J. Am. Chem. S0d.998,120, 38813886 3881

A Native-Like Threeei-Helix Bundle Protein from Structure-Based
Redesign: A Novel Maquette Scaffold

Jonas S. Johansson;*8 Brian R. Gibney," Jack J. Skalicky A. Joshua Wand? and
P. Leslie Dutton'

Contribution from the Johnson Research Foundation, Department of Biochemistry and Biophysics, and the
Department of Anesthesia, Umirsity of Pennsylania, Philadelphia, Pennsyania 19104, and

Departments of Chemistry, Biological Sciences, and Biophysical Sciences and Center for Structural
Biology, State Uniersity of New York, Buffalo, New York 14260

Receied October 9, 1997

Abstract: A uniquely structured 65 amino acid hetioop—helix —loop—helix" threee-helix bundle,as-1,

was designed and chemically synthesized, using the crystallographically characterized three stranded coiled
coil “Coil-Ser”, as a starting point. The circular dichroism spectrumgfl has a typicati-helical signature,

with a [0]222 = —22 600 degcn?-dmol™?, indicating a 80.5%x-helical content. Sedimentation equilibrium
analytical ultracentrifugation revealed that1 is monomeric in solution. Consistent with the design parameters,
the fluorescence emission maximum of the unique hydrophobic core tryptophan residue occurs at 324 nm.
The evaluated\GHz° based on reversible guanidine hydrochloride denaturatier#i$ + 0.3 kcatmol=! (m

= 2.2+ 0.2 kcatmol~1-M~1) as measured by CD spectroscopy. The ama®matic region of théH-NMR
spectrum ofas-1 illustrates excellent chemical shift dispersion and resolution. All 35 expected methyl
correlations are accounted for in tHR€-HSQC spectrum, providing stringent evidence for the existence of a
native-like hydrophobic core. The monomeric naturengfl should facilitate NMR structural studies and
kinetic protein folding analysis of the current design, and on future variants with engineered binding sites.
The utility of this single-chain three-helix bundle framework for expanding the range of biochemical cofactors
bound in maquettes is being explored.

Introduction heptad repeat, alternating with the conformationally more
flexible leucines, which display two low-energy rotamers on
an a-helical framework, occupying the adjacena or d
positions.

The de noo design of proteins is a powerful tool for
exploring fundamental issues of protein folding, structure, and
thermodynamics, as well as metal and cofactor binding.
Pioneering studies have shown that the design and synthesis of Like the more studied foue=helix bundles, three-helix
amphiphilica-helices based upon the heptad repeat of amino bundles are a common native folding motif, being found, for
acids observed in natural coiled coils is readily achieved, and example, in soluble proteins such as the structural protein
that the helices can be designed to self-associate into bundlesspectriit and the extramembraneous portion of S&phylo-
composed of from two to six membersThe ability to engineer ~ coccus aureuprotein A® The threea-helix bundle motif is
uniquely structured hydrophobic cores has been a more formi- also found in the transmembrane spanning portion of membrane
dable challenge, although recent success with éohelix proteins such as the influenza virus hemagglutinikierein,
bundles illustrates promise.These studies indicate that the we report on the design and chemical synthesis of a monomeric
hydrophobic cores ofi-helical bundles may be designed to threee-helix bundle protein, designated-1, composed of three
assume native-like configurations by incorporatiiigranched  different covalently linkedx-helical segmentso(—loop—o'—
or aromatic amino acids at hydrophokior d positions of the  |oop—a"), which folds into a unique conformation in solution
as determined by NMR spectroscopy. This design represents
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Figure 1. (a) Helical wheel diagram ads-1. Helix Il is antiparallel to helices | and Ill, while helices | and Il are oriented parallel to each other.
Small italic letters indicate the heptad positions. Large uppercase letters are the amino acid assignmenés.ghtg andg—e faces are designated
using the terminology of Betz and DeGratidb) Alternate arrangement of the threehelices showing unfavorable electrostatic interactions at the

g—e andg—g faces.

a novel protein architecture for the construction of maquettes,
which are simplified functional versions of biological macro-
molecules

Experimental Section

Materials. Fmoc-protected amino acid perfluorophenyl esters were
purchased from PerSeptive Biosystems (Framingham, MA) with the
exception of Fmoa-Arg(Pmc)-OPfp, which was obtained from
Bachem (King of Prussia, PA). NMR grade 2,2,2-trifluoroethanol was
from Aldrich Chemical Co. (Milwaukee, WI). All other chemicals were
reagent grade.

Protein Design. A 65 amino acid helixloop—helix —loop—helix"’
protein (-1, Figure 1) was derived from a structure-based redesign
using the crystallographically characterized three stranded coiled coil,
“Coil-Ser” (PDB accession code 1COS), as a backbone template for
molecular modeling. Since a single-chain version of coiled seriredQ
amino acids) represents a significant synthetic challéhge, reduced
the length of the helices from four heptads with eight hydrophobic core

was utilized to construct the hydrophilic interfaces of the three helices.
A clockwise global topology (Figure 1a) was designed to result in
potentially favorable salt bridges among hekex-helix Ile, helix 11lg—
helix Illg, and helix g—helix llle; the counterclockwise fold (Figure
1b) potentially results in unfavorable lysine/arginifigsine/arginine
interactions (helix¢—helix Ilg) and glutamate glutamate interactions
(helix I1llg—helix le). Consequently, neutral alanine residues were
placed at thee positions on helix | to avoid unfavorable electrostatic
interactions with the adjacent heptor g positions. The three helices
are joined by two (glycine)linkers, chosen for the ability of glycine
to adopt a wide range of backbone dihedral angles, spanning from
heptadd to g positions. Finally, the model afi;-1 was minimized
using the Sybyl Software package (Tripos Associates, St. Louis, MO)
on a Silicon Graphics Indigovorkstation, and visually inspected to
ensure that no large packing defects were present in the hydrophobic
core.

Protein Synthesis and Purification. The 65 amino acid protein,
Ac-R-VKALEEK -VKALEEK -VKAL-GGGG-R:IEELKKK -WEE-

packing layers to two and a half heptads. The antiparallel arrangement, .« -|[EEL-GGGG-EVKKCEEE-VKKLEEEIKKL-CONH,, was syn-
of the three 19 amino acid helices provides six packing layers composedipasized on a continuous flow Milligen 9050 solid phase synthesizer

of either twoa and oned or onea and twod heptad positions. Our
hydrophobic core redesign specified that (1) each helix contain a unique
sequence, (2) each heptagosition contain either A-branched or an
aromatic amino acid to help restrict the conformational flexibility of
the adjacent leucine residu#é!tand (3) half of the layers adhere to
a “small versus large” hydrophobic packing scheme observed in several
native-like designedt-helical bundles? Additionally, a single tryp-
tophan was placed at the centagbosition of helix Il as a spectroscopic
probe and a cysteine was located dtosition on helix Il as a unique
site for future covalent modification.

Negative desigli based on potential electrostatic interactions
between glutamates and lysines/arginines at heptaudl g positions

(8) Robertson, D. E.; Farid, R. S.; Moser, C. C.; Urbauer, J. L;
Mulholland, S. E.; Pidikiti, R.; Lear, J. D.; Wand, A. J.; DeGrado, W. F.;
Dutton, P. L.Nature1994 368,425-432.

(9) Lovejoy, B.; Choe, S.; Cascio, D.; McRorie, D. K.; DeGrado, W. F.,
Eisenberg, DSciencel993 259, 1288-1293.

(10) Synthetic methods for routine construction of large proteins are
becoming available. See the use of natural chemical ligation in Hackeng,
T. M.; Mounier, C. M.; Bon, C.; Dawson, P. E.; Griffin, J. H.; Kent, S. B.
H. Proc. Natl. Acad. Sci. U.S.A997, 94, 7845-7850.

(11) Betz, S. F.; DeGrado, W. Riochemistry1996 35, 6955-6962.

(12) (a) Munson, M.; O’Brien, R.; Sturtevant, J. M.; ReganpPlrotein
Sci. 1994 3, 2015-2022. (b) Ogihara, N. L.; Weiss, M. S.; DeGrado, W.
F.; Eisenberg, DProtein Sci.1997, 6, 80—88.

(13) Hecht, M. H.; Richardson, J. S.; Richardson, D. C.; Ogden, R. C.
Sciencel99Q 249, 884—891.

using single 60 min extended coupling cycles employing the fluore-
nylmethoxycarbonytért-butyl protection strategy with NovaSyn PR-
500 resin (0.33 mmol/g loading) on a 0.2 mmol scale. Pentafluorophe-
nyl ester/1-hydroxybenzotriazole activation chemistry was employed
for all amino acids. Following chain assembly, the N-terminus was
manually acetylated, followed by washing witkN-dimethylformamide

and dichloromethane before cleavage from the resin with simultaneous
side chain deprotection using 90:8:2 (v/v/v) trifluoroacetic acid (FFA)
ethanedithiot-water for 2 h. The crude peptide was precipitated and
washed with cold ether, dissolved in water (0.1% v/v TFA), lyophilized,
and purified to homogeneity by reversed phase KIPLC using an
aqueous-acetonitrile gradient containing 0.1% (v/v) TFA. The mo-
lecular mass of analytically pures-1 was confirmed with matrix-
assisted laser desorption mass spectrometry. Protein concentration was
determined using tryptophan absorbatdaking e2s0 = 5700 M-cn ™.

Circular Dichroism Spectroscopy. Spectra were recorded with an
Aviv Model 62 DS spectropolarimeter using 2 mm path length
rectangular quartz cells. The cell holder was temperature controlled
at 25.0+ 0.1°C. The buffer was 10 mM potassium phosphate at pH
7.0. The bandwidth was 1.00 nm, with a scan step of 0.5 nm and an
average scan time of 3.0 s. Protein concentration wagh\27 The
a-helical content was calculated as described, ustig{= 32 000
degcm?-dmol™ as 100%a-helix.t®

(14) Edelhoch, HBiochemistryl967, 6, 1948-1954.
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Sedimentation Equilibrium Ultracentrifugation. Sedimentation 60 . . .
equilibrium analysis of 3ZM as-1 was performed on a Beckman XLI
analytical ultracentrifuge operating at 30 000 rpm using both absorption
and interference optics. The partial specific volumef@r the peptide
was calculated from the residue-weighted average of the amino acid
sequence using the method of Cohn and Ed&althe density,o, of
the solvent buffer was 1.0017mgL* (10 mM potassium phosphate,
100 mM KClI, pH 7.0) as measured using a Mettler Paar DMAG0 density
meter. The radial distribution absorbance scan data were fit to a single
exponential using Igor Pro (Wavemetrics, Lake Oswego, OR). The
buoyant molecular weighM,, was converted to the average molecular
weight of the molecular species in solutidd,, with the following
relationship:
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o Figure 2. Far-UV CD spectrum ofis-1 in benign buffer (thick line),
Fluorescence Spectroscopy. Steady-state intrinsic tryptophan  and in the presence of 50% TFE (thin line).

fluorescence measurements@nl (18u4M) were carried out with an

My =M, (1 - 7p)

ISS K2 multifrequency cross-correlation phase and modulation spec- ! . . L
trofluorometer. The quartz cell had a path length of 10 mm. The cell a £ 41 r
holder was thermostatically-controlled at 25t00.1 °C. Excitation w0 121 B
and emission slit widths were both 4 nm. A 295 nm cut-on filter was € 10 L
placed on the emission side. The buffer used for the fluorescence £ o8 B
experimentation was 130 mM NaCl, 20 mM sodium phosphate, pH £
7.0. _§ 0.6 < Monomer Fit ———— <———— Dimer Fit
Denaturation Studies. Chemical denaturation ofis-1 (15 uM g o4 B
protein, 10 mM potassium phosphate buffer, pH 7.0,°25 was $ 021 -
followed using circular dichroism spectroscopy, monitoring the ellip- & 00 : : .
ticity at 222 nm (Pl22). The measured]2; as a function of the added 6.90 6.95 7.00 7.05 7.10
denaturant concentration was fit to an equdfiodescribing the Radius (cm)
unfolding of a monomeric protein, using a nonlinear least-squares
routine. - Monomer _Fit
NMR Spectroscopy. Data were recorded on a Varian Inova b o
spectrometer operating at a 600 MHz proton frequency. Spectra were g
acquired on a 1.0 mMus-1 sample prepared in 20 mM sodium T

phosphate buffer, pH 6.80, 50 mM KCI, 0.05 mM sodium azide, and
92% H,0—8% D,O at 308 K. NOESYe data were aquired with 1024 C
complex points in the directly detected dimension and 256 complex
points in the indirect dimension. A spectral window of 7200 Hz was L
used for both dimensions. Natural abundat&HSQC dat# were Figure 3. (a) Equilibrium analytical ultracentrifugation run for 3K
acquired with 1024 complex points in the directly detected proton os-1 (10 mM potassium phosphate, 100 mM KC1, pH 7.0) showing
dimension and 80 complex points in the carbon dimension. The carbon ffinge displacement at 675 naersusradius for the raw data and the
carrier was centered at 20 ppm, and acquired with a 4800 Spectralsupt_erlmposed monomer fit. The dimer fit is also shown for comparison.
ind A total of 256 t ) t7 ianal d f h f Residuals for the (b) monomer and (c) dimer fits of the data. Note the
window. otal 0 ransients were signal averaged for each free jittarent scales for the residuals.
induction decay. Quadrature detection was obtained with State$°TPPI

for the two-dimensional NMR experiments. Data were processed using . . . .
Felix95.0 software (Molecular Simulations Inc., San Diego). that the helical potential afs-1 is almost fully achieved under

Results benign conditions.
Far-UV circular dichroism spectroscopy was performed in Analytica! equilibrium sgdimentation uItrgcentrifugat%éwas
order to characterize the secondary structure of the designed@/"ied outin order to define the aggregation state, and

proteinaz-1. The circular dichroism (CD) spectrum o1 demonstrates that the protein exists as a monomer in solution
(Figure 2) revealed a typical-helical signature with ad]22, (Figur.e 3). A monomer mode_l fit to the data is clearly supgrior
= —22600 degcr?-dmol, indicating an 80.5%x-helical to a dimer model fit as shown in Figure 3a. Furthermore, Figure

content, assuming that 57 of the total 65 amino acids make upr’C shows that th_e TeSid“a'S for the monomer model fit dis_play
the threen-helical segments, with the remaining eight glycines more ra_ndom deviations around Z€ro, whne_those for the dimer
forming the two loops. Adding the-helix stabilizing solvent model .m have a more systematic d!strlbunon. Furthermore,
2,2,2-trifluoroethandl (TFE) resulted in only a minor increase the residuals for the monomer mode} fitare approxlmately 7-fold
in the ellipticity at 222 nm £24 400 deecm?-dmol-t in 50% smaller tha.n. the residuals of the dimer mpdgl fit. .

TFE, corresponding to a 86.9%helical content), indicating The position of the fluorescence emission maximum of

: : tryptophan displays a blue shift in low dielectric environmée#ts,
25&1?)3 Iégu} 133.2\2.1M.; Taneja, A. K.; Hodges, R. $.Biol. Chem1984 aIIow?ng the.location gf this aromatic residue to be prob_ed_.
(16) Cohn, E. J.; Edsall, J. Proteins, Amino Acids and Peptides as  Consistent with the design parameters, the fluorescence emission

lons and Dipolar lons;Reinhold Publishing Corp.: New York, 1943; pp ~maximum {enm) of the unique tryptophan residue (W32) occurs

37f(>1*73)7F7>ace C. NMethods Enzymoll686 131, 266-280 at 324 nm fex = 280 nm), indicative of a solvent-protected
(18) Macura, S.. Huang, Y.: Suter, D.. Ernst, R. R.Magn. Reson. mdolg ring at ara position in the hydrophobic core of the three-

1981, 43, 259-281. a-helix bundle (Figure 4).
(19) (a) Muller, L. J. Am. Chem. Socl979 101, 4481-4484. (b)

Bodenhausen, G.; Ruben, D.Ghem. Phys. Lett1980 69, 185-189. (21) (a) Nelson, J. W.; Kallenbach, N. Riochemistryl989 28, 5256~
(20) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resori1989 5261. (b) Segawa, S-I.; Fukuno, T.; Fujiwara, K.; Noda,Bfopolymers

85, 393-399. 1991,31, 497-509.
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Figure 4. Fluorescence spectrum of W32 an-1.
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Figure 6. One-dimensionatH-NMR spectrum of thenz-1 amide-
aromatic proton region.
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Figure 5. Reversible guanidine hydrochloride denaturationgfl as
followed by CD spectroscopy at 222 nm (184 protein, 10 mM
potassium phosphate buffer, pH 7.0).

The stability of the folded form ofis-1 was determined in
order to allow a comparison with previoushelical bundle
designs and also with small natural proteins. The global stability
of as-1 was evaluated using isothermal guanidine hydrochloride
denaturation, measuring the reversible loss @b, by CD
spectroscopy (Figure 5). A two-state mddgields an apparent
free energy of stabilizatiomy\G™° = —4.6 & 0.3 kcatlmol 4,
with a midpoint of unfolding at 2.1 M guanidine hydrochloride u
and a slope of unfoldingnf) of 2.2+ 0.2 kcatmol~-M~1. The
steepness of the guanidine hydrochloride denaturation curve
indicates a highly cooperative unfolding event characteristic of 40 32 24 16 08
small natural protein&? Proton Chemical Shift (ppm)

NMR analysis ofs-1 was performed to determine the proton  Figure 7. One-dimensionaH-NMR spectrum of the aliphatic proton
line widths and ranges of chemical shift dispersions used to region.
qualitatively assess the secondary structure and the extent ofgpleycine @2H; methyl correlations are resolved and easily

structural singularity in solution. The amide-aromatic region jgentified on the basis of their chemical shitfs Likewise, the

of the one-dimensionaH-NMR spectrum ofos-1 (Figure 6) 10 valine CHz and the 16 leucine @iz correlations are
illustrates a set of resonances having narrow line widths and cjystered in the lower half of the HSQC spectrum (see Figure
excellent chemical shift dispersion. The amide proton shift 8). The effects of differential methyl group packing and the
dispersion is-2 ppm (see Figure 6) compared to th6.5 ppm resulting range of magnetic environments are clearly evident
spread for all amino acids in the random coil conformafon.  \ith the three isoleucine ®is methyls that differ by 2.0 ppm
Likewise most H proton shifts are relatively upfield shifted t0  -5rhon and 0.25 ppm proton chemical shift, and the three
4.0-4.3 ppm consistent with-helical secondary structure (see  jspleycine @2Hs methyls that differ by 1.6 ppm carbon and
Figure 7). All of the expected 35 methyl correlations are 11 ppm proton chemical shift. Likewise, the three alanine
accounted for in thé*C-HSQC spectrum, providing stringent s, methyls are clearly in different magnetic environments.
evidence for the existence of a native-like hydrophobic core in The yajine @H; and leucine €Hs methyls uniformly span the
solution (Figure 8). The full number of methyl correlations are  5rhon chemical shift range of 21@6.7 ppm in contrast to
counted assuming that the three very intense methyl correlationsihe more restricted random coil chemical shift range of 20.3
in Figure 8 are each the sum of two overlapping correlations. 541 1 ppm for valine, and 23:24.9 ppm for leucine. This

The three alanine /&i;, three isoleucine G, and three  gpeciral evidence supports the presence of a single highly

(22) Lakowicz, J. RPrinciples of Fluorescence Spectroscopyenum populated conformer with placement of the methyl groups in
Press: New York, 1983; p 354. o slightly different magnetic environments, resulting in a spread
51 23) Myers. J. K; Pace, C. N.; Scholtz, J. Rtotein Sc11995.4, 2138- of chemical shifts. The amideamide region of the NOESY

(24) Wishart, D. S.; Bigam, C. G.; Holm, A.; Hodges, R. S.; Sykes, B. SPectrum (Figl;"'e 9) ShOWS Fhe presence of many strdhg H
D. J. Biomol. NMR1995 5, 67—81. HN NOEs consistent withi-helical secondary structure. Several
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Figure 8. Expansion of thens-1 3C-HSQC spectrum showing the
methyl region. Isoleucine @l; and C?H; and alanine €H; correlations

are boxed, and the carbon random coil values are indicated with arrows.
The random coil carbon chemical shift ranges for the prochiral valine
C’Hz and leucine @H; methyl resonances are shown with arrows.
Intense cross-peaks at [proton, carbon] shifts of [1.02, 21.9], [0.93,
23.0], and [0.94, 25.8] are considered degenerate peaks. Asterisk
indicate weak correlations that are not attributed to methyls from the
major conformer and may represent strong correlations from a minor
conformeryersusleucine CH methine correlations.
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NOESY correlations are observed between the tryptophan side!
chain H! proton and aliphatic protons at methyl proton and
methylene proton shifts consistent with a buried tryptophan side
chain (not shown).

Discussion

The design, synthesis, and initial characterization of a
chemically synthesized single-chain 65 amino acid protein,
1, that folds into a native-like three-helix bundle structure in
solution is described. Of note is that the current thueleelix
bundle design is composed of three structurally distinbelices
that are covalently linked. The covalent linking facilitates the

S
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incorporation of structurally heterogeneauselices, and there

is therefore considerably greater asymmetry in the resulting
hydrophobic core ofis-1 than in previous homotrimeriads
designg,122.25which should be of importance for the future
incorporation of specific binding sites for small ligands,
cofactors, and metals.

High-resolution solid-state X-ray crystal structures of two
homotrimeric ({)3) threee-helix bundles, GCN4-pll and Coil-
Vg4, have recently been reporté®:2> Solution-state sedi-
mentation equilibrium analysis also indicates that Cail-y
aggregates as a homotrin¥érThe principle difference between
both GCN4-pll and Coil-\L4 and the currentiz-1 design is
that the former two three-helix bundles are homotrimeric,
while az-1 is monomeric. Furthermore, both GCN4-pll and
Coil-V L4 form parallel threex-helix bundles, whilexs-1 folds
in an antiparallel conformation. The antiparallel helix topology
of as-1 is a consequence of covalently joining the threleelical
sequences with a pair of glycine linkers.

The current designas-1, has a total of six different
hydrophobic core layers consisting of VLV, LIC, VLV, LWL,
VLI, and LIL, in both the clockwise and the anticlockwise
orientations of the helices shown in Figure 1. These six
hydrophobic core layers are composed of either &emd one
d or onea and twod heptad positions, because of the antiparallel
orientation of the helices. In contrast, the hydrophobic core of
Coil-V 4L 4 consists of four layers al position leucines (LLL),
alternating with four layers o position valines (VVV), for a
total of eight hydrophobic layef2® The GCN4-pll homotri-
meric threea-helix bundle also has eight hydrophobic core
layers?® for a total of twelved and twelvea positions, all
composed of isoleucines (llI).

The antiparallel orientation afs-1 results ine—e, g—g, and
g—einterhelical interfaces according to the terminology of Betz
and DeGradd! All three helices intz-1 have twoe positions,
which in helices | and Ill are occupied by glutamates, while
helix 1 has two lysines at these positions. Each helixuinl
has threeg positions, which in helices | and Il are occupied by
an arginine followed by two lysines, while helix Il has thrge
position glutamates. While the three interfacesual were
designed to allow favorable electrostatic interactions between
neighboring helices as describ&dthe actual assignment of
residues had to be altered from that used in these earlier studies
due to the antiparallel orientation of the helicesoigtl. It
should be pointed out that the crystal structure of Coil-Ser had
unfavorable electrostatic interactions along the entire length of
two of the three hydrophilic interfac@suggesting that the side
chains are flexible enough to avoid each other and that this
arrangement is not necessarily destabilizing. The alignment of
the a-helices in the anticlockwise arrangement as shown in
Figure 1b is therefore not inconceivable, and the precise
topology of the helices imxs-1 will require further structural
studies.

In contrast, the parallel orientation of both the GCN4-pll and
the Coil-V4Lq4 threee-helix bundles results in three identical
interhelicalg—e interfacesi??25 The foure positions in GCN4-
pll are occupied by two glutamates, a leucine and a lysine, while
the five g positions are occupied by an arginine, two lysines, a
glutamate, and a leucirfé. There are therefore three potential
salt bridges peg—einterface in GCN4-pll: arginineglutamate

(25) Harbury, P. B.; Kim, P. S.; Alber, TNature 1994 71, 80—83.

(26) Boice, J. A.; Dieckmann, G. R.; DeGrado, W. F.; Fairman, R.
Biochemistryl996 35, 14480-14485.

(27) (a) Nautiyal, S.; Woolfson, D. N.; King, D. S.; Alber, Biochem-
istry 1995 34, 11645-11651. (b) Lombardi, A.; Bryson, J. W.; DeGrado,
W. F. Biopolymers1997, 40, 495-504.
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and two glutamatelysine pairs. The foue positions in Coil- that less stable, yet conformationally unique, proteins can be
V4lq4 are occupied by glutamates, while three of the fgur  achieved, using simple design rules and structure-based redesign.
positions are lysines, with the finglposition being a glutamaté? The NMR spectroscopy results support a single populated
There are consequently two observed salt bridgesgper conformer in solution with-helical secondary structure. Strong
interface in Coil-\lLq, each involving a glutamatdysine pair. HN—HN correlations in the NOESY spectrum and upfield-shifted

The remaining hydrophilic heptal, ¢, andf positions in H® resonances are characteristic of this class of secondary
as-1 were assigned to either glutamates or lysines in an Structure. 'Compared to previous fowrhelix maquette scaf-
alternating fashion in order to avoid adjacent like charges. An folds the dispersion of the amide proton and methyl carbon and
exception was made at the thregositions on helix |, where ~ Proton chemical shift dispersions is larger in the fouhelix
alanines were placed in order to prevent a potentially unfavor- Maquettes. This is not surprising since the fadnelix bundle
able clustering of glutamates along thee interface between ~ contains twenty aromatic groups compared to one aromatic
helices | and Il (Figure 1a). GCN4-pll, a variant of a natural 9roup per three-helix bundle. Nonetheless, the meth_yllgroups
protein, contains a greater variety of amino acids at the Of @a-1are mostly in unique environments as shown in‘fie

hydrophilich, ¢, andf positions; eleven different amino acids 1SQC which is quite demonstrative of a hydrophobic core
are featureds compared to the three ms-1. In Coil-VaLg, all packed to van der Waals surfaces. A number of correlations at

four ¢ positions are occupied by alanines while the faur ~10% the intensity of the major correlations, below the contour

positions have two glutamates, an alanine, and a glutamine, and€Ve! Of Figure 8, may be attributed to a minor conformer in
the threef positions feature a serine flanked by two lysifgs. solution. 'This minor conformation may be attributed to a

The current desigrys-1, contains a bulky tryptophan at the counterclockwise-foldeds-1 (Figure 1b), or may represent a

ral iti £ helix 11 which " . dimeric form of as-1, since the NMR studies use a 20-fold
centrafa position of helix 1l, which SEIves as a spectroscopic higher concentration of protein than the equilibrium sedimenta-
probe. The position of the fluorescence emission maximum

L . . : tion ultracentrifugation experiment. Finally, these low-intensi
indicates that the indole ring is well protected from the g P y v

di | in the hvdroohobi £ th signals may represent leucine contributions frorki@nethine
surrounding aqueous solvent in the hydrophobic core of the ;,eations. Apparent minor conformers have been observed
threee-helix bundle. Earlier work with designed foarhelix

. in other designed proteir#d. Overall these NMR data indicate
bundle systems has shown that tryptophan residues placed af ..iavement of a well-structurads-1 protein in solution.

hydrophobic heptad positions are shielded from the agqueous 14 construction of a magquette scaffold based on a single

soI(\j/eSnztgan(:ﬁdgis_pI)_Iﬁy quorestcetn(zje etrrr:issicon mag!mat‘ of t3hz?f Tkrmn polypeptide chain containing three unique helices (hetop—
an nnt” 1he current study therefore indicates that the  haiyv —|oop—helix’) potentially allows for the design of asym-

threeec-helix bundle motif is likewise able to form a well-  etic cofactor and small molecule binding sites. Current
defined hydrophobic environment that effectively excludes bulk maguettes based on self-associating peptide dimers @ith
water molecules. This suggests that a suitable solvent-shieldedsymmetrys) are limited by their architecture which results in
core exists in this small protein, which holds promise for the ne formation of two identical binding sitgzer four-o-helix
future incorporation of hydrophobic binding sites. bundle&®34 with variable topology. While conformationally
Compared to previous maquette scaffolds based on a four-specific homo- and heterotrimeric three stranded coiled coils
a-helix bundle motifd3 as-1 is considerably less stable, have been described previously (on the basis of electrostatic
consistent with its smaller size and limited hydrophobic core interactionsf827the resulting array of global topological isomers

content. Each of the six hydrophobic core layersoafl limits their utility in maquette design. By synthesizing a
consists of three amino acids, while the earlier faunelix continuous polypeptide three-helix bundle which uses negative
bundle maquettes have eight hydrophobic core layers, eachdesign to favor a single topology and displays a conformationally
consisting of four amino acids. However, these fodinelix specific hydrophobic core, we have generated a novel maquette

bundles are dimeric, which makes direct conformational stability scaffold. Currently, the utility of this three-helix bundle
comparisons difficult. Thermodynamic studies on the mono- framework to expand the range of biochemical cofactors bound
meric 75 amino acid fouehelix bundle M-66 yielded a free in maquettes is being explored. The monomeric nature;df
energy of unfolding of ca—4 kcatmol™%, comparable to the  should facilitate NMR structural studies and kinetic protein
—4.6 kcatmol~* found in the present study fos-1. The larger folding analysis of the current design, and on future variants
monomeric 108 residue four-helix bundle DHR (designed with engineered biological cofactor binding sites.
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