterclockwise manner (32). The topology of
azD was designed to adopt a counterclockwise bundle, in
contrast to the common clockwise bacterial IgG-binding pro-
teins (25), and the counterclockwise topology indeed was
observed in the structure (Fig. 3). The positions of the helices
in the observed structure spanned residues 4-21, 25-45, and
51-70 and were in excellent agreement with the design (resi-
dues 4-21, 25-46, 51-71). The interhelical tilt angles were also
in excellent agreement with the design: ,, = 165°, Q3 =
—14° and Q3 = 171°. As expected from its asymmetric
sequence and nonuniform hydrophobic core, the structure
deviated from a canonical coiled coil (43), showing less
curvature in helices 1 and 2 and less uniformity in the
interhelical crossing angles.

As in native proteins, the apolar side chains in the core of
azD were generally well packed. It was possible to define 14 of
the 18 side chain x' torsional angles for the hydrophobic
residues from the coupling constants (*/,g). These side chains,
as well as two additional side chains that were defined by NOE
restraints alone, adopted a single predominant rotamer in the
core of the protein. The remaining two residues (W4 and Y45)
showed excursions from the predominant rotameric state in
half of the calculated structures. W4 was partially buried (Aem
= 342 nm) and appeared to adopt two distinct, well populated
orientations (x! = —60.0° and 180°). Similar behavior has been
observed for a natural three-helix bundle containing protein

Structural statistics for the family of 13 a3D structures

Experimental restraints®
Intraresidue (|i — j| = 0)

Short-to-medium range (1 < [i — j| < 5 residues)

Long range (|i — j| > 5 residues)
Hydrogen bonds

@ angles

x! angles

Total

Mean rms deviations from experimental restraints
Distance restraints, A
Dihedral angle, °

Mean rms deviations from ideal geometry

459
511
173
48
55
14
1,260
(SA) = SD

0.0209 = 0.0005
0.378 = 0.032

Bonds, A 0.00351 = 0.00003

Angles, ° 0.609 =+ 0.015

Impropers, ° 0.721 = 0.014
Ramachandran statistics from Procheck-NMRT

Residues in most favored regions 86.2%

Residues in additional allowed regions 11.4%

Residues in generously allowed regions 1.4%

Residues in disallowed regions 1.1%
Rms deviations from the mean structure, A

Backbone atoms (residues 1-73, N, C¢, C) 1.06

Backbone atoms (residues 4-21, 24-45, 51-70, N, C¢, C) 0.75

All nonhydrogen atoms (residues 1-73) 1.61

Backbone atoms (residues 4-21, 24-45, 51-70, N, C%, C, O) and

Hydrophobic core (except 4, 45, 70) 1.03

None of the structures exhibit distance violations >0.35 A or dihedral angle violation >5°.
“The final values of the square well NOE and dihedral-angle potential were calculated with a force
constant of 50 kcal'mol~1-A~2 and 200 kcal'mol~!rad 2, respectively.
TThe programs AQUA and PROCHECK-NMR (42) were used to check the overall quality of the structures.
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F1G. 3. (a) Stereo diagrams of the 13 superimposed a3D structures are shown with the hydrophobic core residues depicted in red and W4 and
Y45 in yellow. The structures were aligned by using only the backbone atoms (residues 4-21, 24—45, and 51-70). The figure was generated by using
the program MOLMOL (58). (b) Stereo display of a ribbon diagram with the hydrophobic residues in red and W4 and Y45 in yellow of the lowest
energy structure of azD. The figure was created by using the programs MOLSCRIPT (59) and RASTER3D (60).

(44). Similarly, an IgG-binding domain shows two distinct
rotamers for an interfacial phenylalanine residue (45). In
summary, azD showed a high degree of order in the packing
of its core, although there were some local areas of disorder,
as has been observed in native proteins of comparable struc-
ture and stability.

Hydrogen Exchange. The rates at which a protein’s amide
protons exchange with solvent deuterons after dissolution in
H,0 provide important structural and dynamic information.
Although molten globules show relatively rapid exchange
mediated by local unfolding events, exchange in native proteins
is slow. Proteins often contain a subset of amides that exchange
only when the protein transiently adopts a fully unfolded
conformation and hence are slowed by a factor (the protection
factor) approximately consistent with the equilibrium constant
for folding. Indeed, nine amide protons in azD showed pro-
tection factors within 0.5 kcal'mol~! of that expected from its
global stability (Fig. 4). Eight of these positions were found
within helices 2 and 3, suggesting that this is the most stable
cooperative unit in the protein. Also, 135 showed a degree of
protection that was 2 kcal'mol~! higher than expected, indic-
ative of some residual structure in the unfolded state.

DISCUSSION

These results illustrate many of the features required for the
formation of a uniquely folded protein. One feature that

appears to have been particularly important for stabilizing a
unique topology was the incorporation of interfacial charged
groups to stabilize the predicted structure, and—even more
importantly—to destabilize the clockwise topology or other
alternatively folded structures (46). This strategy appeared to
be successful. The interfacial charged side chains align at
appropriate positions for favorable interhelical electrostatic
interactions, and no evidence has been obtained for alterna-
tively folded structures. A second design feature included two
interhelical connections featuring capping boxes, which serve
to define the trajectory of the loops in the desired direction.
The first loop (Fig. 1) is well ordered and shows the NOE
patterns characteristic of an N-terminal capping box (S-X-X-E
box; ref. 31). The second, longer loop is largely disordered (Fig.
3a) and provides an excellent site for evolution of function.
Thus, interfacial electrostatic interactions and hydrogen bond-
ing appear to contribute to the unique fold of azD.

The packing of the hydrophobic side chains in the core of the
protein also may contribute to the unique structure of a3D.
The hydrogen exchange protection factors of an earlier version
of azD containing only Leu sidechains in the core were
considerably lower than expected, and it also showed a some-
what low value of AC, for unfolding (27). By contrast, the
diverse collection of side chains in azD pack into a more well
defined structure as assessed by its thermodynamic, spectro-
scopic, and structural properties. However, it is interesting to
note that more than half of the rotamers observed in the
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F1G. 4. (a) Protection factors for the main-chain amide protons of
a3D determined from hydrogen—deuterium exchange at 15°C, pH* 5.0
(in 50 mM deuterated acetate). The protection factors were calculated
from the observed exchange rates and the intrinsic exchange rates (39).
Absence of a bar indicates residues with amide protons exchanging in
the dead time of the experiment (18 minutes) or a lack of a well
resolved amide proton cross peak. (b) Assuming an EX2 exchange
mechanism, the apparent free energy, AGux, was calculated from the
protection factors, P;, as RTIn(P;) (39). The dashed line represents the
AG, at 15°C determined calorimetrically by extrapolation of the
Gibbs-Helmoltz equation, AGt = AHr, (1 — T/Tm) + (T — Tm) AC,
— TACpIn(T/Tm). The shaded region denotes the estimated standard
error in this parameter of +0.5 kcal'mol~1.

structure of azD were incorrectly predicted by the early version
of the ROC repacking program (33) used in its design. This
finding indicates that it was possible to design a native con-
formation without explicitly defining the intricate details of the
sidechain packing geometries. Thus, although packing is es-
sential for stability, there is sufficient flexibility in the side
chain conformations that their geometries need not be com-
pletely specified in a successfully designed protein (2, 47-49).
This finding is consistent with earlier successes in de novo
protein design. For example, the conformations of only three
of seven interior sidechains were correctly predicted in the de
novo design of a peptide based on the zinc finger motif (7).

These findings suggest that the stability was not optimized in
the initial design. Since the design of a3D, there have been
many major improvements in algorithms for sidechain repack-
ing and protein design (50-56), some of which allow flexibility
in the backbone conformation. Preliminary data suggest that
even more stable and well ordered structures may be obtained
by using similar algorithms.

Proc. Natl. Acad. Sci. USA 96 (1999)

CONCLUSIONS

These data clearly indicate that it is now possible to design
complex, structurally defined proteins, beginning with simple,
easily parameterized motifs such as an antiparallel coiled coil.
Earlier successful examples of de novo-designed proteins were
either multistranded coiled coils (12, 57) or had only marginal
stabilities. For example, previously designed mimics of the zinc
finger motif and a three-stranded B-sheet have equilibrium
constants favoring the folded form by less than a factor of 10
(7, 8). Even this low level of stability was achieved only after
careful optimization of the sequences. Thus, it might be
difficult to evolve their sequences for the introduction of a
novel function without greatly affecting their folded structures.
By contrast, the stability of asD, which is similar to natural
proteins, should be much more forgiving of mutations. Hence,
this protein should provide an excellent framework for the
evolution of new functions within a completely novel sequence.
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