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From coiled coils to small globular proteins:
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Abstract

A monomolecular native-like three-helix bundle has been designed in an iterative process, beginning with a peptide that
noncooperatively assembled into an antiparallel three-helix bundle. Three versions of the protein were designed in which
specific interactions were incrementally added. The hydrodynamic and spectroscopic properties of the proteins were
examined by size exclusion chromatography, sedimentation equilibrium, fluorescence spectroscopy, and NMR. The
thermodynamics of folding were evaluated by monitoring the thermal and guanidine-induced unfolding transitions using
far UV circular dichroism spectroscopy. The attainment of a unique, native-like state was achieved through the
introduction of: (1) helix capping interactions; (2) electrostatic interactions between partially exposed charged residues;
(3) a diverse collection of apolar side chains within the hydrophobic core.
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The de novo design of proteins (DeGrado et al., 1989; Richardson
& Richardson, 1989; Betz et al., 1993; Bryson et al., 1995) is be-
coming an increasingly feasible goal as understanding of protein
structures continues to advance. Studies with designed monomeric
a-helices have shown the features required for a-helix formation
(Lyu et al.,, 1990; O’Neil & DeGrado, 1990; Padmanabhan et al.,
1990; Scholtz et al., 1991; Armstrong & Baldwin, 1993; Creamer &
Rose, 1994; Shalongo & Stellwagen, 1995), and crystallographic
studies of designed amphiphilic a-helices have provided detailed
pictures of stable helix packing geometries as starting points for de-
signing helical proteins (Hill et al., 1990; O’Shea et al., 1991; Har-
bury et al., 1994; Schafmeister et al., 1997). While great advances
have been made in designing helical proteins that fold into the de-
sired aggregation state and approximate tertiary structure, many de-
signed proteins have not exhibited the two-state thermodynamic
behavior expected for native-like folding (Bryson et al., 1995). In
fact, the design of proteins that specifically fold into a unique three-
dimensional structure remains an important goal of protein design
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that has only infrequently been demonstrated (Struthers et al., 1996;
Dahiyal & Mayo, 1997; Fezoui et al., 1997; Ilyina et al., 1997; Ogi-
hara et al., 1997; Schafmeister et al., 1997).

The conformational specificity of a native protein is apparent at
several levels, beginning with its overall fold and topology. Sec-
ond, within this fold, there are scores of related conformations
(Lesk & Chothia, 1980) that differ by rigid body shifts of second-
ary structural elements. Finally, the side chains in protein interiors
are generally well packed and adopt a single rotameric state
(McGregor et al., 1987). Specificity reflects the tendency of a
protein to achieve a unique state (or set of closely related states) at
each of these different levels, and requires a large energetic gap
between the native state and the next higher ensemble of confor-
mations (Lazaridis et al., 1995; Mirny & Shakhnovich, 1996;
Onuchic et al., 1996). A lack of conformational specificity can
have severe physiological consequences as revealed in recent
studies of naturally occurring mutations in lysozyme (Booth et al.,
1997) and prion proteins (for a recent review, see Mihara & Ta-
kahashi, 1997). The origins of conformational specificity are likely
to be as wide-ranging as the types of interactions involved in
stabilizing protein structures, and include van der Waals packing
interactions, hydrogen bonding, salt bridges, and the hydrophobic
effect. In a few simple cases, hydrogen bonded interactions be-
tween buried side chains have been shown to dictate conforma-
tional specificity at the expense of overall thermodynamic stability
(Betz et al., 1995; Lumb & Kim, 1995; Woolfson & Alber, 1995;
Schneider et al., 1997). The tight packing of amino acid side chains
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Design of a native-like three-helix bundle

in the interior of proteins may also contribute to conformational
specificity, although experiments with proteins containing re-
packed cores suggest that this feature alone cannot account for
conformational specificity (Axe et al., 1996; Cordes et al., 1996;
Vetter et al., 1996). Thus, conformational specificity reflects a
variety of interactions that are broadly distributed throughout the
sequence and structure of a protein.

The goal of the present work is to evolve a conformationally
specific protein from a rather nonspecific aggregate of amphiphilic
a-helical peptides. The insights gained in the process should pro-
vide an active understanding of the features required for engineer-
ing conformational specificity into protein sequences. Our design
began with the three-dimensional structare (Lovejoy et al., 1993)
of a trimeric bundle of unlinked a-helices modeled after Hodges’
polyheptapeptide models for two stranded coiled coils (Lau et al.,
1984). The designed peptide, CoilSer (O’Neil & DeGrado, 1990),
has a periodic structure (Leu,-Xxx,-XxX-Leuq-Glu-XxxrLysg )4
(Fig. 1) and was intended to form a dimer stabilized by hydro-
phobic interactions between the Leu residues as well as electro-
static interactions between the Glu and Lys residues on neighboring
helices. In solution, this peptide exists in a monomer/dimer/trimer
equilibrium of low cooperativity.

CoilSer has also been crystallized, and its X-ray structure shows
an antiparallel three-stranded coiled coil (Fig. 2A) with an up-
down-up topology (Lovejoy et al., 1993). Although the peptide has
a very well-packed structure, about one-third of the interior-facing
Leu side-chains adopt side-chain conformations that fall outside of
the two most populated rotamers for this residue in an a-helical
conformation (Schrauber et al.,, 1993). This finding suggests that
the sequence of CoilSer may not represent the best possible se-
quence for specifying the anti-parallel three-helix bundle structure
observed in the crystal structure. Also, in the crystal structure Leu
residues at equivalent positions in the individual monomers often
adopted different rotamers in the three different helices of the
trimer. In solution, the conformations of these side chains may
rapidly interconvert, giving rise to a dynamically averaging inte-
rior structure. In previous work, we redesigned the sequence of
CoilSer to provide a peptide that adopted a uniquely folded parallel
three-stranded coiled coil in aqueous solution (Betz et al., 1995;
Boice et al., 1996) and the solid state (Ogihara et al., 1997). In the

CoilSer:

abcdefg abcdefg abcdefg abcdefg
E WEALEKXK LAALESK LOALEKK LEALEHG
a3A:
abcdefg abcdefg abcdef (Loop)
E WBEALEKK LNALESK LQALEK a
N WEALKKE LNALKSE LQALEKK PG
N WEALEKXKK LNALESK LQALEHG
a3B:
E WEALEXK LAALESK LQAL fe e
NPDE WAALKKE LAALKSE LQALK GKG

NPE WEALEKK LAALESK LQALEHG

azC:
8 WAEFEKEER LAAIEKSR LQAL GG
SEAE LAAFEKE IAAPESE LQAYK GKG
NPE VEALRKE AAAIRSE LQAYRHN

Fig. 1. Sequences of CoilSer and the aj series of peptides are given in
single letter code. The sequences are arranged in heptads, with the coiled
coil heptad positions labeled above CoilSer and a3A. Residues that were
altered from the previous design are underlined. The N-termini are free
amines; the C-termini are amidated.
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Fig. 2. Cartoon representations of the interhelical electrostatic interactions
used to specify the topology of the three-helix bundle. Circles represent the
a-helices, viewed end on from either the N- or C-terminal ends (marked
with N or C, respectively). Numbered helices indicate their sequential
positions in the single-chain three-helix bundle proteins. “—" signs indicate
negatively charged Glu residues in either the “e” or “g” positions, “+”
signs indicate positively charged Lys or Arg residues in the same positions.
Solid or dashed arrows indicate loops connecting the helices either above
or below the plane of the image, respectively. A: CoilSer, the interhelical
electrostatics, was designed to stabilize a parallel dimer, but an antiparallel
trimer is observed in the solid state with presumably unfavorable inter-
actions between like charges on two of the three faces. Topology is irrel-
evant for three identical unconnected helices. B: Two topologies are possible
for connected helices, but both are equally stabilized by the interhelical
electrostatic interactions as designed in a3A and a3B. C: The redesigned
interhelical electrostatic interactions in a3C should destabilize the clock-
wise topology by placing like-charged amino acids along both sides of two
faces of the bundle, thereby specifying a counterclockwise topology.

current manuscript we address the more challenging goal of con-
verting CoilSer into a globular, anti-parallel, three-helix bundle; a
folding motif that is found in a variety of functionally diverse
proteins (Deisenhofer, 1981; Gouda et al., 1992; Shaw et al., 1993;
Pascual et al., 1996; Sliz et al., 1997). This is accomplished in an
hierarchic approach (Bryson et al., 1995) through the introduction
of specific interactions as needed to acheive a uniquely folded
protein.

Results and discussion

Design

Round 1

The modeling was initiated by shortening the CoilSer trimer by
one heptad to give 21 residue helices whose lengths were more
typical of the a-helices in natural three-helical bundles (Speicher
& Marchesi, 1984; Uhlén et al., 1984; Parry et al.,, 1992; Shaw
et al,, 1993; Sliz et al., 1997). The Trp residues were retained near
the N-terminus of the a-helices, and a unique His residue near the
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C-terminus of the third helix was also retained. In addition, the
positions of Glu and Lys residues in helix two were rearranged to
improve the interhelical electrostatic interactions. The Glu and Lys
residues at positions “e” and *“g” of CoilSer had been arranged to
stabilize parallel helix-helix packing; thus the positions of these
residues needed to be reversed in the second, antiparallel helix
(Fig. 2A,B).

A major challenge in the construction of a three-helical bundle
from the crystallographic coordinates of CoilSer was the design of
hairpin loops. The loops should direct the formation of an intra-
molecularly stabilized bundle with a single topology, rather than a
multimeric aggregate. Two topologies are possible for an antipar-
allel three-helix bundle; when viewed from the top of the structure
as in Figure 2, helical bundles can adopt a clockwise or a coun-
terclockwise topology. The designed loops should specify a unique
topology rather than a mixture of the two possibilities.

In the first round of design, two simple loop sequences consist-
ing of GlyAsn and ProGlyAsn were used, with the asparagine
intended as a capping residue (Presta & Rose, 1988; Richardson &
Richardson, 1988; Harper & Rose, 1993) at the beginning of the
second and third helices. The glycine was included as a flexible
helix terminator, and the proline inserted into the second loop was
required to bridge the larger gap between helices 2 and 3. This
protein, a3A, associates weakly in a monomer/dimer/trimer equi-
librium (vide infra), indicating that the loop was not capable of
stabilizing the intramolecularly folded form of the protein. Thus,
the loops failed to present the neighboring helices at sufficiently
high effective intramolecular concentration to allow internal fold-
ing to compete with intermolecular self-association at high micro-
molar concentrations.

Round 2

A primary goal of the second round of design was to introduce
stronger helix stop signals to direct the formation and conforma-
tion of the loops. The loop connecting the first two helices features
an “N-X-X-E” box, in which the Asn side chain carbonyl “caps”
the N-terminus of helix two through a H-bond with a main-chain
amide, and the Glu side chain carbonyl makes a reciprocal H-bond
with a main-chain amide of the loop (Harper & Rose, 1993; Zhou
et al., 1994). The loop on the opposite end of the bundie also
features an Asn as an N-cap residue, but does not include a glu-
tamate residue at the N-cap + 3 position as this position is occu-
pied by a Trp residue, the first hydrophobic position of the final
helix. Pro residues occupy the N-cap + 1 position as is commonly
observed in proteins (Richardson & Richardson, 1988; Dasgupta
& Bell, 1993).

The helix capping interactions serve two functions. The first is
to provide a strong helix start/stop signal to ensure the protein
does not form a long helix capable of aggregation. The second is
to dictate the trajectory of the loop as it enters the helix, in effect
determining the relative disposition of the two helices. Observing
the helix vertically down its axis, the position of the helix capping
box determines the trajectory of the loop as it enters the helix, thus
influencing whether the neighboring helix will pack on the right or
left (Efimov, 1991, 1993). The helix capping boxes can therefore
be used to help define the topology of the bundle.

The second protein, a3B, is indeed monomeric (vide infra),
indicating that the incorporation of helix capping interactions pre-
vents aggregation. In many ways 3B approaches the desired native-
like behavior of natural proteins, but some characteristics of the
“molten globule” state remain.

J.W. Bryson et al.

Round 3

The goal of the third round of design was to eliminate any
remaining nonnative characteristics observed for @;B. One possi-
ble source of nonnative behavior of a;B is coexistence of the two
topologies possible for a three helix bundle: clockwise turning or
counterclockwise turning (see Fig. 2B). With equivalent hydro-
phobic core residues contributed by each helix and equivalent
electrostatic interactions between the Lys and Glu residues at the
“e” and “g” positions, the interhelical interactions should be iden-
tical in either topology. Only the position and length of the loops
would favor one topology over the other. The other possible cause
of dynamic behavior in a;B is the redundancy in the hydro-
phobic core. Side-chain repacking calculations (Desjarlais & Han-
del, 1995) indicate that the 15 Leu residues in a3B are able to pack
in many different combinations of conformations with roughly
equivalent overall energies, suggesting that a different combina-
tion of hydrophobic residues could pack with greater specificity.
Continuing with the hierarchic approach, the third round of design
therefore focused on repacking of the hydrophobic core, rearrange-
ment of the interhelical electrostatic interactions, and helix capping
interactions.

Helix capping interactions

A helix capping box was incorporated into the first helix by ex-
changing the positions of amino acids three and four to move a Glu
residue to the N-cap + 3 position. The N-cap residue for the first
two helices was changed to Ser, as this residue often offers greater
stabilization than Asn in such capping boxes (Lyu et al., 1992).

Redesign of the interhelical electrostatic interactions

9

In a3B, Lys and Glu residues placed at the “¢” and “g” positions
were meant to favor the antiparallel arrangement of the three he-
lices (O’Shea et al., 1993; Lumb & Kim, 1996). The arrangement
of these residues, however, leads to equivalent electrostatic inter-
actions for either of the two possible antiparalle] topologies (see
Fig. 2A). In the design of «3C, the charged residues were re-
arranged to preferentially favor the counterclockwise topology;
positively charged residues were placed at both the “e” and “g”
positions of helix one, negatively charged residues were placed at
both the “e” and “g” positions of helix three, and negatively charged
residues were placed at the “e” positions and positively charged
residues at the “g” positions of the antiparallel helix two. As il-
lustrated in Figure 2B, this arrangement should destabilize the
clockwise arrangement of helices and stabilize the desired, coun-
terclockwise topology. In addition, Arg was used in a;C in place of
some of the Lys residues. This replacement reduces the sequence
redundancy and may provide added stability as Arg-Glu inter-
actions are energetically more favorable than Lys-Glu interactions
in coiled coils (Krylov et al., 1994).

Redesign of the hydrophobic core

The third and perhaps most significant refinement was the com-
plete redesign of the hydrophobic core, using a genetic repacking
algorithm (repacking of core (ROC), Desjarlais & Handel, 1995).
A number of constraints were imposed on the sequence: a unique
Trp residue was retained at the first hydrophobic position of helix 1
as a fluorescent probe (although its conformation was determined
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by the algorithm), and all of the remaining core positions (17
residues) were allowed to be Ala, Val, lle, Leu, or Phe. Thirty runs
of the program generated 30 different sequences, and amino acid
residues that occurred with very high frequency were fixed in a
second round of optimization with ROC (Table 1).

Eight positions were fixed in the second round of repacking,
although their conformations were determined by the algorithm.
Thirty runs of ROC in the second round produced 18 different
sequences. Models were built for several of the predicted struc-
tures, and on the basis of energy minimizations, solvent accessible
surface areas, and the sequence consensus from the second round,
four additional positions were fixed (Phe29, Phe36, Val51, Phe68)
based on favorable packing interactions and rotamers. In addition,
position 58 was released for re-optimization due to possible clashes
between Ile58 and Phe36.

In the third round of optimization, 11 residues were fixed to a
particular amino acid, and 30 runs of ROC produced only six
different sequences. From the consensus of these sequences, an
additional six residues were fixed, all to Leu. In the fourth and
final round of optimization, only one residue, position 58, was
allowed to vary. ROC predicted three possibilities for position 58;
Ala, Ile, and Leu. Although Ile occurred most frequently, the con-
formation predicted for it was not particularly favorable. Ala was
selected for this position rather than Leu in order to maximize the
diversity of the amino acid content of the hydrophobic core. The
model for a;C generated from the predictions of ROC was further
modified after energy minimization and solvent-accessible surface
area evaluations. Two of the Phe residues (positions 43 and 68)
were changed to Tyr residues because of their partial exposure to
the surface.

The sequence of a;C is shown in Figure 1, and the model of the
hydrophobic core is shown in Figure 3. Eleven of the 18 core
positions have changed; seven Leu residues are present, six of
which were present in a3;B. The addition of several B-branched
amino acids (Val, Ile) may decrease the conformational flexibility
of the core because, within an a-helix, these residues have only
one low-energy torsion angle (McGregor et al., 1987; Schrauber
et al., 1993). A Val residue at position 51 packs against the indole
group of Trp2. Also three Ile residues at positions 12, 33, and 61
from each of the three helices pack near the center of the bundle in
a layer that lies roughly orthogonal to the central axis of the bun-
dle. The hydrophobic residues above and below this triad of Ile
side chains also pack in layers and show geometric complemen-
tarity in their size and shape. For instance Leu9, Phe36, and Ala58
pack above the Ile triad. Three other layers contain one aromatic
residue and two Leu residues.
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Fig. 3. MOLSCRIPT diagram (Kraulis, 1991) showing the molecular
model of a;C. Side chains of the amino acids of the repacked hydrophobic
core consisting of all “a™ and “d” positions are shown in ball-and-stick
representation.

Characterization

Sedimentation equilibrium

The hydrodynamic radius of a3;A and a3B in solution was ini-
tially investigated by size exclusion chromatography using a Super-
dex75 (Pharmacia) column eluted with 20 mM HEPES (pH 7.0),
750 mM NaCl. Both peptides eluted with apparent molecular weights
approximately 1.5-fold higher than the calculated molecular weights,
consistent with the asymmetric geometry of the model. Thus, this
technique suggests that both proteins were monomeric. However,
sedimentation equilibrium at 50-250 uM peptide concentration
detected a weak association of azA, which was best fit (see. Ma-
terials and methods) to a monomer/dimer/trimer equilibrium. Fig-
ure 4A shows the data for a;A at 250 uM peptide in 50 mM
MOPS, 750 mM NaCl, pH 7.0 along with the best fits calculated
for pure monomer, dimer, and trimer. When fit to a single species,
a molecular weight (MW) of 13,100 Da is predicted (actual mo-
lecular weight of a3A = 7,762 Da). The best fit is obtained for a
mixed monomer/dimer/trimer equilibrium (not shown). Similar
results are observed in 50 mM MOPS, 100 mM NaCl, pH 7.0 (data
not shown). Due to this aggregation behavior, a3A was not char-
acterized further.

In contrast, @3B and a;C were found to be completely mono-
meric. Sedimentation equilibrium data for a3;B and a;C
(Fig. 4B,C) are well described as monomolecular species of mo-
lecular mass within 4% of that predicted from the amino acid
sequence. The expected and observed MW for a3B were 7,762 and
7,715, respectively; the corresponding values for a;C were 7,878

Table 1. Amino acids constrained at the start of each round of ROC*?

Position: 2 5 9 12 16 19 26 29 33 36 40 43 51 54 58 61 65 68
Round 1 w

Round 2 w F L I I F I I

Round 3 w F L | F 1 F F v I F
Round 4 w F L I L L L F I F L F \% L I L F
a;C w F L I L L L F I F L F A" L A 1 L F

“The positions refer to the residue numbers in the designed protein, as opposed to the structure of CoilSer. Helix 1 spans residues

2-19, helix 2 spans 23-43, and helix 3 spans residues 49-69.
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Fig. 4. Sedimentation equilibrium. Analytical ultracentrifugation data show-
ing absorbance versus radius for raw data collected at 35,000 rpm (A),
42,000 rpm (O), and 48,000 rpm (O), and theoretical fits to monomer (solid
line), dimer (dashed line), and trimer (dotted line, a3A only). A: Data and
fits showing a3A self-associates. B: Data and fits showing a3B is mono-
meric. C: Data and fits showing a3C is monomeric.

and 7,560. Attempts to fit the data to other aggregation states, such
as a dimer (Fig. 4B), resulted in considerably poorer fits to the
experimental data.

Chemical denaturation

a3B is predominantly helical as assessed by far UV CD spectros-
copy (mean residue ellipticities of [0,] = —22,800, [03] =
—18,600, [6,9;] = 32,500 deg cm® dmol ! observed at pH 7.0,
25 °C). Further, the helical content was lost in a single cooperative
transition when the protein was titrated with GdnHCl. The curve is
well described by Equation 1:

AG,,; = AGp + m[GdnHCl1] 1)

in which AG,,, is the free energy for the two-state unfolding
equilibrium observed at a given concentration of GdnHCI, AGp
is the free energy of denaturation extrapolated to zero [GdnHCl],
[GdnHC1] is the concentration of guanidinium hydrochloride, and
m is a constant that provides a measure of the cooperativity of the
process. The values of AGp, m, and the midpoint of the transition

J.W. Bryson et al.

are 7.2 kcal mol !, 1.7 kcal mol ™! M ™!, and 4.2 M, respectively.
a;C is also predominantly helical, and shows a cooperative unfold-
ing transition with AGp = 5.5 kcal mol ™!, m = 2.1 keal mol "' M,
and [GdnHCIl],,, = 2.6 M. For comparison the respective values
for the Z domain of staphylococcal Protein A are 6.6 kcal mol ™!,
1.7 kecal mol™! M™!, and 3.9 M, respectively (Cedergren et al.,
1993). Thus, the stability and cooperativity of the transitions for
a3B and a;C are close to those observed for a natural three-helix
bundle protein.

The slight decrease in stability of a;C relative to a;B may re-
flect a large number of factors. Interestingly, differences in the hel-
ical propensities are able to account for the entire (1.7 kcal mol ~!)
stability difference between the two proteins. The helix propensity
scale developed using CoilSer predicts that a3C should be less
stable than a3;B by 1.9 kcal mol ™!, in close agreement with the
experimental value (O’Neil & DeGrado, 1990). Clearly, there are
also many other differences in the van der Waals packing and
hydrophobic interactions between the two structures. Evidently,
these factors are compensatory in nature and result in little exper-
imental difference in stability. Thus, increases in stability arising
from improvements in the packing of the core of a;C may be offset
by a loss of conformational entropy in a;B.

The value of m obtained from an analysis of GdnHCl-induced
denaturation curves provides a measure of the difference in the
accessibility of the native versus the unfolded states of a protein to
the denaturant. The value of m is larger for a;C than for a;B,
indicating that the former protein experiences a larger change in
accessibility to GdnHCI upon unfolding. Given that these proteins
unfold at relatively high concentrations of GdnHCI, it is most
likely that their unfolded states are similar and resemble fully
denatured random coils. Thus, the difference in m may reflect an
improvement in the packing of the core of a3C, which results in a
decreased exposure of the native state to guanidinium ions.

Thermal denaturation

Thermal melting curves of @3B and a;C at various concentrations
of [GdnHCI] are illustrated in Figures 5A and 6A and are typical
of small proteins, showing evidence for both low- and high-
temperature denaturation (Becktel & Schellman, 1987; Chen &
Schellman, 1989). The data were fit to the Gibbs-Helmholtz Equa-
tion 2:

AG; = AHy (1 — T/T,) + (T — T,)AC, — TAC, In(T/T,,) (2)

where T, is the midpoint of the transition, AH7 is the van’t Hoff
enthalpy at the midpoint, and AC, is the change in the heat capac-
ity averaged over the temperature range of the experiment. The
values of AHy , AC,, and T, could be obtained with reasonable
confidence between 3 and 4 M GdnHCI for a3;B and between 1.5
and 3 M GdnHCI for a3;C, where both phases of the denaturation
curve were resolved. Thermodynamic parameters derived from
fitting the baseline corrected thermal melts displayed in Figures 5B
and 6B are listed in Table 2.

The value of AC, was also determined by evaluating the van’t Hoff
enthalpy in the vicinity of 7,, at each concentration of [GdnHCI].
A plot of AH(yant Hotry Versus T, is linear over a wide range of
[GdnHC]] and temperatures, ranging from 31 to 89 °C. The value of
AC, determined from the slope of this plot is 589 cal mol ™' K™/,
in excellent agreement with the average of the values of AC,
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Fig. 5. Thermal denaturation of a3B. Circular dichroism data monitoring
the loss of helical signal at 222 nm with increasing temperatures at varying
concentrations of GdnHCL: 0 M (0), 2M (0), 3 M (A), 3.5 M (V), 4 M (%),
4.5 M (0), and 5 M (#). A: Uncorrected CD data. B: Baseline corrected
data converted to fraction folded along with fits (solid lines) to the Gibbs-
Helmholtz expression (see text).

derived from fitting the fraction unfolded to the Gibbs-Helmholtz
expression for a3;B, which is 574 + 42 cal mol ! K~!. The value
of AC, on a per residue basis (8.1 cal mol ™! K™' res™') is within
the range of theoretical values calculated from the model of a;B
based on the solvent accessibility of its polar and nonpolar groups
(Makhatadze & Privalov, 1990; Privalov & Makhatadze, 1990;
Murphy & Freire, 1992; Spolar et al., 1992). While this value is
somewhat lower than the value found for native proteins (10-14
cal mol ~! K~! per residue) (Kuwajima, 1989; Ptitsyn et al., 1990),
the difference can be explained by the elongated structure and high
surface area to volume ratio of the protein. It should also be noted
that the value of AC, for a3B is greater than that observed for both
the unfolding of the dimeric coiled-coil GCN4 (3.8 cal mol ™! K!
for GCN4) (Thompson et al., 1993), and for most molten globule
proteins (Freire, 1995).

Thermal melting curves for a;C are displayed in Figure 5A, and
the baseline-corrected curves at 1.5-3 M GdnHCI are displayed
along with the best fits to the Gibbs-Helmholtz equation in Fig-
ure 6B. Thermodynamic parameters derived from those fits are
listed in Table 2. AC, values from these four fits range from 593
t0 663 cal mol ~! K ™!, with an average of 627 £ 32 calmol ! K~!.
AC, was also analyzed by calculating the van’t Hoff enthalpies
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Fig. 6. Thermal denaturation of a3C. Circular dichroism data monitoring
the loss of helical signal at 222 nm with increasing temperatures at varying
concentrations of GdnHCL: 0 M (O), 1 M (O), 1.5 M (A),2M (v),2.5M
(%), 3 M (0), and 4 M (#). A: Uncorrected CD data. B: Baseline corrected
data converted to fraction folded along with fits (solid lines) to the Gibbs-
Helmbholtz expression (see text).

versus T,,(T,.;) between 0 and 3.0 M GdnHCI; the resulting plot
is linear over the entire range examined. The computed value of
AC, (688 cal mol~! K™ ') is in very good agreement with that
determined using the Gibbs-Helmholtz method, particularly when
one considers the large range in temperature (17 to 93 °C) over
which the van’t Hoff enthalpies were measured. Taking the mean
of the two measures of the change in heat capacity gives AC, =
658 cal mol~! K™! or 9.2 cal mol™' K~! res™' for a;C. This
value is similar to that observed for the trimeric coiled-coil peptide
Coil-V,L, ( AC, = 8.6 cal mol~! K~! per residue) (Boice et al.,
1996), which has a cooperatively folded three-helix structure with
a well-packed interior.

The change in heat capacity for a,C is approximately 15%
greater than that observed for a;B. The value of AC, associated
with protein folding is often interpreted as a measure of the dif-
ference in accessibility of the native versus the unfolded state of a
protein (Murphy & Freire, 1992; Privalov, 1992). Both AC, and m
increase for a3C versus a3B, suggesting that a;C is slightly better
packed than its predecessor. This is most likely due to the greater
specificity in the packing interactions of the redesigned hydropho-
bic core, as a control protein that contained the redesigned capping
and electrostatic interactions of «;C but retained the all-leucine
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Table 2. Thermodynamic parameters® of a3;B and a;C

J.W. Bryson et al.

[GdnHCI] AHT,,, AC, T AH (yan't Hoff)
Protein (M) (kcal mol ') (cal mol™' K1) °C) (kcal mol ™)
asB 2 Ty = 89) 37.7
3 247 550 70 249
35 17.7 526 58 17.4
4 15.5 616 49 15.7
4.5 37 602 31 2.8
a3C 0 (Ter = 93) 58.8
1 36.6 650 74 340
1.5 322 633 63 28.1
2 28.1 593 51 24.1
2.5 13.1 663 32 12.5
3 2.2 595 17 1.7

*AHy,, AC,, and T, were determined by nonlinear least-squares analysis, using the Gibbs-Helmholtz equation. AHyan't Hofr) Was
determined from van’t Hoff plots evaluated at T,, (or at 7, for conditions where T,, was not reached in the thermal denaturation curves).

core exhibited thermodynamic behavior essentially identical to that
of a;B (data not shown).

Binding of 8-anilino-naphthalene sulfonic acid (ANS)

Proteins in the molten globule state tend to bind the environment-
sensitive fluorescent dye ANS more tightly than do their native
counterparts (Semisotnov et al., 1991; Ptitsyn, 1992). Figure 7
illustrates titrations of a;B, a3C, lysozyme (as a example of a
well-folded native protein), and a designed dimeric four-helix bun-
dle (a,B) that has previously been determined to form a molten
globular state (Handel et al., 1993) into a 1 uM solution of ANS.
The titrations of a,B and «;B clearly show that the affinity of a;B
for ANS is much lower than that expected for a typical molten
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Fig. 7. ANS binding. Data for titrations of a3B, a3C, a3B, and lysozyme
into a 1 uM solution of ANS in 20 mM MOPS, pH 7.0. Molar fluorescence
(X 1072 based on actual ANS concentrations) is plotted versus the molar
ratio of the proteins to ANS. Strong binding of ANS is observed for «,B
(0) (a molten globular “minimalist” designed protein (Handel et al., 1993)),
while very weak binding is observed for the native protein lysozyme (A).
a3B (O) shows a much lower affinity for ANS than the molten globular
a,B, but somewhat greater affinity than lysozyme, while a;C (@) shows
very weak binding similar to that of the native protein.

globule. The titration of «3;C shows that it has an even lower
affinity for ANS than does «a;B and indeed is within the range
observed for natural native proteins, providing further evidence
that «;C closely mimics native-like behavior.

NMR spectra

The 'H NMR spectra of native proteins show a large spread of
chemical shifts induced by the unique packing of their interior side
chains. By contrast, the spectra of proteins in more flexible states
such as the molten globule or random coil show less dispersion due
to dynamic averaging of the environments of the individual side
chains. The NMR spectrum of a;B shows a limited degree of
dispersion, due in part to the redundancy of the Leu residues in its
core (see Fig. 8). There is little dispersion of the chemical shifts in
the aliphatic region. Nevertheless, several methyl resonances are

o3B

o3C

Fig. 8. 1H NMR spectra. The amide/aromatic and aliphatic regions of the
one-dimensional 1H NMR spectra of a3;B and a3C are shown. The spec-
trum of asC exhibits narrower line widths and greater dispersion in both
the amide and aliphatic regions.
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observed to be shifted upfield by 0.5 ppm relative to the large peak
associated with the other Leu methyl resonances, consistent with
the model which predicts that the indole side chains of Trp26 and
TrpS51 partially penetrate the core. Further, the indole resonances
are nonequivalent, indicating they each experience unique mag-
netic environments.

The one-dimensional 'H NMR spectra of a;C shows much
greater dispersion in the amide and aliphatic regions than that of
a3B (see Fig. 8). Further, the aliphatic region shows a number of
well-resolved upfield-shifted methyl resonances. The 2D NOESY
spectra show good dispersion in the amide region and a large
number of well-resolved amide proton to aliphatic proton (NOESY)
cross peaks (data not shown). These data suggest that a;C adopts
a unique structure and that it should be possible to determine its
structure at high resolution using isotope-edited NMR.

Hydrogen/deuterium exchange (HDX)

We determined the rate of amide hydrogen/deuterium exchange of
a3B at pD,.,q = 5.0 by integrating the total intensity of the amide
envelope as a function of time after dissolving the protein in D,0.
Several phases were observed, and after several hours peaks as-
sociated with approximately ten amide resonances remained. These
amides exchanged together as a group with a pseudo-first order
rate constant of 0.0014 min ~ . This value is 4,500-fold slower than
the value expected for a random coil, corresponding to an energetic
difference of 5.0 kcal mol~!, which is somewhat lower than the
overall stability of the protein (7.2 kcal mol™!) determined by
guanidine denaturation. This discrepancy indicates that HDX of
even the slowest amide protons occurs through some conforma-
tional process that does not require total denaturation of the pro-
tein. This behavior contrasts with that observed for native proteins,
whose exchange requires global denaturation of the entire protein
(Bai et al., 1995; Chamberlain et al., 1996). Instead, by this crite-
rion, a3;B behaves somewhat like molten globules, which undergo
particularly facile local unfolding transitions that allow rapid HDX.
The HDX of a;C has been conducted on an '>N-labeled, bacteri-
ally expressed derivative, and will be reported elsewhere together
with the solution structure of the protein.

Conclusions

These results illustrate a hierarchic approach to the design of na-
tive proteins beginning with the coordinates of an idealized coiled
coil. The design began with idealized amphiphilic helices that
hydrophobically associated into a coiled coil, and proceeded in
several steps to include: (1) capping interactions at the ends of the
helices; (2) electrostatic interactions between partially exposed side
chains at the helix/helix interfaces; (3) a hydrophobic core that
incorporated a variety of hydrophobic residues. The proteins were
examined by a battery of biophysical techniques, illustrating the
hierarchic requirements for adopting a native fold. Each of these
steps increased the conformational specificity of the protein; the
initially designed «;A had a strong tendency to aggregate. This
problem was addressed in the design of a3B, but its behavior fell
somewhat short of the expectation for a native protein, particularly
with respect to HDX of its amide protons. The third design, a;C,
was entirely successful, and appeared to be native-like in all re-
spects examined. This protein has recently been cloned and ex-
pressed in bacteria, and its structure is being determined by NMR
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spectroscopy. It will be interesting to determine how closely the
three-dimensional structure of a;C matches the intended design.

Materials and methods

Design

Molecular design was performed using the Insightll molecular
modeling package (Biosym) on a Silicon Graphics Indigo® work-
station. Energy minimization was carried out using Discover
(Biosym). The core repacking programs NBSEARCH and ROC
(Desjarlais & Handel, 1995) were compiled and run on a Silicon
Graphics Indigo? workstation. With the exception of three residues
flanking each of the designed loops, the backbone coordinates of
the body of all three helices were not changed from those observed
in the CoilSer crystal structure (1COS.pdb) until the final minimi-
zation of the model of a;C.

Materials

Fmoc-protected amino acids (Fmoc = 9-fluorenylmethoxy carbon-
yl), PAL resin (Albericio & Barany, 1987) (PAL = 5-[4-(amino-
methyl)-3,5-bis(methoxy)phenoxy] valeric acid), TBTU (2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate)
and HOBt (N-hydroxybenzotriazole) were purchased from Milli-
pore. All solvents and chemicals used in the peptide synthesis and
purification were of the highest available grade and were used
without further purification.

Peptide synthesis and purification

Peptides were synthesized on a Milligen 9050 automated peptide
synthesizer using PAL resin (Albericio & Barany, 1987) (substi-
tution 0.38 mmol/g) on a 0.2 mmol scale using standard Fmoc-
protection solid phase methodology. Following cleavage from the
resin with TFA (trifluoroacetic acid), the peptides were left with a
C-terminal amide and N-terminal amino groups. The sequences
synthesized are listed in Figure 1. The side-chain protections were:
Glu(OrBu) (OfBu = tert-butyl ester), Trp(Boc) (Boc = tert-
butoxycarbonyl), Lys(Boc), Ser(t-Bu) (1-Bu = tert-butyl ether),
His(Boc), Tyr(+-Bu), Arg(PMC) (PMC = pentamethylchroman-
sulfonyl). Fmoc-amino acid derivatives were either used as penta-
fluorophenyl active esters (OPfp) or as free acids activated by the
TBTU/HOBt procedure (Knorr et al., 1989). Amino acid coupling
times were 45 min. Double coupling was used for all Asn, Gln, Ile,
Val, Trp, and Pro residues, for all residues coupled to a Pro, Ile, or
Val residue, and for the C-terminal amino acid. With the exception
of Trp residues, all double couplings used -OPfp activated esters
for the first coupling and the free acid with TBTU/HOBt activa-
tion for the second coupling. Trp and Ser were used only as free
acids with TBTU/HOBt activation. Unreacted chains were capped
by acetylation at each step of the synthesis using acetic anhydride/
pyridine in DMF (4:4.7:91.3 v/v, 5 min). The Fmoc protecting
group of the final amino acid was removed with piperidine in
DMF (20% v/v, 10 min). Cleavage from the resin and side-chain
deprotection were accomplished by reaction with a mixture of
TFA /thioanisole/1,2-ethanedithiol /anisole (9:0.5:0.3:0.2, v/v) at
room temperature for 2 h. The resins were filtered off and the
crude peptides precipitated by partial evaporation and addition of
cold diethyl ether. The solid peptides were dried and purified by
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reverse-phase HPLC on a preparative Vydac C-18 column using
linear gradients of water and acetonitrile containing 0.1% TFA.
(a;C was first partially purified by reverse-phase HPLC using
linear gradients of water and acetonitrile containing 0.2% triethyl-
ammonium-phosphate, pH 8.0 using a POROS reverse-phase col-
umn (PerSeptive); after lyophilization, a;C was further purified
as above.) The peptides were determined to be homogeneous by
analytical reverse-phase HPLC. Confirmation of the expected
molecular mass was obtained by electrospray ionization mass
spectrometry.

Analytical ultracentrifugation

Sedimentation equilibrium analysis was performed with a Beck-
man XLA analytical ultracentrifuge (Harding et al., 1992). Purified
peptides were dissolved in buffer and their concentrations deter-
mined spectrophotometrically in 6 M GdnHCI (guanidinium hy-
drochloride) by absorbance at 280 nm assuming extinction
coefficients of 5,700 M ! cm ™! for each Trp and 1,300 M ™' cm ™!
for each Tyr residue (Creighton, 1993). Samples were centrifuged
at three speeds, 35,000, 42,000, and 48,000 rpm, each equilibrated
at least 20 h. Equilibrium was assumed when successive radial
scans at the same speed were identical. Data were analyzed with
the program IgorPro (Wavemetrics) using a modified version (J.D.
Lear, pers. comm.) of the algorithm developed by Brooks et al.
(1993). Partial specific volume of the proteins was calculated using
the method of Cohn and Edsall (Cohn & Edsall, 1943).

Chemical denaturation

The loss of the helical CD signal at 222 nm was monitored with
increasing concentration of GdnHCI in solutions containing iden-
tical concentrations of protein. All solutions contained 25 mM
MOPS, 100 mM NaCl, pH 7.3. Samples of a;B were 19 uM, and
those of a3C were 20 uM. Ellipticity at 222 nm was monitored
using an Aviv 62DS Spectropolarimeter with a temperature control
unit maintaining a constant temperature of 25°C. All data were
collected using a 0.1 cm path length cell, ellipticity at 222 nm was
averaged over 60 s. The data were analyzed using the equation and
method described in Santoro and Bolen (1988) with the software
package IgorPro (Wavemetrics, Inc., Lake Oswego, OR), allowing
for linear variation in both the folded and unfolded baselines.

Thermal denaturation

The loss of the helical CD signal at 222 nm was monitored with
increasing temperature for solutions containing identical con-
centrations of protein and different concentrations of GdnHCL.
All solutions contained 25 mM MOPS, 100 mM NaCl, pH 7.3.
Samples of a3B were 167 uM and those of a3;C were 41 uM.
Ellipticity at 222 nm was monitored using an Aviv 62DS Spectro-
polarimeter with temperature control unit, in a 0.02 cm path length
cell. The temperature was ramped from 0 to 96 °C in 2° steps. At
each temperature the cell chamber was equilibrated for 5 min then
data were collected and averaged over 99 s. The data were ana-
lyzed using the software package IgorPro (Wavemetrics, Inc.). The
baselines for the ellipticity of the folded and unfolded proteins are
dependent on both the concentration of GdnHCI and the temper-
ature. Baseline corrected data were converted to fraction folded
(FF) using Equation 3:

J.W. Bryson et al.

FF(T) = (6(T) — 8y5(T))/(8rorn(T) — 8upn(T)) (3)

where FF(T) is the resulting fraction folded for each temperature
T, and 8(T) is the observed ellipticity at temperature, T. 8 n(T) is
a linear function (Equation 3A) describing the “unfolded baseline”
(i.e., the ellipticity of the unfolded protein as a function of tem-
perature), and o, p(T) is a linear function describing the “folded
baseline” (Equation 3B).

Oyn(T) = Byn(0) + myn(T) (3A)
OroLp(T) = Bro1p(0) + mpep(T) (3B)

The values of 0rp;p(0) and mpp; p(T) represent, respectively, the
ellipticity at T = 0, and the change in the ellipticity with respect to
temperature; these parameters are easily determined at low guani-
dine concentrations where the protein is fully folded at low tem-
peratures. At higher concentrations of [GdnHCI], the values of
0un(T) were assumed to vary linearly with [GdnHCI] as in the
analysis of isothermal GdnHCl-induced denaturation curves
(Santoro & Bolen, 1988). The variation in the unfolded baseline
with respect to [GdnHCI] at 25°C is known from the above-
mentioned analysis of the isothermal data. Thus, values of G,,(T)
at a given [GdnHCI] were multiplied by a single scaling factor,
such that @yn(T), when evaluated at 25 °C, would match the value
extrapolated from an analysis of the GdnHCI denaturation curves.
The same procedure was applied to the analysis of the unfolded
baseline.

The fraction folded curves for selected concentrations of GdnHCl
were plotted vs. temperature (K), and fit to the Gibbs-Helmholtz
equation (Equation 2). The function fitted is given by Equation 4:

FF = 1/(1 + exp(—AG,/RT)) 4)

where AG; is given by the Gibbs-Helmholtz expression in Equa-
tion 2. The values of AH7 , AC,, and T,, could be obtained with
reasonable confidence when the data sets included both heat and
cold denaturation (Chen & Schellman, 1989).

A second method was also applied to determine AC,,. The van’t
Hoff enthalpies, A Hr, , were determined from the slope of a plot of
RInK vs. 1/T evaluated near the midpoint of the transition and
AC,, was determined from the slope of the linear plot of AHr, , vs.
T,.; (Santoro & Bolen, 1992; Agashe & Udgaonkar, 1995).

The self-consistency of the chemical and thermal denaturation
data was checked by comparing the values of AGyngoiding.25°c cal-
culated by the Gibbs-Helmbholtz expression using the values of T,,,
AHy , and AC, derived from fitting the thermal denaturation data
at a given [GdnHCI] to the values calculated from the chemical
denaturation curves at the same [GdnHCI]. [GdnHCI] concentra-
tions were chosen near the beginning of the chemical denaturation
curves where extrapolations would be minimal: 3.5 M GdnHCI for
a3B and 2 M GdnHCI for a3C. The values of AGunfolding,25°C
agreed within 0.5 kcal mole ™' for both proteins.

Fluorescence spectroscopy

Fluorescence spectra and titrations were measured using a Spex
Fluorolog fluorimeter at 298 K using a fixed amount of 8-anilino-
1-naphthalene sulfonic acid (ANS) of 1 uM starting concentration.
The proteins were titrated into that solution and the fluorescence at
460 nm monitored with excitation at 370 nm. Emission specira
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were recorded on the titration endpoint solutions in which protein
concentrations were in great excess over that of ANS and are
corrected for dilution. Emission spectra were recorded from 400—
550 nm with excitation at 370 nm. Buffer conditions were 20 mM
MOPS, pH 7.3.

H-D exchange

One-dimensional '"H NMR spectra were recorded as a function of
time after dissolution of protein lyophilized from buffered aqueous
solutions into ammonium acetate buffered D,O. Raw data were
transformed and phased using Felix 1.0 software (Hare, Woodin-
ville, WA). Integration over the amide proton region was plotted
against time and fit to a triple exponential decay using IgorPro
software (Wavemetrics, Inc.). Random coil intrinsic exchange rates
(k3) were calculated as previously described (Englander et al.,
1979; Bai et al., 1993). The structural unfolding model (Hvidt &
Nielsen, 1966) was used to describe the exchange process, assum-
ing the EX2 limit (oiaing > Kunolaing > k3), so that the observed
exchange rate, k,;,, is given by Equation 5:

knhs = kunfolding * k3 /kfolding = K()p * k3- (5)

The protection factor P = kj/k,, or P = 1/K,,, and the free
energy of opening is then given by Equation 6:

AG,, = —RTInK,, = —Rt In(k,,/k3) (6)

where K,,, is the equilibrium constant for the transient opening of
the structure and AG,, is the free energy difference between the
folded and open states. If exchange requires global unfolding of the
protein, then AG,, should correspond to the energy of global un-
folding, AGp, determined, for example, by chemical denaturation.

NMR spectroscopy

"H NMR spectra of a3;B and a3;C were recorded with a Bruker
AMX-600 spectrometer at 298 K on samples that were approxi-
mately 1 mM in 90% H,0/10% D,O, pH 7.1. One-dimensional
spectra were recorded with 8k points, 2D TOCSY (Wuthrich, 1986)
and NOESY experiments were recorded with 2k points in the F2
dimension, and 512 increments in F1. TOCSY mixing time was
61 ms, NOESY mixing times were 100 and 180 ms. NMR data
were processed using the program AZARA (W. Boucher, unpubl.
data) on a Silicon Graphics Indigo computer.

Note added in proof

Very recently, Johansson and coworkers described a closely related
approach to the design of a single-chain three-helix bundle protein:
Johansson IS, Gibney BR, Skalicky JJ, Wand AJ, Dutton PL. 1998.
A native-like three-a-helix bundle protein from structure-based
redesign: A novel maquette scaffold. J Am Chem Soc 120.3881-
3886.
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