Proc. Natl. Acad. Sci. USA
Vol. 91, pp. 8729-8730, September 1994

Commentary

De novo design of B-sheet proteins

Michael H. Hecht

Department of Chemistry, Princeton University, Princeton, NJ 08544-1009

Why Design Novel Proteins?

Nature has evolved an enormous number
of different proteins. They fold into a
variety of structures and carry out a
bewildering diversity of functions. With
so many natural proteins to observe and
manipulate, what can be gained by the
design and characterization of novel pro-
teins?

There are two main motivations for
pursuing protein design. The first is a
practical one: Current efforts to design
simple protein structures represent the
essential first steps toward the eventual
design of novel macromolecules ‘‘made
to order”’ for solving important chemical
or biochemical problems.

The second motivation for protein de-
sign is to test our understanding of basic
principles. A complete understanding of
any structure or phenomenon is ‘ulti-
mately demonstrated by an ability to de-
sign a similar structure or phenomenon
from first principles. Current attempts at
de novo protein design might be likened
to initial attempts at designing a suspen-
sion bridge. As a first step, one studies
the detailed structures of known exam-
ples. Next one might study stability—for
a bridge, the chaotropic agént would be
wind or water and for a protein it might be
urea or high temperature. Finally, one
might engineer alterations and observe
their effects on structure and stability.
For a preexisting suspension bridge, this
might be the addition of a lower deck; for
proteins it might involve modification of
an active site residue by site-directed
mutagenesis. However, even after ob-
serving many bridges, testing their sta-
bilities in floods and high winds, and
engineering a variety of structural alter-
ations, one cannot claim to fully.under-
stand suspension bridges without build-
ing such a bridge de novo, crossing the
river upon it, and demonstrating that
one’s feet remain dry. By analogy, our
understanding of natural proteins—their
folding pathways, thermodynamic stabil-
ities, and catalytic properties—is ulti-
mately tested by our ability to design
novel proteins with predetermined struc-
tures and properties.

Two recent papers, one in these Pro-
ceedings (1) and the other in Protein
Science (2), demonstrate that the ability

to design novel proteins has reached an-
other milestone.

a-Helical Versus B-Sheet Designs

The production and characterization of
de novo proteins is a relatively new en-
deavor. Although designing proteins
“from scratch’’ has been an appealing
prospect for some time (3, 4), the actual
production of amino acid sequences
longer than ~50 residues was not practi-
cal until quite recently. However, over
the past several years, substantial ad-
vances in both peptide synthesis and mo-
lecular biology have made it possible to
produce virtually any sequence the
would-be designer chooses. So now, the
question has become: What to choose?
The majority of initial attempts at de novo
design chose simple a-helical motifs,
most notably, four-helix bundles (5-11).
In contrast to these earlier works, the
authors of the two recent papers (1, 2)
chose the more difficult task of designing
B-sheet proteins.

a-helical proteins are easier to design
from both theoretical and practical per-
spectives. An individual a-helix can exist
in isolation (12, 13), and thus a-helices
can be considered independent structural
modules to be used as building blocks for
protein design. In contrast, an isolated
B-strand is not stable, rendering g-struc-
ture less modular and inherently more
difficult to design. This contrast between
a- and B-structures stems from the fun-
damental difference in the hydrogen
bonding patterns of the two types of
secondary structures (14, 15). In the
a-helix, backbone hydrogen bonding is
intrasegmental. It connects the C=0 of
residue i to the N—H of residue i + 4.
Thus the a-helix can be relatively self-
contained. It can satisfy most of its back-
bone hydrogen bonding needs without
help from 'a partner. The situation for
B-strands is quite different. The C=0
and N—H groups in B-strands are hydro-
gen bonded to N—H and C==0 groups on
neighboring strands. Thus the B-strand
by its very nature is more gregarious.

This difference has significant practical
implications for protein design. Since
a-helices satisfy most of their backbone
hydrogen bonding within their modular
structures, the design of an a-helical pro-
tein can focus on the hydrophobic con-

8729

tacts between the nonpolar faces of sev-
eral amphiphilic a-helices. If the design is
successful, the molecule will adopt a
unique fold, with the number of helices
dictated by the specific contacts between
them. Open-ended and uncontrolled oli-
gomerization into high-order oligomers
typically is not a serious problem,

The situation is quite different for
B-structures. Both the formation of back-
bone hydrogen bonds and the burial of
hydrophobic surface area require a
B-strand to interact with neighboring el-
ements of structure. Furthermore, differ-
ent neighbors satisfy different needs. For
a B-strand going into the page (see Fig. 1),
the neighboring strands on its right and
left sides can form hydrogen bonds to the
backbone N—H and C==0 groups. Side
chains will point up and down, enabling
hydrophobic residues to interact with
neighbors above or below the original
strand. Thus, the B-strand can form fa-
vorable interactions with neighbors in
four directions (left, right, up, and down).
This neighborliness has significant prac-
tical implications: B-strands are so gre-
garious that they frequently aggregate
and precipitate out of solution (16, 17).

This tendency to aggregate makes
B-structures more difficult to design than
a-structures. It is not sufficient merely to
design favorable interactions between
several g-strands; indeed, assiduous de-
sign of extensive interstrand contacts
may drive B-strands to aggregate and
precipitate. For a design to succeed, it
must ensure that interactions with addi-
tional ‘‘unwanted’’ B-strands are unfa-
vorable. In particular, for the design of a
B-sandwich protein such as betadoublet
(1) or betabellin 14D (2), one must ensure
that the intended edge strand of a B-sheet
indeed forms an edge and does not reach
over the edge to form further interactions
leading to extensive aggregation. Thus,
de novo B-sandwiches, far more than
4-helix bundles, require attention to
‘‘negative design’’ (8). It is not sufficient
to design for one particular structure; it is
equally important to design against com-
peting alternative structures. Failure to
restrict the innate gregariousness of
B-strands can result in promiscuous and
unwanted interactions, ultimately lead-
ing to irreversible downfall into an amor-
phous precipitate.
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FiG. 1.

Three parallel strands of a g-sheet. The N—H and C=0 groups on the central g-strand

can hydrogen bond to the neighboring B-strands on the left and right sides. Within each g-strand,
side chains alternate pointing up and down. Hydrophobic interactions involving shaded side
chains would occur above the plane of the B-sheet and hydrophobic interactions involving
unshaded side chains would occur below the plane.

There have been several earlier at-
tempts to design B-sheet proteins (17-20),
and both betadoublet (1) and betabellin
14D (2) are direct descendants of the early
betabellins designed by the Richardson
and Erickson groups (17, 18). However,
previous attempts to design native-like
B-sheet proteins typically led to insoluble
aggregates, or at best, marginally soluble
material. The two new proteins reported
by Quinn et al. (1) and by Yan and Erick-
son (2) represent a significant advance.
Both proteins are soluble at 10 mg/ml in
aqueous buffers (1, 2). This high solubility
has enabled the study of both proteins by
NMR spectroscopy. This would have
been unthinkable for the aggregating and
insoluble progenitors of these de novo
B-sheet proteins (17, 18).

Native Proteins and Novel Proteins

The two novel B-sheet proteins were pro-
duced by two very different technolo-
gies. Quinn et al. (1) made a synthetic
gene and expressed betadoublet in Esch-
erichia coli as part of a fusion protein.
This biological approach facilitates high-
level production, rapid purification, and
straightforward mutagenesis. In con-
trast, Yan and Erickson (2) synthesized
betabellin 14D by solid-phase methods.
This approach is inherently nonbiological
and facilitated the incorporation of 12
nonnative D-amino acids in the 64-
residue protein.

If de novo design is the ultimate test of
our understanding of a natural system,
then we must judge the success of a
design by its ability to recapitulate the
properties of the natural system. How
closely do the novel proteins betadoublet
(1) and betabellin 14D resemble the na-
tive proteins found in living systems?

Natural water-soluble proteins form
compact globular structures with a dis-

creet oligomeric state. They contain hy-
drophobic interiors, polar exteriors, and
an abundance of secondary structure.
Both betadoublet and betabellin 14D ap-
pear to have captured these properties
quite well.

More subtle features of natural pro-
teins are revealed by detailed structural
and thermodynamic studies. Recapitula-
tion of these subtleties is currently the
major challenge of de novo protein design
(21, 22). Natural proteins typically form
unique structures with well-ordered hy-
drophobic cores. They bury their nonpo-
lar side chains quite effectively and,
therefore, do not bind the hydrophobic
dye 1-analinonaphthalene-8-sulfonate
(ANS). Furthermore, native proteins
typically give rise to NMR spectra with
well-dispersed chemical shifts, long-
range nuclear Overhauser effects (i.e.,
between residues distant in primary se-
quence), and amide hydrogens that are
protected from exchange with solvent.
Additionally, the thermal denaturation
profiles of natural proteins show cooper-
ative two-state transitions, indicating
that the well-ordered native structure un-
folds in a concerted fashion into a disor-
dered unfolded state.

Betadoubet and betabellin 14D have
recapitulated many of these properties.
Although neither structure has been
shown to be fully native-like by NMR
and ANS-binding, both proteins demon-
strate temperature melting profiles rem-
iniscent of natural proteins. Since coop-
erative thermal denaturation in the ab-
sence of chaotropes has been quite
difficult to attain even for designed 4-he-
lix bundles (5, 8, 22-24), the melting
behavior of these two B-sheet proteins is
very encouraging. Perhaps the field of
protein design is one step closer to getting
across the river—with dry feet—on a
bridge designed de novo.
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