Fig. 3. Photomicro-
graph of Layer 10,
illustrating the pres-
ence of massive sedi-
ments in the upper part
and finely laminated,
blackish organic matter
(silts) in the lower part.
The brighter orange-
colored material is a
secondarily precipitat-
ed phosphate, probably
carbonated apatite. Re-
gardless of whether
the dark-colored or-
ganic matter in the
lower part is a result
of actual burning or
aging, it is certainly
not in its primary
context but is water
laid. The image was
made with plane-po-
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larized light; the width of the photograph is about 3 mm.

and of in situ hearth features that there is no
direct evidence for in situ burning in Layers 4
and 10. Most of the fine-grained sediments in
the site were water laid, and even if ash
remains could be recognized, it would be
difficult to demonstrate where they were pro-
duced. The co-occurrence of bumed black
bones and quartzite artifacts in the same lay-
ers is only suggestive of a cultural associa-
tion, and hence of the use of fire by humans,
but does not prove it. As most of the site has,
however, already been excavated, it is not
now possible to determine the locations of
any campfires in Locality 1 at Zhoukoudian.
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Design of a 20—-Amino Acid,
Three-Stranded f3-Sheet Protein

Tanja Kortemme,*t Marina Ramirez-Alvarado,*} Luis Serrano

A 20-residue protein (named Betanova) forming a monomeric, three-stranded,
antiparallel B sheet was designed using a structural backbone template and an
iterative hierarchical approach. Structural and physicochemical characterization
show that the B-sheet conformation is stabilized by specific tertiary interac-
tions and that the protein exhibits a cooperative two-state folding-unfolding
transition, which is a hallmark of natural proteins. The Betanova molecule
constitutes a tractable'model system to aid in the understanding of B-sheet
formation, including B-sheet aggregation and amyloid fibril formation.

Despite the importance of B-sheet structures as
regular secondary structure elements in pro-
teins, the principles underlying their formation
and stability are not well understood. A major
obstacle to the study of 3-sheet structures is the
tendency of isolated B-sheet secondary struc-
ture elements to aggregate. Formation of amy-
loid fibrils mediated by the interaction of
strands is thought to be a crucial event in the
progression of a wide variety of pathological
disorders, ranging from Alzheimer’s disease to
spongiform encephalopathies (7). Until now,
the scarce information available on the deter-
minants of B-sheet stability has been obtained
from systematic mutagenesis experiments (2, 3)
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erhofstrasse 1, Heidelberg D-69117, Germany.
*These authors contributed equally to this work.
tTo whom correspondence should be addressed. E-
mail:  Kortemme@EMBL-HeidelbergDE  (TK) and
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and, more recently, through the study of de
novo—designed simple 3-hairpin peptides (two
antiparallel B strands connected by a B tum or
a short loop) (4, 5). This lack of knowledge is
attested to by the failure so far to design an
all-B-sheet protein that is soluble, monomeric,
and amenable to structural characterization in
atomic detail (6), although a nuclear magnetic
resonance (NMR) model of B-sheet formation
coupled to oligomerization has been reported
(7). This contrasts with the growing number of
successfully designed a-helical proteins (8) and
o/B proteins (9, 10), as well as with work
directed toward the modification of sequences
of B proteins to cause them to adopt a-helical
structure (/7). Consequently, the design of an
all-B-sheet protein is a substantial challenge
and could provide insight into the pathological
processes mentioned above.

A key feature for the successful design of
model proteins is to make them simpler than
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their natural counterparts, yet able to attain a
unique conformation in aqueous solution (/2).
Our goal has therefore been the design of a
small, soluble, monomeric, model -sheet pro-
tein containing only natural amino acids, which
would fold in the absence of disulfide bonds or
metal binding sites. We selected a three-strand-
ed antiparallel 3 sheet composed of four resi-
dues per strand and two-residue B turns as our
backbone framework (Fig. 1A), which is a min-
imal unit retaining all the characteristics of larg-
er B-sheet proteins. We performed selection
and optimization of a sequence compatible with
our target backbone structure, considering ex-
perimental information on B-hairpin stability
(13), amino acid B-sheet propensities (2, 3), and
statistical preferences for interstrand residue
pairs (14), and evaluating combinations of side
chain rotamers (side chain rotamer modeling).
An iterative design and analysis procedure (Fig.
1B) (15) resulted in the successful design of a
20-amino acid three-stranded B sheet (named
Betanova).

Our initial sequence was a longer version of
a designed de novo B-hairpin peptide (5) that
adopts a folded structure in equilibrium with
random coil conformations (hairpin I). The
hairpin structure was elongated by placement of
a Lys™-Glu™ pair at the outer edges of the
previous model peptide (hairpin II), leading to
an increase in the structured population from
about 35% to about 45% (/6). The hairpin II
sequence was placed on the central (B strand 2)
and COOH-terminal (8 strand 3) B strands of
our framework. For the NH,-terminal B strand
(B strand 1), we searched for the best sequence
in terms of statistical analysis of the protein
structure database and favorable van der Waals

A

2y
"\SX & @
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contacts, using rotamer modeling. The turn se-
quences were selected to be optimal for type I'
3 turns in B hairpins (/7). The resulting peptide
(sheet I) was soluble and monomeric up to a
concentration of 3 mM. NMR analysis showed
evidence for structure only in the region corre-
sponding to hairpin II.

In a new set of peptides (sheets II and III),
some of the residues in {3 strand 1 were changed
to modify the interstrand packing and to intro-
duce an additional Asp~/Glu™-Lys™ ionic pair.
We found that sheets II and III behaved simi-
larly to sheet I. However, the designed sheet I
sequence folded into the target structure upon
addition of 40% 2,2,2-trifluoroethanol. This in-
dicated that the lack of formation of a well-
defined three-stranded B sheet in aqueous solu-
tion was not the result of side chain—side chain
incompatibilities at the interface between the
NH,-terminal and central 8 strands. A likely
explanation is that the amount of hydrophobic
surface area buried by the four aliphatic side
chains on B strands 1 and 2 is not sufficient to
drive B-sheet formation. In contrast, the se-
quence corresponding to hairpin II buries a
large hydrophobic surface area because of the
favorable packing of a Tyr residue (B strand 3)
with the side chains of Ile, Val (B strand 2), and
Lys (B strand 3). These results prompted us to
search for the possibility of introducing an ar-
omatic residue into 3 strand 1 in order to create
extensive contacts with residues on 8 strand 2.

- Exploring different rotamers for aromatic resi-

dues in B strand 1 showed that an aromatic side
chain could pack favorably onto the surface of
the B-sheet structure only in the absence of
B-branched residues on B strand 2. A good
example of this residue arrangement is found in

WW domains (so termed because of the con-
servation of two tryptophane residues in this
protein domain family) (I8, 19). Considering
this information and molecular modeling using
the ICM (internal coordinates mechanics) pack-
age (20), we modified the sheet I sequence and
termed this new sequence Betanova (Fig. 1).
The Betanova molecule (27) was soluble in
water and monomeric up to a concentration of
2.6 mM, as determined by analytical ultracen-
trifugation, circular dichroism (CD), and NMR
spectroscopy (22). The presence of characteris-
tic long-range backbone-backbone and side
chain—side chain nuclear Overhauser effects

5 10 15 20

H20 RGWSVQNGKYTNNGKTTEGR
daN(i,i+1) .+ el ——— e A
dNN(,i+1) . - .

daN(i,i+2)
dNN (ii+n) = —— =
doca(i,i+n)
daN(i,i+n)
dBN(i,i+n)
dyN(i,i+n)

dsc(i,i+n)

Fig. 2. Summary of NOE connectivities defining
the B-sheet conformation of Betanova. The
NOEs were taken from 130-ms NOESY spectra
obtained at 273 and 280 K. Asterisks and dot-
ted lines refer to NOEs that could not be
detected because of signal overlap. The height
of the bars for the sequential NOEs reflects
their relative intensities. NOEs between side
chains are grouped as “dsc.”

VT GR-NHg+
NH3*-R1 Gz . \ ';‘ Hairpin | ;
H o L o K T ¥YaRcoo'  NMR shows p-hairpin in
| ' | \ equilibrium with random coil
H o N 5 -3 v r 1 x°"¥% conformations. No cooperative
i ~/ | H , Hl Halrpin I » unfolding behavior.
H A M i 9 N KTYE :
" 13 N (A GR-COO
- sy A B 4 NH3*-R
0 0 H i o Vrvae
| \ | @
N~y H ol Bintnld JTIK NMR shows p-hairpin formed by
Ha\ 14 IL s \ G19-R20-CO0O" G p-strands 2 and 3 in equilibrium
7 KT YR oo With random coil conformations.
] AT 1D No cooperative unfolding
] H VTV E behavior,
¢ o N6 Addition of 40% TFE to Sheet |
Sheetll (outen . .1 OGN promotes formation of a

Fig. 1. Design strategy. (A) Scheme depicting the target backbone struc-
ture of the design. Red lines indicate expected hydrogen bonds. Sequence
positions are numbered in blue. (B) Hierarchical design of the Betanova
sequence. The last step leading to the Betanova sequence required a
modification of the original hairpin-Il sequence to include a motif found in
WW domains, Trp?, Tyr', Asn'?, and Thr'7. Single-letter abbreviations for
the amino acid residues are as follows: D, Asp; E, Glu; G, Gly, |, lle; K, Lys;
L, Leu; N, Asn; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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(NOEs) (23) between residues in adjacent B
strands and, more important, the NOEs between
aromatic protons of Trp® and Cy protons of
Thr!? (Fig. 2) indicated the formation of the
desired three-stranded B sheet. This was cor-
roborated by the large 3], coupling constant
values measured for B-strand residues, as well
as by the conformational secondary chemical
shift profiles of the '*Ca and '*CB carbon
nuclei (24).

A hallmark of proteins with defined native
conformation, when compared to partly folded
proteins or peptides, is that the former exhibit
cooperative folding/unfolding transitions. The
denaturation process of Betanova was moni-
tored by CD and fluorescence spectroscopy
(Fig. 3) (25). Betanova displayed cooperative
behavior both by thermal (Fig. 3A) and chem-
ical (Fig. 3B) denaturation, with a broad tran-

.
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Fig. 3. (A) Thermal denaturation of Betanova
monitored by CD at 217 nm. The curve repre-
sents the average of five independent measure-
ments. The fit to the data to a two-state co-
operative unfolding model is depicted as a
continuous line. Applying a linear fit yields
significant systematic deviations from the ex-
perimental data, thus supporting the conclu-
sion of cooperativity. The observed decrease in
ellipticity upon thermal denaturation results
from the strong contribution of aromatic resi-
dues to the far-UV CD spectrum around 210 to
230 nm and has been observed in other all
B-sheet proteins (30). (B) Chemical denatur-
ation of Betanova monitored by fluorescence
emission at 352 nm. The experimental points
represent data from two independent experi-
ments. The thick continuous line depicts fitting
of the data. The initial and final baselines,
shown as thin lines, are strongly dependent on
urea concentration because of the presence of
a partly exposed tryptophane residue.

www.sciencemag.org
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sition as expected from its small size (2.3 kD).
The experimentally determined dependence of
free energy on denaturant concentration (the m
value) was 0.4 kcal mol~! M~!. This value,
which is indicative of the amount of surface
area exposed upon unfolding, is in very good
agreement with the expected values for the
calculated total buried surface area (26). The
free energy change at 278 K obtained from both
thermal and chemical denaturation was similar
(around —0.6 to —0.7 kcal mol™!).

We determined a three-dimensional mod-
el structure of Betanova compatible with the
NOE and 3J,,,, coupling constant data (27).
All 45 structures without NOE violations
larger than 0.2 A calculated with the dy-
namics algorithm for NMR applications
(DYANA) exhibit the expected antiparal-
lel, three-stranded B-sheet fold with two-
residue turns located at the designed posi-
tions and the expected right-handed twist of
the B sheet (28) (Fig. 4A). The first and last
two residues appear to be disordered, as
expected from the design, which includes
terminal Arg residues for solubility and Gly
residues as flexible linkers to the structured
region as described previously (5). Com-
parison of the averaged minimized struc-
ture obtained from the NMR restraints with
the target model shows a root-mean-square
(rms) deviation of 1.11 A for the backbone,
demonstrating the success of our design
(Fig. 4B).-The packing of aromatic side chains
in [ sheets appears to contribute significantly to
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their stability, as well as to establish important
conformational constraints for defining a single
conformation (Fig. 4C).

It is remarkable that this designed B
sheet has no real hydrophobic core (resi-
dues inaccessible to solvent), and although
there is a hydrophobic cluster on one face
of the B sheet, most of the residues in-
volved in the packing also have polar
groups (Fig. 4C). The absence of a hydro-
phobic core most likely induces a certain
flexibility in the B sheet while still allow-
ing defined tertiary interactions.

The simplicity of Betanova, together with
the fact that it retains all the structural properties
of B-sheet proteins, makes it an optimum model
to use in refining existing molecular dynamics
protocols, as well as to test recent theoretical
approaches to protein folding (29). Recently
developed computational methods for protein
design have shown that it is possible to explore
and evaluate all possible amino acid sequences
for a given protein framework (/0). This raises
the question of how many sequences can adopt
the same stable fold. Betanova constitutes a
suitable system for exploring the sequence
space experimentally.

The design of a B-sheet protein using
information derived from de novo design and
from structural stabilizing motifs demon-
strates that we are starting to understand the
principles behind [-sheet formation. The
small size of the designed protein is critical
for rationalizing the rules governing protein

Fig. 4. (A) Backbone
traces of the best
20 structures obtained
from NMR restraints.
Carbon atoms are de-
picted in green; ni-
trogen atoms in blue.
(B) Superposition of
the minimized aver-
age NMR structure of
Betanova (gray) and
the target backbone
framework (green), in
ribbon representation,
used for sequence se-
lection. (C) Minimized
average NMR struc-
ture of Betanova, show-
ing the hydrophobic
cluster involving the
side chains of Trp3,
Val®, Tyr'®, Asn'?, and
Thr'?. Tyr'® is inter-
acting with Val®, thus
allowing the trypto-
phane side chain to ro-
tate inward and pack
onto the B sheet, as
expected from the
rotamer modeling.

10 JULY 1998

255



256

architecture and folding, as well as for the
development of suitable scaffolds for intro-
ducing different functionalities. This knowl-
edge may help to clucidate the mechanisms
leading to B-sheet aggregation.

Note added in proof: Schenck and Gell-

man reported the characterization of a three-
stranded B sheet using D-proline in the turn
and an unnatural amino acid in one of the
strands (31).

-
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The Betanova polypeptide was synthesized by the
laboratory of R. Frank at the Center for Molecular
Biology, Heidelberg University (ZmBH), using stan-
dard 9-fluorenyl-methoxycarbonyl chemistry. Purifi-
cation to >95% was achieved by reversed-phase
high-performance liquid chromatography. The mo-
lecular mass of the peptide was confirmed by mass
spectroscopy.

Sedimentation equilibrium studies were performed at
278 K at a peptide concentration of 1.3 mM in
aqueous solution (pH 5.0), using a Beckman XL-A
ultracentrifuge equipped with a An-50 Ti rotor at a
speed of 50,000 rpm. Fitting of the equilibrium radial
concentration distribution to an ideal single-compo-
nent model using a partial specific volume of
0.6825 X 1073 m?3 kg~", calculated from the amino
acid sequence, resulted in a molecular mass of 2259
daltons, which is in excellent agreement with the
expected molecular mass for a monomer of 2257
daltons. The monomeric state of Betanova was addi-
tionally confirmed by the concentration indepen-
dence of the far-ultraviolet (UV) CD spectra between
5 wM and 1 mM in 5 mM sodium acetate (pH 5.0)
and of the NMR line widths and chemical shift values
at peptide concentrations between 20 uM and 2.6
mM, in 90% (v/v) "H,0/10% 2H,0O (pH 5.0).

NMR measurements were performed at tempera-
tures of 273, 278, and 280 K in 90% (v/v) "H,0/10%
2H,0 (pH 5.0) at a peptide concentration of 2.6 mM,
or in 99.8% 2H,0 (pH 5.0) (uncorrected for deuteri-
um isotope effects) at a peptide concentration of 2.2
mM. Spectra were acquired on Bruker DRX-500 or
DRX-600 spectrometers, operating at 500.13 and
600.13 MHz, respectively. Samples contained sodium
3-trimethylsilyl (2,2,3,3-2H,) propionate as an inter-
nal reference. double-quantum filter correlated spec-
troscopy (DQFCOSY) [U. Piantini, O. W. Serensen,
R.R. Ernst, J. Am. Chem. Soc. 104, 6800 (1982)], NOE
spectroscopy (NOESY) [J. Jeener, B. H. Meier, P.
Bachmann, R. R. Ernst, /. Chem. Phys. 71, 4546
(1979); S. Macura and R. R. Ernst, Mol. Phys. 41, 95
(1980); mixing time (r,,) = 100, 130, and 200 ms],
and rotating frame overhauser effect spectroscopy
(ROESY) [A. A. Bothner-By, R. L. Stephens, J. M. Lee,
C. D. Warren, R. W. Jeanloz, /. Am. Chem. Soc. 106,
811 (1984); 1., = 100, 130, and 200 ms] spectra
were acquired for resonance assignment using stan-
dard procedures [K. Wiithrich, NMR of Proteins and
Nucleic Acids (Wiley, New York, 1986)]. NOESY and
ROESY spectra were jointly analyzed to discard arti-
factual NOEs as those arising from spin diffusion.
Total correlated spectroscopy (TOCSY) [A. Bax and
D. G. Davies, /. Magn. Reson. 65, 355 (1985); r, = 80
ms] spectra were acquired using the standard MLEV-
17 spin lock sequence. Water suppression was
achieved by selective presaturation during the relax-
ation delay (1.2 s) or field-gradient pulses [M. Piotto,
V. Saudek, V. Sklenar, /. Biomol. NMR 2, 661 (1992);
V. Sklenar, M. Piotto, R. Leppik, V. Saudek, J. Magn.
Reson. A102, 241 (1993)]. The spin-spin coupling
constants 3J,,,,, were measured from 2D TOCSY and
NOESY spectra using the method of Stonehouse and
Keeler as implemented in the program MEDEA [J.
Stonehouse and ). Keeler, /. Magn. Reson. A112, 43
(1995)]. 13Ca and "3CB chemical shifts were ob-
tained from natural abundance '3C heteronuclear
multiple quantum coherence (HMQC) spectra [A.
Bax, R. H. Griffey, B. L. Hawkins, ibid. 55, 301 (1983)].
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