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Proteins employ a wide variety of folds to perform their biological
functions. How are these folds first acquired? An important step toward
answering this is to obtain an estimate of the overall prevalence of
sequences adopting functional folds. Since tertiary structure is needed for a
typical enzyme active site to form, one way to obtain this estimate is to
measure the prevalence of sequences supporting a working active site.
Although the immense number of sequence combinations makes wholly
random sampling unfeasible, two key simplifications may provide a
solution. First, given the importance of hydrophobic interactions to protein
folding, it seems likely that the sample space can be restricted to sequences
carrying the hydropathic signature of a known fold. Second, because folds
are stabilized by the cooperative action of many local interactions
distributed throughout the structure, the overall problem of fold
stabilization may be viewed reasonably as a collection of coupled local
problems. This enables the difficulty of the whole problem to be assessed
by assessing the difficulty of several smaller problems. Using these
simplifications, the difficulty of specifying a working b-lactamase domain
is assessed here. An alignment of homologous domain sequences is used to
deduce the pattern of hydropathic constraints along chains that form the
domain fold. Starting with a weakly functional sequence carrying this
signature, clusters of ten side-chains within the fold are replaced randomly,
within the boundaries of the signature, and tested for function. The
prevalence of low-level function in four such experiments indicates that
roughly one in 1064 signature-consistent sequences forms a working
domain. Combined with the estimated prevalence of plausible hydropathic
patterns (for any fold) and of relevant folds for particular functions, this
implies the overall prevalence of sequences performing a specific function
by any domain-sized fold may be as low as 1 in 1077, adding to the body of
evidence that functional folds require highly extraordinary sequences.
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Introduction

Every quantifiable function that can be per-
formed by proteins has a definite mapping onto
the conceptual space representing all protein
sequences. What can be discovered about these
functional maps? Although the immense size of
sequence space greatly limits the utility of direct
experimental exploration, the sparse sampling that
lsevier Ltd. All rights reserve

um inhibitory
deletions.

ing author:
is feasible ought to be of use in addressing the most
basic question of the overall prevalence of function.
Progress on this front will both enhance our
understanding of how new functional proteins
arise naturally and inform our approach to gen-
erating them artificially.
This is a difficult problem to approach experi-

mentally, however, and no clear picture has yet
emerged. A number of studies have suggested that
functional sequences are not extraordinarily rare,1–5

while others have suggested that they are.6–9 One of
two approaches is typically used in these studies.
The first, which could be termed the forward
approach, involves producing a large collection of
d.
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sequences with no specified resemblance to known
functional sequences and searching either for
function or for properties generally associated
with functional proteins. If the relevant sort of
properties can be found among more or less
random sequences, this provides a direct demon-
stration of their prevalence. The second approach
works in reverse from an existing functional
sequence. Here, the question is how much ran-
domization a sequence known to have the relevant
sort of function can withstand without losing that
function.

Although both approaches have provided
important insights, they may have drawbacks that
contribute to the apparent discrepancies. The
forward approach has not produced a sequence
with properties that place it unequivocally among
natural functional sequences. Whether the proper-
ties that have been found (e.g. proteolytic stability10

or cooperative denaturation1) actually warrant such
placement therefore remains an open question. On
the other hand, because the reverse approach starts
with a sequence that is not just functional but often
nearly optimal, it may fail to take account of
sequences having the relevant functional properties
in a very rudimentary form. Also the difficulty of
taking proper account of sequence context presents
itself when natural proteins are studied by making
one or a few substitutions at a time.8 Substitutions
found to be functionally tolerable in such experi-
ments might be tolerable only because the vast
majority of the protein remains untouched.11

In light of these difficulties, an important first step
in the present study is to consider carefully what we
mean by function in the first place. Different
answers to this may well lead to different experi-
mental approaches and different conclusions, each
Figure 1. Relative fold complexities of the chorismate mu
AroQ-type chorismate mutase examined by Taylor et al.9 is f
monomers with this three helix structure (PDB entry 1ECM).
functions as a 263 residue monomer with two structural dom
1ERM). This fold is made more complex by its larger size, an
and strands) and the degree to which formation of these comp
structure (as is generally the case for strands and loops, but
valid when properly understood. The focus here
will be upon enzymatic function, by which we
mean not mere catalytic activity but rather catalysis
that is mechanistically enzyme-like, requiring an
active site with definite geometry (at least during
chemical conversion) by which particular side-
chains make specific contributions to the overall
catalytic process. The focus, then, will be on mode
of catalysis rather than rate. The justification for this
is that there is a clear connection between active-site
formation and protein folding, in that active sites
generally require the local positioning of multiple
side-chains that are dispersed in the sequence.
Something akin to tertiary structure, however
crude, must therefore emerge in working form
before natural selection can begin the process of
refining a new fold. By assessing the difficulty of
achieving the sort of structure needed to form a
working active site, we therefore gain insight into a
critical step in the emergence of new protein folds.

How might the other difficulties be avoided? A
recent study of the requirements for chorismate
mutase function in vivo demonstrates a promising
approach.9 Chorismate mutase gene libraries pre-
pared in that work were constrained to preserve all
active-site residues and the sequential arrangement
of hydrophobic and hydrophilic side-chains present
in a natural version of the enzyme. Within these
constraints, though, specific residue assignments
were essentially random, resulting in numerous
disruptive changes throughout the encoded pro-
teins. This is an example of the reverse approach, in
that it uses a natural sequence as a starting point
but, because the produced variants carry extensive
disruption throughout the structure rather than just
local disruption, they provide reliable information
on the stringency of functional requirements. The
tase monomer and the b-lactamase large domain. a, The
ormed by symmetrical association of a pair of 93 residue
b, The TEM-1 penicillinase, a typical class A b-lactamase,
ains, the larger one shown here (153 residues; PDB entry
d by the number of structural components (loops, helices,
onents is intrinsically coupled to the formation of tertiary
not for helices).



Figure 2. Importance of starting sequence and selection
threshold on local side-chain randomization experiments.
A generic enzyme is represented schematically as a
backbone conformation (curved line) stabilized by a
large number of interactions among side-chains (appen-
dages) distributed throughout the structure, resulting in
formation of a working active site (Y-shaped appen-
dages). Each black appendage represents an “optimal”
side-chain, meaning that it stabilizes the native fold at
least as well as any of its 19 possible replacements would
in the same context. Grey appendages represent side-
chains that are in this sense suboptimal. A set of
structurally local side-chains (broken lines) is chosen for
randomization with subsequent functional selection.
Folding stabilities of the starting sequence and a passing
randomized sequence are represented by a qualitative
graph, with the dotted line representing the minimum
stability for passing under the chosen selection con-
ditions. a, Natural selection ensures that a wild-type
starting sequence (left) has relatively few suboptimal
side-chains. (Substitutions that improve the stability of
natural proteins are therefore relatively rare, as data
collated by Guerois et al. bear out. See Figure 5 of Guerois
et al.,47 disregarding data from reverse mutations [cyan
squares]. Consequently, anything but the most stringent
selection will count randomized variants that are signifi-
cantly less stable (right) as “active”. b, A uniformly
suboptimal starting sequence having just enough activity
to pass a very low selection threshold (left) ensures that
randomized variants passing that threshold (right) retain
interactions within the randomized region that are
comparable in quality to those of the starting sequence.
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prevalence of functional chorismate mutases among
sequences carrying the specified hydropathic
pattern was estimated to be just one in 1024.9

In view of the rarity of sequences carrying that
pattern (among all possible sequences) and the
relative simplicity of the chorismate mutase fold
(Figure 1a), this result suggests that sequences
encoding working enzymes may generally be very
rare. Further exploration of this possibility should
address two points. First, it is important that
enzyme folds of more typical complexity be
examined. And second, since many different folds
might be comparably suited to any given enzymatic
function, it is important that we have some way to
factor this in. In other words, if the prevalence of
sequences performing a particular function enzy-
matically is our primary interest, then our analysis
must not presume the necessity of any particular
fold.
Because protein structures show natural division

into compact folding units, called domains,12 it is
appropriate to frame the problem at this level. Here,
the larger of the two domains forming b-lactamases
of the class Avariety (henceforth, the large domain)
is used as a model system for assessing the
requirements for functional formation of a moder-
ately complex fold (Figure 1b). Although pre-
dominantly composed of a-helices, this domain
contains small sheet regions and significant loop
structure which, along with its size (just over 150
amino acid residues), make its complexity more
representative of known domain folds. Another
typical feature of domains, the ability to form
specific associations with other domains, is ensured
by the location of the b-lactamase active-site cleft at
the interface between the large and small domains.
As in the chorismate mutase study, disruptive
substitutions throughout the large domain will
provide a marginally adequate sequence context
in which to assess the requirements for low-level
function. By making use of sequence information
from numerous related b-lactamases, it is possible
to frame the analysis of this single fold in such a
way that it illuminates the key aspects of the
sequence-function relationship that must be
explored in order to assess the overall prevalence
of enzymatic function.
Experimental Approach

The use of mixed-base oligonucleotides for
simultaneous randomization of a complete
sequence (as in the chorismate mutase work9)
becomes increasingly problematic for longer
sequences. An alternative approach, applicable to
sequences of any length, is first to degrade the
Although these interactions are not optimal, they favour
the folded structure to a degree that is characteristic of a
marginally functional enzyme fold, which cannot be said
of the randomized interactions of a (right).
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whole fold by widespread substitution and then to
produce libraries having locally randomized
regions within this barely adequate initial structure.
Sequence constraints may then be assessed by the
frequency of functional variants in these libraries.
The importance of having an extensively degraded
initial sequence may be illustrated more fully by
considering the effect of the selection threshold on
the outcome.

Most studies using a biological screen or selection
method to score variants of a natural sequence as
active or inactive employ a threshold that requires
only a small fraction of wild-type activity for an
active score to be assigned.11 Coupled with the fact
that natural proteins are typically folded with
stabilities well in excess of the bare minimum
under the conditions of selection, this means that
variants scored active may actually carry significant
structural disruption. As an illustration, consider an
experiment in which random substitutions are
introduced into a small region within a natural
enzyme, with functional selection applied in the
usual way (Figure 2a). Because the wild-type
protein is well stabilized by favourable side-chain
interactions throughout the fold (Figure 2a, left), it
has some capacity to absorb the destabilizing effects
of disruptive substitutions in small numbers
(Figure 2a, right). In essence, the relatively high
quality of interactions throughout the unchanged
portion of the protein can compensate for, or buffer,
the effects of unfavourable interactions within the
changed portion. This accounts for the observation
that substitutions having little functional effect
alone or in modest numbers have very substantial
disruptive effects when combined in numbers
large enough to exhaust that initial buffering
capacity.8

The buffering effect is problematic for measure-
ment of sequence constraints simply because side-
chain interactions in the randomized region are apt
to be much less favourable in variants isolated by
selection than in the initial sequence. If we intend to
assess constraints by assessing the proportion of
randomized variants that pass selection, we must
ensure that any significant deterioration upon
randomization will prevent passing. So, to assess
the minimal constraints for proper enzyme func-
tion, the approach should be first to obtain an
extensively degraded reference sequence that just
passes a low selection threshold (Figure 2b, left) and
then to subject locally randomized variants of that
sequence to selection at the same threshold
(Figure 2b, right). Because the reference sequence
has virtually no capacity to buffer the effects of
further disruption, the quality of side-chain inter-
actions within the randomized region must be
maintained in order for a variant to pass. By
performing several such experiments at various
locations in the structure, it should therefore be
possible to estimate the fraction of side-chain
specifications providing interactions that are just
sufficiently favourable to support low-level enzyme
function.
One way to produce the reference sequence is to
introduce numerous amino acid substitutions more
or less randomly into a natural sequence. Because
each substitution affects the modified side-chain
and its interaction partners, the number of residues
perturbed is considerably larger than the number of
changes introduced. Yet, even though a sequence
produced in this way will be degraded substan-
tially, some residues or pockets of residues will
probably remain optimal in the sense used in Figure
2 (i.e. the best side-chain for that position in that
context). In particular, if some side-chains have
pivotal roles in stabilizing the native fold, these will
be preserved in the reference sequence.

Such pivotal residues must be considered in the
design of the local randomization experiments. For
technical reasons (explained below) it will not be
feasible for local randomization to be performed at
all amino acid positions in the reference sequence.
The constraints for forming a functioning large
domain will instead be sampled in four separate
randomization experiments covering just over a
quarter of the positions. The positions sampled will
therefore need to be reasonably representative of
the whole domain, and it is particularly important
that pivotal residues not be over-represented if we
want to avoid exaggerating the constraints.
Results and Discussion

Identification of lower-bound selection
threshold

The natural function of b-lactamases, protecting
bacteria from the effects of penicillin-like anti-
biotics, provides a simple means of selecting
functional variants over a wide range of thresholds.
As with any selection system, though, there are
limits to the useful range. At the low end, Escherichia
coli strains have some innate resistance to common
penicillins as a result of both uninducible, low-level
hydrolytic activity of AmpC and the action of the
AcrAB multidrug efflux system.13 By the usual
index of resistance (minimum inhibitory concen-
tration, abbreviated MIC), the E. coli strain used in
this work has innate ampicillin resistance measur-
ing 5 mg/ml, meaning that it fails to produce visible
colonies at 25 8C when ampicillin is present at
concentrations equalling or exceeding this (see
Materials and Methods for details of standard test
conditions).

In principle, then, we can select ampicillin-
resistant clones without interference from innate
resistance by using this level of antibiotic. However,
when attempts were made to produce a reference
sequence using this selection threshold, sequences
that passed selection were found to carry mutations
that would eliminate function by the known
enzymatic mechanism. For example, a 36 residue
deletion tolerated at this threshold precludes
formation of much of the active-site cleft by
removing a substantial part of the large-domain



Figure 3. Structural importance of the 36 residue segment missing from a deletion mutant. The backbone structure is
shown in stereo for the TEM-1 large-domain (PDB entry 1FQG) with space-filling representation of the small domain.
The missing segment (yellow) includes two important active-site side-chains (Ser130 and Asn132, green). Two other
active-site side-chains (Ser70 and Lys73, also green) are found not to be important for the low-level activity of the
deletion mutant. Penicillin (white) is shown attached covalently via Ser70, representing the normal acyl-enzyme
intermediate in the hydrolysis reaction.14 As a consequence of the deletion, the blue portion of the chain cannot adopt its
normal conformation.

† http://scop.mrc-lmb.cam.ac.uk/scop
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core, eliminates two important catalytic residues,
and prevents a stretch of 29 remaining residues
from adopting its original conformation (Figure 3).
Residues crucial to the function of class A b-lacta-
lactamases (Ser70 and Lys73)14 can be replaced in
this deletion mutant without affecting its ability
to confer resistance at this level. Whatever the
mechanism of this resistance, then, it is safe to
conclude on the basis of this evidence that it differs
fundamentally from the well-studied mechanism of
class A b-lactamases.15 A reasonable conjecture, in
view of the susceptibility of ampicillin to hydrolysis
by simple acid or base catalysis,16 is that polypep-
tides may promote ampicillin hydrolysis at low but
detectable rates simply by displaying appropriately
acidic or basic groups, in a manner analogous to
peptide-catalyzed hydrolysis of RNA.11,17

Assessing the sequence constraints for this
uncharacterized mechanism would be a worth-
while step toward characterizing it. A preliminary
randomization experiment shows the constraints to
be very low (unpublished results), consistent with
the indifference to alteration described above. But in
view of our present aim, assessment of the
constraints entailed by a functional enzyme-like
active site (see Introduction), we will need to
exclude activities that do not meet this condition.
The sequence carrying the 36 residue deletion is
found to confer an ampicillin MIC of 10 mg/ml,
which amounts to 0.1% of wild-type TEM-1 activity
(TEM-1 MICZ5200 mg/ml; (10–5)/(5200–5)Z
0.001). If this is typical of sequences working by
the uncharacterized mechanism, interference from
such sequences will be eliminated by placing the
selection threshold at this level.
Homologous sequence alignment

Both experimental stages of this study, pro-
duction of the large-domain reference sequence
and local randomization of that sequence, were
guided by information present in an alignment of
natural sequences that encode very similar domain
folds. The SCOP structure classification (release
1.63†) lists 13 “species”-level variants of the class A
b-lactamase fold. Removal of two of these (the
TEM-52 variant being very similar to the TEM-1
variant, and the PER-1 variant showing substantial
structural deviation from otherwise conserved
features18) leaves a set of 11 natural large-domain
variants with close structural similarity (Figure 4)
and considerable sequence diversity.
This set can be enlarged to expand its diversity

while maintaining tight structural similarity by
including sequences with sufficient similarity to one
of the structural representatives. Sequences having
at least 50% side-chain identity typically have
shared backbone structures encompassing 90% or
more of their residues.19 Using this as a cut-off, a
search of the SwissProt database yields 33
additional natural domain sequences (after removal
of virtual duplicates; see Materials and Methods).
The resulting set of 44 homologues provides
substantial sequence diversity, while permitting
sequence alignment with very little ambiguity
(Figures 5 and 6).

http://dx.doi.org/doi:10.1016/j.jmb.2004.06.058


Figure 4. Superposition of the large-domain backbone
structures of 11 class A b-lactamases. Structural data are
from PDB entries: 1BSG, 1BUE, 1BZA, 1DY6, 1ERM,
1G6A, 1GHP, 1HZO, 1MFO, 1SHV, and 4BLM. Excluding
hydrogen atoms, backbone RMS deviations from the
TEM-1 structure (1ERM) are, in the above order: 0.82,
0.85, 0.85, 0.89, 0, 0.76, 1.24, 0.75, 0.86, 0.44, and 0.63 Å
over alignments covering at least 87% of the full domain.
The 1BSG and 1GHP structures show the largest RMS
deviation (1.50 Å over an alignment covering 90% of the
domain).
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Finding a reference sequence

Dramatic loss of enzyme function can be
achieved with a small number of highly disruptive
changes, even without direct modification of the
active site.11 The objective here, however, is to
introduce a large number of mildly disruptive
changes so as to render many side-chains sub-
optimal throughout the fold (Figure 2b, left). This is
best achieved by introducing many changes
together, without intervening selection. But in
order for this not to cause complete disruption, it
is necessary to mitigate somewhat the likely
disruption at each position.

Using the wild-type TEM-1 sequence as a starting
point, this was accomplished by limited substi-
tution at five groups of positions (58 positions in
total) across the large domain (see Materials and
Methods). Substitution was limited in three
respects. First, positions where side-chains form
the active site were excluded from the groups
chosen for change. Second, the wild-type TEM-1
residue was included as a possible alternative at 47
of the 58 positions, the remaining 11 positions
having relatively uncommon residues in the TEM-1
sequence (Figure 6). And third, residue options
were biased strongly toward side-chains rep-
resented in the alignment. In the first four substi-
tution groups, 120 of the 122 possibilities allowed at
the 49 affected positions are represented (Figure 6).

Substitutions in these first four groups were
combined to produce a library of variants that had
been subjected to limited substitution at 49
positions. At this point, ampicillin at the threshold
level (10 mg/ml) was first used to select functional
variants. Of several sequences found to permit
growth, one with a better than average MIC
(O40 mg/ml) was chosen as the progenitor of the
reference sequence. The final step in producing the
reference sequence coincided with the first local
side-chain randomization experiment, as described
below. After this randomization, clones passing
selection at 10 mg/ml of ampicillin were examined
in order to identify a large-domain sequence that
confers full resistance at this concentration (mean-
ing no loss of colony formation; see Materials and
Methods) but no resistance at concentrations not
very much higher. The sequence chosen as the
reference meets these conditions, conferring com-
plete resistance at 10 mg/ml but none at 20 mg/ml
(MICZ20 mg/ml).

Relative to TEM-1, the reference sequence carries
33 substitutions scattered through the large domain,
29 of which are represented in the alignment
(substitutions shown in boldface in Figure 6; see
also Figure 7a). Substitution of key active-site
residues in this sequence causes loss of function,
indicating that the 10 mg/ml selection threshold is
sufficient to eliminate sequences functioning by the
uncharacterized mechanism encountered pre-
viously. Temperature sensitivity was assessed by
repeating the ampicillin MIC measurements at
37 8C for strains producing no b-lactamase, the
reference-sequence b-lactamase, or the wild-type
TEM-1 b-lactamase. The resulting values (3.5, 4.0,
and 4,200 mg/ml, respectively) give a reference-
sequence activity of 0.01% relative to TEM-1 at 37 8C
((4.0–3.5)/(4200–3.5)Z10K4). This is 30-fold lower
than the 0.3% value measured at 25 8C ((20–5)/
(5200–5)Z0.003), indicating that the reference-
sequence enzyme undergoes substantial changes
with increasing temperature in this range.
The hydropathy signature as a plausible fold-
specific pattern

As is generally the case in experiments using the
reverse approach (see Introduction), the fold
adopted by functional sequences is restricted by
the choice of experimental system. Here, because
the function of the reference sequence traces back to
the TEM-1 large-domain (with input from other
large-domain sequences), we cannot expect other
folds to be sampled in the randomization experi-
ments. But, since many other folds might be
comparably suitable scaffolds for this enzymatic
function, how can we take this into account in our
assessment of the overall prevalence of functional
sequences?

Conceiving this prevalence as a fraction, the
numerator would ideally be the number of
sequences of large-domain length that provide a
working b-lactamase (in the specified biological
context) via any fold, and the denominator would



Figure 5. Sequence-identity matrix for the 44 aligned large-domain sequences. Residue identities (%) are based upon the full domain sequences (identified by SwissProt
and/or PDB accession codes) as aligned in Figure 6.



Figure 6. Alignment of 44 homologous large-domain sequences. Position numbering corresponds to the TEM-1 sequence, shown at the top and identified within the
alignment by its SwissProt and PDB accession codes (P00810/1ERM). Shading indicates the four sets of ten positions chosen for randomization (coloured according to Figure
7b). Positions showing no variation are indicated below the alignment by asterisks (*). Those showing a high level of variation, meaning both a hydropathic constraint score of x
(see Results and Discussion: subsection The hydropathy signature.) and six or more amino acid residues represented in the alignment, are indicated by slashes (/). Below the
signature and reference sequences (explained in the text) are the allowed substitutions at the first four groups of positions subjected to limited substitution (see Results and
Discussion, subsection Finding a reference sequence), the top row showing where the TEM-1 residue was included as an option.



Figure 7. Location of reference-sequence substitutions and ten residue sets in the TEM-1 large domain (PDB 1FQG).
Penicillin substrate (white) identifies the active-site pocket. a, Stereo image showing TEM-1 side-chains substituted in
the reference sequence as red. b, Stereo image showing the four sets of ten residues chosen for randomization enclosed
by transparent surfaces (see Results and Discussion, subsection Local side-chain randomization). Set 1 (green) includes
positions 80, 83, 84, 86, 87, 88, 89, 90, 91, and 93; set 2 (gold) includes positions 106, 107, 108, 109, 111, 112, 117, 125, 129,
131; set 3 (cyan) includes positions 161, 163, 164, 171, 173, 176, 177, 178, 179, 180; set 4 (magenta) includes positions 194,
205, 206, 207, 208, 209, 210, 211, 212 and 213. Locations of reference-sequence substitutions are again indicated by red
side-chains.
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be the total number of possible sequences of this
length. Realistically, though, the only numerator we
can estimate by experiment is the number of
sequences of large-domain length that provide a
working b-lactamase via the large-domain fold.
Still, we might hope to estimate the desired fraction
by scaling the denominator appropriately. Instead
of including all possible sequences of large-domain
length, the scaled denominator should include only
a fraction of these, that fraction being, to a first
approximation, the inverse of the number of
suitable folds.

This has direct implications for the design of the
local randomization experiments, because the
value of the denominator is effectively set in
each experiment by specifying which amino acids
are included as options at each randomized
position. If all amino acids were included at all
positions, we would be gathering data as though
all of sequence space can be sampled mean-
ingfully, whereas in reality we can sample
meaningfully only the portion of space corre-
sponding to the fold that has been fixed by the
experimental system (the large-domain fold of
Figure 4). Randomization should therefore be
bounded in such a way as to restrict the sampling
of sequence space to sequences that are inherently
specific to that fold.
The fundamental role of the hydrophobic effect in

the formation and stabilization of protein folds12,20,21

may provide a means of doing this. For an amino
acid sequence to encode a particular fold it is
necessary, though clearly not sufficient,8 that it
favours burial of side-chains that will form the fold
interior. This is achieved by means of an appro-
priate pattern of hydrophobic and hydrophilic
residues along the primary sequence.21 The causal
connection between this pattern and the formation
of folded structure, coupled with the geometrical
connection between tertiary structure and the
pattern of solvent exposure along the sequence,
implies that folds should have highly specific
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hydropathic requirements†. That is, apart from any
consideration of physical interactions that depend
upon the structures and precise orientations of
individual side-chains, this more coarse interaction
may be expected to severely limit the number of
sequences that are compatible with a particular
fold, different folds having distinctly different
requirements.

The alignment shown in Figure 6 confirms this by
providing clear evidence of conservation at the level
of side-chain hydropathic character among
sequences that show considerable variation at the
level of side-chain identity. This can be seen by
sorting the 20 amino acid side-chains into groups
according to their hydropathic character and
examining the alignment in terms of representation
of these groups. Sixteen of the side-chains may be
assigned to three groups as follows: hydrophobic
grouph {F, L, I, M, V}, hydrophilic grouph {H, Q,
N, K, D, E, R}, and intermediate group h {G, S, T,
Y}. These groupings are justified by chemical
considerations (presence or absence of apolar sur-
face, hydrogen bonding potential, or formal charge
at physiologically relevant pH), by experimental
measurements and theoretical estimates of free
energies of transfer between water and apolar
solvents,22,23 and, to some extent, by the structure
of the genetic code (all members of the hydrophobic
group being specifiable by codons of the form NTN,
and all members of the hydrophilic group being
specifiable by codons of the form VRN; V indicating
A, C, or G; R indicating A or G; N indicating any
base).

Positions in the alignment may be placed into one
of six hydropathic constraint categories according
to representation of the above three groups:
hydrophobic, hydrophilic, intermediate, not hydro-
phobic, not hydrophilic, or unconstrained (repre-
sented by the symbols b, l, i, c, m, and x,
respectively). The four amino acids omitted from
the above groups are best handled as special cases
in this process. Two of these, alanine and trypto-
phan, are less hydrophobic than those of the
hydrophobic group22,23 but not uncommon at
buried positions.24 They are consequently best
treated flexibly, according to the identities of other
residues at the same position. Specifically, residues
from the hydrophobic or intermediate groups,
when present, will determine the constraint cate-
gory. In cases where neither of those groups is
represented, alanine and tryptophan will be inter-
preted as belonging to the intermediate group. The
remaining two amino acids, proline and cysteine,
introduce covalent backbone connections (intra-
† “Fold” is here taken in the tight sense exemplified by
the large-domain fold (Figure 4). Although fold
similarities much less tight than those of Figure 4 may
indicate homology, position-by-position properties and
constraints vary considerably as similarities becomemore
loose.44 Still, hydropathic constraints remain evident so
long as there is tight structural similarity over a sizeable
portion of structure.45
residue and inter-residue, respectively). Because
this exceptional capacity is apt to be the determin-
ing factor in their placement, other side-chains
should be given priority in assessing hydropathic
constraints. When these principles are applied to
the alignment (see Materials and Methods), hydro-
pathic constraint scores by position are found to be
as shown in Figure 6 (penultimate sequence).

As indicated above, physical considerations
suggest that this sequence of constraint scores
should be highly fold-specific, a unique signature
of the large-domain fold. Two additional lines of
reasoning support this. The first is based on the
rarity of open reading frames encoding sequences
consistent with this signature. This may be esti-
mated from the constraint scores by taking inser-
tions and deletions (indels) into account. Because
these mutations expand or contract the backbone,
they are expected to be highly disruptive at most
locations. This is confirmed by the alignment shown
in Figure 6, and by other studies of natural variation
in coding sequences.25 The natural large-domain
variants show indels at five points that cluster on
the exterior of the folded structure, on the face
opposite the interface with the smaller domain. All
occur at highly exposed locations either in turns or
near the ends of short, peripheral helices. Consist-
ent with this, the optional positions are filled
predominantly by hydrophilic residues or by pro-
line residues (Figure 6). In view of the total number
of DNA base changes represented throughout the
alignment (of the order of 103), the paucity of indels
along with their common structural features is
clearly indicative of functional constraints. That one
of the few represented indels appears to have two
independent origins (after position 140) further
suggests that the represented set is nearly complete.

Assuming that the represented indels may be
tolerated in any combination, we may estimate the
proportion of open reading frames carrying the
large-domain signature to be about 10K33 (see
Materials and Methods). If this is smaller than the
inverse of the estimated total number of possible
folds, that would indicate that the signature is
sufficiently restrictive to be fold-specific. Despite
considerable uncertainty as to the total number of
possible folds, there is an emerging consensus26–29

that fundamental constraints on protein structure
limit the figure to something very much smaller
than 1033, which implies that the signature is amply
restrictive to be fold-specific.

Secondly, as an empirical test of fold specificity,
we can determine whether any known proteins
unrelated to b-lactamases come close to fitting the
large-domain signature. To do this, the signature
was divided into three sections, each spanning 51
positions. A pattern search was then used to
examine the human, fly, worm, and yeast
proteomes‡ for sequences fitting any of these
‡ http://www.ensembl.org/Homo_sapiens; http://
www.flybase.org; http://www.wormbase.org; http://
www.yeastgenome.org
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Table 1. Characteristics of the ten residue sets

Substitutions in
referencea

Conserved posi-
tionsb Diverse positionsb Buried positionsc Exposed positionsd

Set 1 7 0 5 3 3
Set 2 1 2 1 6 1
Set 3 3 3 2 4 1
Set 4 7 0 3 5 4
Set average 4.5 1.3 2.8 4.5 2.3
Expectede 2.2 1.1 2.1 5.2 2.5

a Substitutions carried by the reference sequence (relative to TEM-1) within the specified set.
b See Figure 6.
c Side-chains in the TEM-1 structure having less than 20% maximal solvent exposure, as calculated by GETAREA 1.1 (hhtp://www.

scsb.utmb.edu/getarea/).
d Side-chains having greater than 50% maximal solvent exposure (see footnote c).
e Expected values for ten randomly chosen positions in the large domain.
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signature sections. Since proteins known to have the
large-domain fold or a clearly related fold are all of
prokaryotic origin, they cannot appear as matches.
None of the proteome sets, in fact, showsmatches to
any of the three sections, indicating a high degree of
signature specificity in this empirical sense.
Local side-chain randomization

Four sets of residue positions in the reference
sequence (coloured in Figure 6) were chosen for
separate randomization experiments. Each set
comprises ten residues in close proximity in the
native large-domain fold (Figure 7b). Variants from
each of these experiments that enable colonies to
grow in the presence of 10 mg/ml of ampicillin
show themselves to have adequately fold-favouring
side-chain interactions within the randomized
regions. In principle, the whole large domain
could be examined with 15 such experiments,
each covering about ten residues. In practice
though, the positions involved in each experiment
must be sufficiently close in sequence that their
codons can be spanned with a pair of oligonucleo-
tide primers (see Materials and Methods). The four
chosen sets meet this condition and together cover a
significant fraction (26%) of the fold.

Comparison of these sets to the whole domain
shows them to be reasonably representative in
terms of the average frequency of various position-
specific attributes (Table 1). However, they are
clearly skewed toward greater inclusion of sub-
stituted positions in the reference sequence (first
column). This has been arranged as a means of
erring on the side of caution for the following
reason. Since the reference sequence has been
produced in such a way that it carries nearly as
much structural disruption as it can bear under the
specified test conditions, and this disruption was
caused by departure from the TEM-1 sequence at
22% of the large-domain positions, we expect it to
be more sensitive to further changes within the 78%
that match TEM-1 than to alternative changes
within the 22% that differ. In other words, changing
what has already been changed is less apt to cause
further disruption than changing what has been
retained. In particular, pivotal residues (see Experi-
mental Approach) are distributed among the
unaltered 78% in a manner that cannot be predicted
reliably. The best way to guard against accidental
over-representation of such residues among ran-
domized sets, thereby guarding against exagger-
ation of the sequence constraints, is therefore to
include a disproportionate number of positions
from the altered 22%.
In designing the randomizing primers (see

Materials and Methods), the large-domain signa-
ture was used to restrict the explored sequences to
those conforming to the hydropathic requirements
of this fold. As discussed above, the purpose of this
is to limit the sequence possibilities in a manner that
is consistent with the one-fold structural limitation.
Randomization was performed first at set 4, with
one of the resulting variants chosen as the reference
(see Results and Discussion, subsection Finding a
reference sequence). This reference sequence was
then used as the starting point for the subsequent
experiments. In each experiment, the prevalence of
working sequences among valid test sequences (the
pass rate) is determined from colony counts and the
measured frequency of invalid constructs (Table 2).
Ampicillin-resistant colonies were found in two of
the four experiments (Table 2, column 10), enabling
clear quantification of pass rates. Upper-bound
estimates of pass rates are attainable from the
other two experiments, and in one of these (set 3)
isolation of a few working sequences in the initial
library shows this estimate to be close to the actual
figure.
Several of the randomized genes found to confer

ampicillin resistance were sequenced in order to
look for any clear patterns (Figure 8). One interest-
ing observation is that side-chain conservation seen
at this low functional threshold shows some
departure from conservation among the natural
homologues. The threonine residue at position 180,
for example, is invariant among the homologues
(Figure 6) but replaceable in the reference sequence.
Conversely, the homologues have leucine as often
as methionine at position 211, but methionine
appears to be preferred decisively among the
functional randomized sequences. Also, although

http://dx.doi.org/doi:10.1016/j.jmb.2004.06.058
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Table 2. Calculation of pass rates from local side-chain randomization experiments

Set Column

1 2 3 4 5 6 7 8 9 10 11

Initial library
sizea (k)

Colonies on
chlor controlsb

ChlorR cells per
test platec (k)

ChlorR cells
testedd (k)

Gross test
sizee (k)

Junction
pass ratef

Sequence
pass rateg

% Signature-
consistenth

Net test
sizei (k)

AmpR

coloniesj
AmpR pass
ratek(%)

1 330 138, 166 61 370 330 19/30 7/10 85.3 125 41 0.03
2 240 130, 150 56 340 240 19/30 5/10 70.4 54 0 !0.002
3 600 154, 158 62 370 370 20/30 5/11 90.9 102 0 w0.001
4 540 122, 111 47 470 470 14/30 3/10 90.9 60 18 0.03

See Materials and Methods for a full description of the calculation.
a Based upon colony counts on chloramphenicol plates (20 mg/ml) following the initial post-mutagenesis transformation.
b

Counts for two chloramphenicol plates (7 mg/ml), each spread with 20 ml of a 10K6 dilution of the saturated test cultures.
c
Chloramphenicol-resistant cells spread onto each ampicillin test plate, calculated by multiplying the ratio of dilutions (200) by the sum of the counts in column 2 (control spreads being half the volume of the test spreads).

d
From column 3 and the number of ampicillin test plates in each experiment (six for sets 1–3; ten for set 4).

e The lower of the numbers in columns 1 and 4.
f Results of restriction analysis performed on plasmids prepared from 30 control clones (column 2) from each experiment.
g Results of DNA sequence analysis performed on plasmids that passed the junction test (column 6).
h

Calculated from the number of NNK codons (5, 2, 3, and 3) and VRW codons (0, 1, 1, and 0) in the respective experiments.
i
Calculated from gross test sizes (column 5) by multiplying by the three fractions in columns 6–8.

j
Total counts on six test plates for sets 1–3, or ten for set 4.

k From ratio of numbers in columns 10 and 9, but using aminimum count of one colony. Although no colonies appeared on the ampicillin test plates for sets 2 or 3, thorough screening of the initial libraries (column 1) revealed
a few AmpR clones in the set 3 library.



Figure 8. Functional residue
combinations identified from four
separate randomization experi-
ments. Wild-type TEM-1 residues,
reference-sequence residues, and
signature scores are listed for each
set in ascending order according to
position (see Figure 6 or Figure 7
for unlabeled position numbers).
Functional combinations found by
sequencing complete genes of pas-

sing clones are listed below the signature scores, with matches to the TEM-1 sequence shown in boldface. For sets 1 and
4, these clones were among those counted in the assessment of pass rates (Table 2). The three functional combinations
shown for set 3 were isolated as described (Materials and Methods) after the initial selective plating produced no
colonies. No functional variants could be isolated following randomization of set 2.
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there is a clear tendency toward preservation of, or
reversion to, TEM-1 residues among the functional
variants (and this cannot be attributed to template
bias because randomized regions are introduced as
insertions; see Materials and Methods), there are
intriguing deviations from this. For example,
position 212, which carries a glutamate residue in
the TEM-1 sequence context, seems to be suited to
the cysteine side-chain in many of the contexts
explored here†.

Some of the features of the functional sequences
are explicable with reference to the TEM-1 struc-
ture. Position 89, occupied by a glutamate residue in
TEM-1, shows a distinct preference for bulky, apolar
side-chains in the randomized variants (Figure 8).
In TEM-1, Glu89 forms a salt-bridge with Arg93. A
number of the natural homologues have similar
salt-bridges between glutamate residues at position
89 and either lysine or arginine residues at position
93. The randomized variants, on the other hand,
seem to accommodate wider variation at position 93
by placing relatively large and hydrophobic side-
chains at position 89. A similar situation seems to
occur within set 4, where Gln205 forms a hydrogen
bond with Asp209 in the TEM-1 structure. The
mutants appear to accommodate a variety of side-
chains at position 205 by truncating the aspartate
side-chain to glycine or alanine. The Arg161–
Asp163 salt-bridge in set 3, while not fully
conserved, is much more dominant in the align-
ment than the previous examples. Although both
positions are scored x in the signature, more
restrictive randomization was used to favour
arginine at position 161 (see Materials and
Methods). Despite the lopsided likelihood of
receiving the respective residues upon randomiz-
ation (25% chance of Arg161 versus 3% chance of
Asp163) they appear together or not at all in the
isolated variants (Figure 8). These examples all
suggest that charged side-chains, while clearly
capable of improving the ability of a fold to deliver
† The reference sequence and all randomized variants
retain the pair of cysteine residues at positions 77 and 123
(Figure 6) that form a disulfide bond in the TEM-1
structure. Position 212 is not in the vicinity of the disulfide
in this structure.
function, tend to offer this benefit at the cost of
rather particular contextual requirements.
Together with the pass rates, the prevalence of

TEM-1 residues among functional variants appears
to confirm the expected relationship between a set’s
degree of substitution in the reference sequence and
its tolerance of randomization. Sets 1 and 4, both
70% modified (relative to TEM-1) in the reference
sequence, show functional variants averaging 68%
and 62% modification (Figure 8). The acceptability
of these high levels of modification appears to
correlate with relatively high pass rates (Table 2),
even though there is clear evidence of selective
constraints at modified positions. Set 3, only 30%
modified in the reference sequence, shows signifi-
cantly lower modification among functional var-
iants (40%) and a significantly lower pass rate. It
seems likely, then, that the inability to isolate
functional variants following randomization at set
2 is related to the low degree of modification (10%)
of these positions in the reference sequence.
Implications

The exponential relationship between possible
sequence combinations and chain length makes
exhaustive experimental searching of sequence
space impossible for anything but small peptides.
Simplifying assumptions will therefore always be
essential for treatments of the spaces corresponding
to proteins of biological significance. Yet, given the
importance of these concepts to our understanding
of such basic things as protein folding, stability, and
evolution, the difficulty of achieving anything like
certainty should not deter us from exploring the
validity of such assumptions. Since they need not be
provable to be testable (i.e. disprovable), we can
reasonably hope for convergence upon correct ideas
through a succession of testable hypotheses.
For the purposes of the present study, it seems

reasonable to assume that the pass rates of Table 2,
when averaged, provide an upper-bound estimate
of the true mean pass rate (i.e. the mean that would
result from applying the same method to sets of ten
residues that cover the entire domain). Several
aspects of the analysis justify this. First, one of the
four pass rates is itself an upper-bound estimate, no
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functional variant having been found for set 2.
Second, as described above, randomized sets were
made to include more than a representative number
of substituted positions in the reference sequence as
a way of avoiding exaggeration of constraints. And
third, the pair of cysteine residues that forms a
disulfide in the TEM-1 large-domain has been
retained, potentially enabling this fold-favouring
bond to form in randomized variants. The per-
position geometric mean calculated from the four
pass rates is 0.38:

½ð3!10K4Þ!ð2!10K5Þ!ð10K5Þ!ð3!10K4Þ�1=40

Z 0:38

By the above assumption, this should be interpreted
as an upper-bound estimate of the mean likelihood
that a side-chain that complies with the large-
domain signature will form adequate interactions
with neighbouring signature-compliant side-
chains.

How is the overall prevalence of adequacy
among large-domain sequences fitting the signature
related to this per-position likelihood? In other
words, what pass rate should we infer for an ideal
experiment in which the whole large domain is
simultaneously randomized within the constraints
of the signature? In answering this it will be helpful
to consider some fundamental aspects of the
relationship between amino acid sequence and
tertiary structure.

Protein folding is a cooperative process21 in
which a large number of weakly fold-favouring
interactions combine to cause a concerted transition
to the folded state. Although the main chain is
involved in many of these interactions, it is the side-
chains that must account for the causal connection
between sequence and structure. In a folded
protein, each side-chain is surrounded, fully or
partly, by a particular set of protein atoms with
which it must interact directly. Although there is no
theoretical distance at which direct pair-wise
interactions cease, interactions with close neigh-
bours will dominate for a number of physical
reasons (e.g. the inverse-square nature of coulombic
forces, charge screening, and limits to lengths of
hydrogen bonds). We may therefore think of the
overall problem of fold stabilization as consisting of
a collection of coupled local problems. Each of these
local problems is solved by specifying side-chains
that adequately favour the native conformation
locally. Coupling results from the fact that most of
the local problems cannot be solved separately. The
reason for this is simply that few associations
between residues distant in sequence (i.e. tertiary
contacts) can be made so favourable as to be formed
decisively even when the rest of the chain is
unfolded. But the local problems become progress-
ively more tractable as the number of accessible
non-native states is narrowed progressively (the
folding funnel principle21,30). Consequently, the
whole collection of local problems tends to be
solved jointly (over domain-sized regions) or not at
all.

So, for a randomized variant from the above ideal
experiment to pass selection, side-chain specifica-
tions would have to provide such a joint solution of
local problems throughout the large domain. Since
the four randomization experiments provide an
upper-bound estimate of the likelihood of solving
the local problem for a ten-residue set, the like-
lihood of the joint solution may be estimated by
applying the above per-position mean (0.38) across
the domain. The resulting figure, 10K64 (0.38153Z
10K64), is thus an upper-bound estimate of the
prevalence of functional sequences among the
whole set of signature-compliant large-domain
sequences.

How does this compare to estimates from earlier
work on other proteins that used the reverse
approach? We can adjust the figure to obtain a
rough estimate of the prevalence of functional large-
domain sequences among all sequences of this size
(signature-compliant or not). To do this, we multi-
ply by 10K33, the estimated proportion of all open
reading frames that encode the large-domain
signature (see above, and see Materials and
Methods), resulting in a figure of 10K97. Reidhaar-
Olsen and Sauer7 estimated the proportion of 92
residue sequences that form a functional l-repres-
sor fold to be 10K63. When scaled according to chain
length, this gives 10K105 as the corresponding
proportion for a 153 residue fold (10K63(153/92)Z
10K105). As they indicated,7 their assumption of
context independence leads to overestimation of the
working proportion. Their high selection threshold
(5 to 10% of wild-type activity) has the opposite
influence, the net effect being quite good agreement
with the present result as well as with earlier
calculations6 based on natural variation in cyto-
chrome c.

As discussed in Introduction, the method applied
in the study of chorismate mutase by Taylor and co-
workers9 should provide a more accurate estimate
than the earlier l-repressor study. Their search for
functional chorismate mutases was restricted to
sequences matching the hydropathic pattern of a
natural version of the enzyme. So, bearing in mind
the difference between a single-sequence pattern
and a multi-sequence signature, their estimated
functional prevalence should be compared to the
estimated prevalence among signature-compliant
sequences in the present study. Scaling their figure
gives 10K40 for a 153 residue sequence (10–24(153/
93)Z10K40). This is significantly larger in logarith-
mic terms than the above estimate for the large
domain (10–64). However, in view of the difference
in fold complexity (Figure 1) and the fact that
pattern-based randomization is more restrictive
than a signature-based randomization, there is no
reason to think the two estimates are inconsistent. It
seems, rather, that a number of studies using the
reverse approach lead to a consistent picture in
which sequences with function clearly akin to that
of natural proteins are extremely rare, the exact



Figure 9. Alternative models of how function might map onto sequence space. A quantifiable function, performed
with a high level of efficiency by a natural protein, is represented in the vertical dimension, the logarithmic scale
indicating a wide range of measurable activity. For the purpose of this comparative illustration, sequence possibilities
are imagined to be represented within the horizontal scales such that neighbouring sequences occupy neighbouring
positions on these scales. Dotted lines represent two selection thresholds, function being much rarer at the higher
threshold. (a) Global-ascent model, with optimal sequence in the middle. (b) Local-ascent model, with optimal sequence
in the middle.
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degree of rarity depending upon the complexity of
the fold.

How might this picture be reconciled with the
much higher prevalence of function often reported
in studies using the forward approach? Figure 9
illustrates two possible ways for functional
sequences to appear relatively common when a
very low functional threshold is used. Figure 9(a)
represents a global-ascent model of the function
landscape, meaning that incremental improvement
of an arbitrary starting sequence will lead to a
globally optimal final sequence with reasonably
high probability. In this case, sequences exhibiting
function at any level are properly regarded as
suboptimal versions of the optimal archetype.
Consequently, if we want to know how common
sequences of this functional type are (regardless of
optimality), we should set the functional threshold
as low as possible. The higher of the two thresholds
shown in Figure 9(a) would therefore lead to a
considerable underestimate. However, if the real
landscape is more like the local-ascent model
depicted in Figure 9(b), where incremental
improvement leads to an archetypal sequence for
only a relatively tiny set of local starting sequences,
then the lower threshold would lead to a consider-
able overestimate. In essence, activity might be a
reliable marker of archetype-like mechanism down
to some minimum level, but not below.

Considering that the functional mechanisms of
† This is not to say that the functional structure must
always form independently of substrate/ligand
binding,46 but merely that functional mechanisms of
natural proteins are invariably explicable in terms of
defined structures.
natural proteins are intrinsically dependent upon
well-defined tertiary structures†, a reasonable
hypothesis is that activity ceases to be a reliable
marker of native-like mechanism at the point where
it is low enough not to require something akin to
native-like tertiary structure. The present study
takes advantage of two functional sequences, one
that employs the known enzymatic mechanism and
one that does not, in order to set the functional
threshold at a level that seems to require a working
active site. Since formation of the active site requires
tertiary structure of some sort, by merely requiring
a working active site, we ensure that we are
focusing on the relevant sort of structure: i.e. what
is needed for a crudely functional enzyme fold.
Modes of catalysis that do not require this sort of
structure, however real and interesting they may be
in some respects, do not explain how this sort of
structure appears as new folds emerge.
Because forward-approach studies showing func-

tion to be much more prevalent than indicated here
do not report tertiary structure,3–5 the possibility
that the reported functions might not require such
structure must be considered. The fact that peptides
too small to fold may bind ligands,31 and even show
some catalytic activity,17 shows that these functions
do not necessarily imply folded structure. Similarly,
larger proteins may avoid proteolysis in vivo,32,33

exhibit cooperative thermal denaturation,34 and
even possess catalytic activity32 without having
native-like tertiary structure. Indeed, considering
the difficulty encountered in concerted efforts to
design native-like structure into very simple folds,35

it would be surprising if such structure were
prevalent in random sequence libraries. In light of
all the available evidence, then, Figure 9(b) seems to



Figure 10. Relationships between key sets and subsets
of sequences. See the text for a full explanation.
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offer the more plausible way to reconcile the
findings of forward-approach studies with the
findings of reverse-approach studies.

If we provisionally take this to be the case, we
may use the estimates of the reverse approach to
obtain at least a tentative figure for the overall
prevalence of sequences of a given length that
perform a particular function by means of proper
tertiary folds. For the present purposes, we take the
length and function of interest to be those of the
large domain. Figure 10 illustrates the relationship
between the relevant sets of sequences in terms of a
Venn diagram. The full set of possible sequences of
large-domain length is represented by points within
the outer circle (U signifying unconstrained
sequences). Some fraction of these sequences,
represented within the H circle, meet the hydro-
pathic requirements for specifying one of the many
possible tertiary folds of this size. Possibly many of
these folds are capable of complementing the
smaller TEM-1 domain to form a properly function-
ing b-lactamase. Points within the S circle corre-
spond to sequences meeting the hydropathic
requirements for forming these suitable folds.
Sequences complying with the hydropathic require-
ments for one such fold, the large-domain fold, are
represented within the L circle. Sequences within
the shaded sector, F, not only carry the hydropathic
pattern of a fold but also provide the fold-favouring
interactions needed to stabilize that fold (folding
sequences). The desired prevalence is represented
by the size of the intersection of F with S (shown as
the dark portion of F) relative to the size of the
whole set, U.

The proportion of folds suited to the specified
function (corresponding to the proportion of points
within H that are also within S) can be estimated
roughly by considering the question of fold suit-
ability more generally. The historical likelihood of
existing folds being suited to new functions may be
inferred from the number of distinct fold types in
nature, where type here refers to a set of folds of
sufficient similarity that they may plausibly be
attributed to recruitment or divergence from a
common progenitor. Since recruitment of an exist-
ing fold type to serve a new function is easier than
generation of a new type, we expect recruitment to
occur whenever it is feasible. Consequently, if the
total number of fold types in use is of the order of
104 (see Coulson &Moult36) with something like 103

employed in individual species,37 this gives us an
idea of the number of fold types required to cover
all biological functions. A reasonable estimate of the
average proportion suited to a particular task is
0.1%. This would enable a set of 4000 fold types to
provide 98% coverage of functions (1–0.9994000Z
0.98) and a set of 8000 to provide 99.97% coverage.

Based upon the estimated proportion of set L that
is within sector F (10K64, as above) and in view of
the scaled figure from the chorismate mutase study
(10K40), we may estimate that sector F subtends
something in the range of one part in 1064 to one
part in 1040 of circles H and S. What proportion of
all sequences (set U) fall within set H? Lau & Dill
have carried out a theoretical analysis of foldability
based upon hydropathic constraints alone.38 Their
least stringent folding criterion gives a value of
10K10 for this proportion, which would mean that of
all sequences in U, something like one in 1074 to one
in 1050 form folded structures (i.e. fall within F). So,
if set S is about one-thousandth the size of set H (as
above), then the proportion of all sequences of
large-domain length that perform the specified
function by means of any tertiary fold (i.e. fall
within the dark portion of F) is estimated to be in
the range of one in 1077 to one in 1053.

At first glance, it seems implausible that natural
sequences could diverge through a space where
function is represented so sparsely. How, for
example, can we account for the substantial
diversity among the large-domain homologues
(Figure 5) if randomly altered sequences have
such slim prospects of retaining function? The
answer follows from the fact that functional
sequences are not distributed uniformly through
sequence space. A random change to a functional
sequence actually has a good chance of leaving
function undisturbed if very few positions are
affected. As estimated above, the likelihood of a
signature-compliant substitution in the large-
domain reference sequence producing a compar-
ably functional variant is about 38%. Since 70% of
the w1000 possible non-synonymous base changes
to the reference coding sequence produce signature-
compliant substitutions, about one in four random
single-residue changes are functionally neutral. The
proportion would be somewhat lower under
conditions requiring a higher level of function
(such as those under which neutral drift normally
occurs) but not so low as to preclude progressive



Estimating the Prevalence of Functional Proteins 1311
sequence divergence by gradual accumulation of
point mutations.

However, it is not obvious that fold diversity is as
easily explained as sequence diversity, if function-
ally folded sequences are as rare as this analysis
indicates. A commonly accepted view is that new
folds are pieced together from small parts of
existing folds.32,33,39,40 But to the extent that a new
fold is really new, its formation must require the
joint solution of at least a considerable number of
new local stabilization problems of the kind
described above. How likely is it that sequences
that carry the hydropathy signatures of other folds
and provide joint solutions to the stabilization
problems for those folds may be pieced together
in such a way that they satisfy a new set of
constraints, equally demanding but substantially
different? The analysis provided here, bearing in
mind the uncertainties, calls for careful examination
of such piecing scenarios. The need for caution is
underscored by a recent study of the structural and
functional consequences of piecing together parts
from homologous versions of the same fold.41

Because even close homologues employ substan-
tially different solutions to their local stabilization
problems,8 chimeras made by homologous recom-
bination suffer considerable disruption unless the
points of crossover minimize intermixing of these
local solutions.41 So, if re-creating a fold by ordered
assembly of sections of sequences that already
adopt that fold is not a simple matter, generating
new folds from parts of old ones may be much less
feasible than has been supposed.
Materials and Methods
Large-domain sequence alignment

The FASTA algorithm was used with the blosum50
scoring matrix to search the SwissProt database for
sequences at least 50% identical with the large-domain
sequence of any of the 11 structural representatives.
Sequence identity was judged over the entire length of the
domain. The resulting set of sequences contains several
single-position variants of the SHV-1 (SwissProt P14557;
PDB 1SHV) and PSE-4 (SwissProt P16897; PDB 1G6A)
large domains, which were removed to minimize
redundancy. The SwissProt entry for the Toho-2 enzyme
(O69395) was also removed on the grounds that it
deviates radically from the others over a region of about
35 positions,42 including one that is otherwise invariant.
Examination of the reported gene sequence for Toho-2
shows that a sequence very similar to that of Toho-1
(SwissProt Q47066; PDB 1BZA) can be reconstructed with
a few base insertions in this region. Given the apparent
improbability of a series of point deletions (affecting a
third or more of the enzyme) passing natural selection,
and since the possibility of errors in sequencing or point
deletions occurring during subcloning cannot be wholly
excluded, it is prudent to remove the Toho-2 sequence.
The final set of 44 sequences was aligned using the
CLUSTALWalgorithm initially, with structural compari-
sons used to make minor adjustments.
Obtaining the hydropathy signature

The procedure is outlined in the text. In order to
minimize the possibility of sequence errors affecting the
signature, a hydropathic group is counted as being
represented at a position in the alignment if it is
represented in any of the 11 structures or in at least two
sequences that lack structures. Where the two extreme
groups (hydrophobic and hydrophilic) are represented on
this basis without representation of the intermediate
group, a score of x (no hydropathic constraint) is
assigned. Position 107, occupied exclusively by proline
in the alignment (Figure 6), is the only position where this
procedure does not produce a definite score (owing to the
special treatment of proline, described in the text).
Because this position is included in one of the random-
ized sets (set 2), a score needs to be assigned. Pro107
marks a loop-to-helix transition in the large-domain fold.
The likely role of the proline side-chain in preventing
extension of the helix suggests that hydropathic con-
straints may be of secondary importance here. But
because proline has intermediate hydropathic character,23

and often aligns with residues of intermediate hydro-
pathic character,43 and because position 107 shows an
intermediate degree of solvent exposure (25%), this
position is scored as i. This interpretation provides
maximal representation of proline in the variants pro-
duced by randomization of set 2.
Estimating the proportion of sequences carrying the
signature

All size comparisons between sets of sequences in this
work assume a codon basis, meaning that the absolute
sizes may be interpreted as the total number of
distinguishable coding sequences. Fifty of the 61 sense
codons encode residues with unambiguous hydropathic
character, according to the three groups defined in the text
(see Results and Discussion, subsection The hydropathy
signature.). Although the remaining 11 (encoding Ala,
Trp, Pro, and Cys) are less clear-cut, we can obtain a
reasonable estimate of the desired proportion by dividing
these among the hydrophobic and intermediate groups,
reflecting their actual position on the scale.22,23 In this
way, we allocate 21, 18, and 22 codons to the hydrophobic,
hydrophilic, and intermediate groups, respectively. This
gives the following numbers of codons complying with
each of the six hydropathy scores: 21 for b; 18 for l; 22 for
i; 40 for c; 43 for m; 61 for x. So, the proportion of open
reading frames encoding proteins that are consistent with
a specified score sequence is calculated as the product
(21/61)b(18/61)l(22/61)i(40/61)c(43/61)m, where expo-
nents are the number of occurrences of the respective
scores.
The signature corresponding to a tightly defined fold

will be more complex than a simple score sequence if
multiple indel variations are consistent with that fold, as
is the case for the large domain. To account for this, the
alignment shown in Figure 6 may be divided into six non-
overlapping blocks, the first consisting of positions 62–85,
and subsequent ones starting at successive indel
locations. The likelihood of an open reading frame
comporting with the full signaturemay then be calculated
from separate calculations on each block that treat indels
as optional prefixes. The resulting figure is one in 1033 (for
details of the calculation, see the Supplementary
Material).
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Plasmids and strains

The starting plasmid for this work was derived from
pUC18 by inserting the cat gene (conferring resistance to
chloramphenicol) at the HindIII site and replacing the
XmnI to AlwNI fragment (1 kb) with the corresponding
fragment from plasmid pBR322. This replacement cor-
rects twomissense mutations in the b-lactamase gene (bla)
carried by pUC-type plasmids, restoring the encoded
sequence to that of the wild-type TEM-1 enzyme
(SwissProt P00810). Escherichia coli strain TOP10 (Invitro-
gen) was used in all experiments. Oligonucleotides were
synthesized and PAGE-purified by SIGMA-Genosys.

Quantitative ampicillin selection protocol

Several precautions were taken in the measurement of
MIC values and in applying ampicillin selection at precise
threshold levels. To avoid irregularities that may occur
when cells are spread on ampicillin-containing medium
at high densities, very dilute cultures were spread. Also,
to prevent any accumulated selective history of cell lines,
all cells used in critical selection work were encountering
ampicillin for the first time. Where necessary, TOP10 was
re-transformed with prepared plasmid to obtain a strain
lacking a history of ampicillin exposure.
In preparing plates for ampicillin selection, molten LB-

agar medium was equilibrated at 54 8C prior to addition
of freshly prepared ampicillin solution. Plates were
poured the day before use. On the day of the experiment,
cultures grown at 37 8C in 2! TY medium containing
chloramphenicol (20 mg/ml; no ampicillin) were diluted
5000-fold (or 106-fold for full-resistance check) in LB
medium, and immediately spread on the selective plates
(40 ml per 90 mm plate or 20 ml for full-resistance check).
In addition to ampicillin, these plates contained chlor-
amphenicol at a concentration of 7 mg/ml. Each test
culture was also spread (20 ml of 10K6 dilution) on
ampicillin-free plates containing 7 mg/ml of chloramphe-
nicol. Wrapped plates were incubated at 25 8C for 42
hours (or 20 hours where 37 8C incubation is indicated).
Measurements ofMICwere performed by serial plating

with ampicillin increasing in increments of 0.5 mg/ml up
to 7 mg/ml, 1.0 mg/ml up to 12 mg/ml, 2.0 mg/ml up to
24 mg/ml, and in 200 mg/ml increments for measure-
ments of wild-type TEM-1 activity. MIC is taken to be the
lowest level showing no visible growth at the end of the
incubation period. To check the reference-sequence strain
for full resistance to 10 mg/ml of ampicillin (at 25 8C),
colony counts were compared on plates having or lacking
ampicillin at this level (both having 7 mg/ml of chlor-
amphenicol). On two plates without ampicillin, the
counts were 137 and 141. On two plates with ampicillin
the counts were 136 and 139, indicating no detectable loss
of colony formation.

Insertion mutagenesis

All mutagenesis steps in this work, for producing the
reference sequence or randomizing a set of positions
within it, involve the same basic steps. First, PCR using
outwardly directed primers is used to delete the entire
region spanning the codons to be substituted, leaving a
unique restriction site in place of the flanking codons.
Then, following cleavage at that site, mixed-base oligo-
nucleotides (outwardly directed) are used in a second
PCR to restore the full-length open reading frame. This
makes it possible to select for ampicillin resistance
following mutagenesis without any background from
unmodified template DNA, and it prevents bias from the
initial template at the points of substitution.

Production of the reference large-domain sequence

Three rounds of insertion mutagenesis covering 39
amino acid positions were performed in succession (i.e.
without transforming cells at intermediate stages). The
initial template was a plasmid in which all three regions
are deleted from the TEM-1 bla gene. The amino acid sets
shown at the bottom of Figure 6 (first three groups) were
represented in the oligonucleotide mixtures used in the
successive insertion steps. Representation of both Ala and
Leu at position 76 required combining separately syn-
thesized primers. The final ligated product was used to
transform E. coli strain TOP10 (Invitrogen) by electro-
poration, spreading on LB-agar medium containing
chloramphenicol (7 mg/ml) and ampicillin (4 mg/ml)
and incubating at 25 8C for 42 hours. This very low-level
ampicillin selection (below the MIC of the plasmid-free
strain) reduces the frequency of improper constructs
(typically deletion mutants) without eliminating variants
that may serve as progenitors of the reference sequence.
The thousands of colonies that grew were washed from
the agar surface and grown in liquid culture with
chloramphenicol (20 mg/ml; no ampicillin). Plasmid
DNAwas prepared from this mixed culture.
In parallel with the above, a single round of insertion

mutagenesis was performed on a template where the
fourth region (Figure 6) had been deleted from the TEM-1
bla gene. The wild-type gene has a single PstI site, which
is present in all constructs used here. The two plasmid
libraries (one resulting from successive insertion muta-
genesis at the first three regions and the other from
insertion mutagenesis at the fourth) were combined by
cleavage and ligation at this PstI site. The result is a
population of plasmids carrying a mixture of substi-
tutions at all four regions, covering 49 amino acid
positions throughout the large domain. This population
was used to transform the TOP10 strain by electropora-
tion, spreading on LB-agar with chloramphenicol (20 mg/
ml) and ampicillin (5 mg/ml), and incubating at 25 8C for
42 hours. The resulting colonies (thousands) were washed
from the agar surface and grown in liquid culture with
chloramphenicol (20 mg/ml; no ampicillin). Substantially
resistant clones were isolated from this culture by
spreading on LB-agar with 10 mg/ml of ampicillin and
incubating at 25 8C. Approximate ampicillin MIC values
were determined for several clones that passed this
selection. A clone showing better-than-average resistance
(growing well at an ampicillin concentration of 40 mg/ml)
was chosen as the progenitor of the reference sequence.
Production of the reference sequence from this progenitor
coincided with local side-chain randomization at residue
set 4, as described below.

Local side-chain randomization

Because the genetic code tends to group codons
according to hydropathic character, signature-consistent
randomization is largely achievable by designing primers
with appropriate base mixtures. Using the conventional
symbols for nucleotide combinations (RZA, G; YZC, T;
KZG, T; SZC, G; VZA, C, G; NZA, C, G, T), the
standard codon specifications used are as follows: NTK
for positions scored b, VRW for positions scored l, NCT
or RST for positions scored i (NCT if proline is
represented), NYK for positions scored m, VVW for
positions scored c, and NNK for positions scored x.
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Supplementation of these standard specifications is
desirable in the following cases. Position 112 is scored c
rather than l because four sequences in the alignment
show tyrosine residues (Figure 6). Because the standard
VVW specification omits tyrosine, an additional primer
specifying a tyrosine codon (TAT) was synthesized and
used in the set 2 experiment in proportion to the
representation of Tyr in the genetic code (i.e. one part
TAT to 18 parts VVW). At position 207, the NYK
specification was similarly supplemented to include
tyrosine (one part TAT to 16 parts NYK). And at position
210, the NTK specification was supplemented to include
tryptophan (one part TGG to 16 parts NTK).
The NNK and VRW specifications unavoidably intro-

duce unwanted codon possibilities. The NNK specifica-
tion includes the TAG stop codon as one of 32
possibilities, and the VRW specification includes codons
for serine and glycine along with those for the intended
hydrophilic amino acids. Taking this into account, the
calculated proportion of signature-consistent sequences is
O70% for sets 1, 2, and 4 (Table 2, column 8). These sets
are handled by making appropriate adjustments to the
estimated number of sequences tested (see below). In
order to achieve a similarly high proportion of signature-
consistent sequences for set 3, VAK specifications were
used instead of VRWat positions 164 and 179 (both scored
l), with arginine included by supplementation. The full
specification for set 3 thereby achieves 91% signature
compliance (Table 2, column 8). As discussed in the text,
set 3 includes two positions, 161 and 163, that show
strongly coupled conservation. An exception to the above
codon-specification rules at position 161 enables one of
the favored side-chains in this pair, Arg161, to be better
represented than compliance with the hydropathic score
(x; Figure 6) requires. Instead of using the NNK
specification at this position (encoding Arg with 9%
frequency), a VRW specification is used (encoding Arg
with 25% frequency).
The reference sequence was obtained from the pro-

genitor clone (see above) by performing local side-chain
randomization at residue set 4. The progenitor plasmid
was modified by replacing codon positions 193 through
214 in the variant bla gene with a StuI restriction site. After
digesting this template plasmid with StuI, mixed-base
primers incorporating the described codon specifications
were used to fill in the missing genetic material by PCR.
Gel-purified amplification products were ligated and
used to transform the TOP10 strain by electroporation,
spreading cells onto large trays containing LB-agar with
chloramphenicol (20 mg/ml; no ampicillin). Various
dilutions of the transformation culture were also spread
on plates containing the same medium in order to
estimate the total number of chloramphenicol-resistant
clones (Table 2, column 1). Wrapped trays and plates were
incubated at 37 8C for 20 hours. Colonies (numbering in
the hundreds of thousands) were washed from the trays
and thoroughly mixed. A 40 ml portion of mixture was
used to inoculate 2 ml of 2! TY medium with chlor-
amphenicol (20 mg/ml) for growth at 37 8C for eight hours
in a rotary shaker. Cells from the resulting dense culture
were subjected to ampicillin selection (10 mg/ml) by the
quantitative protocol described above. Ampicillin plates
and control plates were wrapped and incubated at 25 8C
for 42 hours, after which colonies were counted on both
(Table 2, columns 2 and 10).
One of the variants conferring ampicillin resistance was

chosen as the reference sequence as described in the text
(Results and Discussion, subsection Finding a reference
sequence). Plasmid templates for local randomization at
residue sets 1, 2, and 3 (Figure 6) were prepared by
replacing the respective coding regions in the reference
sequence with restriction sites, as was done for set 4. The
three randomization experiments were then performed in
parallel using the method described for set 4.
In each of the four randomization experiments, 30

colonies from the control plates were used for preparation
of plasmid DNA, which was examined in order to
measure the proportion of plasmids carrying a proper
gene construct. It is typical in experiments of this kind for
deletions of various sizes, often at the point of ligation
(the junction), to reduce the throughput of proper
constructs. For rapid assessment of junctions, each pair
of mutational primers was designed (without altering the
encoded sequence) to form a restriction site upon ligation.
Absence of this site therefore signifies a junction defect.
Results of restriction tests are shown in Table 2, column 6.
DNA sequence analysis, performed on several plasmids
that passed the restriction test, provides a measure of the
frequency of fully proper gene constructs among plas-
mids that passed the restriction test (Table 2, column 7).
Along with the calculated frequency of signature com-
pliance among proper constructs (Table 2, column 8),
discussed above, the frequencies in columns 6 and 7
enable estimation of the number of clones carrying proper
signature-consistent constructs that were spread on
ampicillin test plates in each experiment (Table 2, column
9). The desired pass rates are obtained from the ratio of
the numbers in columns 10 and 9, as indicated (Table 2,
footnote k).
Isolation of functional set 3 variants

The four randomized variant cell cultures from the
above experiments were stored in aliquots as frozen
stocks in liquid nitrogen. Since no ampicillin-resistant
colony was isolated from the set 2 or set 3 experiments,
frozen aliquots were thawed and used to inoculate 2 ml of
2! TY medium with chloramphenicol (20 mg/ml). These
cultures, grown to high density at 37 8C, were diluted
sixfold in LB medium and spread on plates containing
7 mg/ml of chloramphenicol and 10 mg/ml of ampicillin
(35 ml per plate). Plates were incubated at 25 8C for 42
hours. The culture from the set 3 experiment produced
several colonies, some of which were found to carry
identical bla variants. Three distinct variants were
identified (Figure 8). None was found from the set 2
experiment.
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