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E nzymes—catalytically active pro-
teins—are the most powerful catalysts
known, endowed with exquisite selectivity
for reactants and tremendous acceleration
in rates (1). An ability to tailor catalysts to
desired targets has been a Philosopher’s
Stone for chemists (2) as well as alchemists
for a long time. Proteins acquire their
chemical activity by folding into intricate
three-dimensional structures, thousands
of which are available for inspection in the
Protein Data Bank (http://www.rcsb.org/
pdb/). But simply looking at a structure
does not tell us why a given sequence
forms one structure and not another, or
why so many seemingly unrelated se-
quences can achieve similar structures.
We need to take proteins apart and tinker
with their insides, as we would with any
complex piece of machinery. What prin-
ciples govern folding? Does a small set of
key residues nucleate or lock in a struc-
ture, or does structure reflect an almost
imperceptible influence of dozens or hun-
dreds of side chains? Are local interac-
tions more important than long-range ef-
fects or vice versa?

The work by Silverman et al. (3) pre-
sents a masterful dissection of a major
protein fold, the (B/a)s barrel structure
identified first in the glycolytic enzyme
triose phosphate isomerase (TIM) and
since found in hundreds of enzymes. Their
work investigates a total of 182 sites in the
enzyme for their tolerance or intolerance
to substitutions, with far-reaching impli-
cations for protein folding and design.

The most obvious feature of protein
folds is their irregularity. Despite the fre-
quent occurrence of helical and sheet sub-
structures, there is little uniformity in the
disposition of these within a native pro-
tein. There are exceptions: one is the
symmetric eight-fold 8/« barrel structure
that is the subject of the article by Silver-
man et al. (3); a second is the ubiquitous
a-helical coiled coil, consisting of two or
more o-helical strands twined around
each other (4, 5). Since Anfinsen’s pio-
neering work (6), we know that the se-
quence of proteins is sufficient to dictate
the folded state. It now appears that sig-
nals for structure are embedded in se-
quence in a highly degenerate and over-
determined fashion (7). Reading these
signals has been a major challenge in many
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laboratories, leading inevitably to differ-
ent hypotheses in efforts to decipher the
folding code (8). Silverman et al. (3) an-
alyze the effects on activity of libraries
with millions of mutations in the gene of
TIM, exploring the variability in the struc-
ture at a deep level.

Recognizing that burial of nonpolar
side chains to form a nonpolar core struc-
ture is common to all native protein struc-
tures, the simplest “oil-droplet” model (9)
proposes that the arrangement of polar
and nonpolar side chains in a sequence is
the dominant factor in dictating the final
structure. Nonpolar or hydrophobic (H)
side chains form the interior, buried from
unfavorable solvent interactions, whereas
polar side chains (P) face the exterior.
Accordingly, patterns such as HPHPHP
should read out to a
B-sheet, with one non-
polar face containing H
groups and one polar
face with the P groups.
On the other hand, pat-
terns such as PHHPH-
HHP or HPPHPPP
should favor helices. A
striking case has been
reported in which a lo-
calized change in H/P
pattern is accompanied
by a switch from
B-sheet to a-helix structure (10).

This view is supported by the observa-
tion that there is considerable degeneracy
among the nonpolar side chains that com-
prise the core of a globular protein, seen
both in sequence alignments of proteins
from different organisms (11) and in mu-
tational studies (12-14). Conservative
(H — H) substitutions are tolerated to a
surprising degree. For example, when 13
positions in the hydrophobic core of the
small RNase barnase were randomized,
23% of the mutants were found to be
active (14). This observation is surprising
because the interior of proteins tends to be
well packed, more crystal like than liquid
(15). Constraints can be introduced on the
volume of side chains. Cavity-creating mu-
tations can be severely destabilizing (16).
But, according to the oil-droplet model,
hydrophobic cores can be repacked with
no great difficulty, and the main determi-
nant is the polarity of the side chain.
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dissection of a major
protein fold . . . with
far-reaching implications
for protein folding and
design.

In an opposing view, the van der Waals
interactions in the well-packed core of a
protein are thought to be crucial, so that
placement of a side chain in the structure
is more like fitting a key into a keyhole or
a piece into a three-dimensional jigsaw
puzzle (13, 15). Closer inspection of mu-
tant proteins generated by randomizing
the hydrophobic core reveals that only a
small fraction of conservative hydropho-
bic core substitutions are equivalent to the
wild type in stability and activity (17). The
jigsaw-puzzle model is most obviously fa-
vored by structural and thermodynamic
studies of short a-helical coiled coils.
Crick’s seminal analysis (18) showed that
coiled coils are formed by a knob-into-
holes packing of H side chains. Later
studies showed clearly that the fit is a tight
one: minor differences
in the identity of the H
residues can switch the
stoichiometry from
two to three or four
strands (19). This re-
sult is at variance with
simple H/P sequence
determination, be-
cause details of the H
side chains, such as the
extent of branching,
prove to be critical.

The oil-droplet and
jigsaw-puzzle models are useful because
they provide extreme but concrete targets
for experimental testing. Many other fac-
tors are thought to influence the folding of
a protein. The role of local structure and
identity of side chains in helical regions
has been considered important: Gly and
Pro, for example, destabilize helical struc-
ture, whereas Ala tends to favor helix (20,
21). Signals at the ends of short helices
also have been implicated: these include
capping structures, in which polar side
chains with the backbone near the ends of
a helix (22). The corresponding factors
that form H bonds determining B-sheet
termini are less obvious but are likely to be
relevant as well.

Silverman et al. (3) took a bold step in
setting out to identify the determinants of
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Fig. 1.

Two views of the B/« barrel structure in TIM. (A) A view from the top of the structure showing the symmetry of the eight B/« domains. The N and C

termini are depicted in black spheres. The active site in this orientation is facing the reader. (B) A side view showing the hydrophobic B-B-sheet interface and
the four sites in the enzyme that are most sensitive to substitutions in the study by Silverman et al. (3). Insets show expanded views of the local structural
environments around each residue. Phosphoglycolohydroxamate (PGH), a substrate analog included in the crystal structure, is shown in purple. Glycines 209 and
228 are colored yellow, R189 is colored cyan, and D227 is colored red. The region of the backbone proposed to be an independently folding subdomain is colored

green.

the eight-fold («/B) barrel structure. The
motif includes about 250 residues, much
larger than the model proteins studied to
date. Perhaps one question to ask is, why?
In addition to their remarkable frequency,
B/« barrels are an attractive target for
several reasons. First, the fold has a high
degree of symmetry (Fig. 14), which re-
duces the total sequence space. Kir-
schner’s group has shown that individual
B/« domains can be permuted with reten-
tion of activity (23). Second, the catalytic
activity of (8/a) barrels resides in a series
of loops that form a headpiece that rests
on the core barrel structure. In a recent
and elegant directed evolution experi-
ment, the catalytic activity of a (B/a)
barrel enzyme was switched from one
substrate and reaction to a new one by
using a combination of rational design and
random mutagenesis (24). Silverman et al.
(3) kept this region of the protein invari-
ant to focus on the core itself, whereas
Altamirano et al. (24) directed their mu-
tations to the headpiece. Third, the (B/a)s
barrel structure contains more extensive
hydrophobic domains than the simple
globular domains explored before. In fact,
there are two hydrophobic domains in
TIM: one at the interface between the
helices and the B-barrel and the second
within the B-barrel itself (see Fig. 1).
Technically, the report by Silverman et
al. (3) is a tour de force. Random or
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directed changes at multiple sites were
introduced by use of mixtures of bases in
desired positions in synthetic short frag-
ments of DNA. The fragments were
spliced together to generate genes or li-
braries of genes. Because of the vast con-
formational space they cover, Silverman et
al. make use of technologies for generat-
ing large-scale sequence libraries and di-
versifying them by shuffling or recombi-
nation (25). Availability of a bacterial
strain whose growth depends on the pres-
ence of an active TIM protein allowed
them to screen the expressed products
efficiently. Side-by-side comparison of ge-
netically randomized libraries selected for
functional activity with unselected ones is
used as a probe of amino acid preferences
at each site. Testing of individual enzymes
was done by complementing a TIM knock-
out mutant or by directly measuring their
rates of catalysis.

What do they find? First, the extreme
oil-drop model does not fit. Although the
B-sheet/a-helix hydrophobic interfaces
and most surface sites can be substituted
relatively freely, the authors estimate that
fewer than 1 in 10! sequences in a random
library that conserves the consensus H/P
pattern are active. This result contrasts
starkly with the value of 1 in 4 found in
barnase (14). Both internal sites and the
ends of helices are also readily substituted.
The B-sheet core of the TIM barrel turns

PNAS | March 13, 2001

out to be most intolerant to mutation,
more consistent with the jigsaw-puzzle
model. Interestingly, four sites in the core
appear not to tolerate substitution at all
(see Fig. 1B). Two of these residues are
charged and form an apparently buried
salt bridge in the protein, as shown in the
figure. Theoretically, such interactions are
thought to have a weak effect on stability
(26), but the issue here may well concern
specificity. Polar side chains in hydropho-
bic regions may in fact play a strong or-
ganizing role (27) at the expense of rapid
folding and stability. As in the case of eglin
¢ (21), other interactions postulated to
play a role in folding could be tested. In
particular, helix capping and stop signals
seem dispensable, although several helices
in the wild-type TIM enzyme are capped.

This is a landmark study, showing that
large protein structures are now amenable
to rigorous testing of hypotheses about
folding. Practical design of barrels can
now include tailoring the base as well as
headpiece to generate new catalysts with
greater stability and novel substrate spec-
ificity. Thermophilic barrels have already
been found (28). The authors find some
suggestive clues concerning the folding
and assembly mechanism of barrels, too:
most sensitive sites lie toward the C ter-
minus of the protein, for example, which
may define a subdomain that folds inde-
pendently. Beyond this, they offer sugges-
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tive evidence that not all of the 20 natural
amino acids are required to encode «/f
barrels. The extent of overdetermination
of structure by sequence suggests that
some reduction in amino acid usage may
be possible: the question is, how large a
reduction? Alphabets as small as 5 amino
acids have been proposed to be sufficient
for folding, on the basis of experimental
(29) and theoretical (30) evidence. Silver-
man et al. (3) point out that a reduced
alphabet of 7 amino acids might be ade-
quate to fold barrels. The set FVLAKEQ
(31) produces nonperturbing single sub-
stitutions at 142 sites of the 182 they
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