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Protein stability promotes evolvability
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The biophysical properties that enable proteins to so readily evolve
to perform diverse biochemical tasks are largely unknown. Here,
we show that a protein’s capacity to evolve is enhanced by the
mutational robustness conferred by extra stability. We use simu-
lations with model lattice proteins to demonstrate how extra
stability increases evolvability by allowing a protein to accept a
wider range of beneficial mutations while still folding to its native
structure. We confirm this view experimentally by mutating mar-
ginally stable and thermostable variants of cytochrome P450 BM3.
Mutants of the stabilized parent were more likely to exhibit new
or improved functions. Only the stabilized P450 parent could
tolerate the highly destabilizing mutations needed to confer novel
activities such as hydroxylating the antiinflammatory drug
naproxen. Our work establishes a crucial link between protein
stability and evolution. We show that we can exploit this link to
discover protein functions, and we suggest how natural evolution
might do the same.

CYP102A1 | cytochrome P450 | directed evolution | lattice protein |
mutational robustness

Biological systems are evolvable in the sense that mutation
and selection are able to create new or improved pheno-
types. A major biological question is how a system’s physical
properties influence its capacity to evolve (1, 2). In recent years,
understanding the determinants of evolvability has also become
an important practical concern as researchers increasingly use
evolution to engineer everything from proteins (3) to designs for
civil engineering structures (4).

Proteins are one of the simplest and best examples of evolvable
biological systems, because they possess biochemical functions
that can be altered with just a few mutations (5). One property
that has been broadly hypothesized to contribute to evolvability
is robustness to mutations (6), and proteins are often quite
mutationally robust, with more than half of the single mutants of
many proteins retaining their native functions (7-10). Because
proteins usually must fold to function, and because mutated
proteins generally adopt the original native structure if they fold
at all (11, 12), retention of the basic native structure is normally
a prerequisite for the acquisition of new functions. Extra ther-
modynamic stability makes a protein’s native structure and
function more robust to random mutations by increasing the
fraction of mutants that continue to possess the minimal stability
required to fold (10, 13).

Here, we investigate how stability affects a protein’s evolv-
ability by using controlled experiments to measure the fraction
of a protein’s mutants that exhibit new or improved function. We
first use a simple computational model to establish a framework
for understanding the relationships among protein stability,
mutational robustness, and evolvability. We then validate this
framework with experiments on members of the biochemically
important cytochrome P450 enzyme family and describe specific
examples that illustrate the biophysical basis of the connection
between protein stability and evolvability. Finally, we discuss the
implications of our work for understanding natural protein
evolution and designing better protein engineering strategies.

Results

Simulations with Model Lattice Proteins. We used a simple concep-
tual framework (10) for understanding the relationship between
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protein stability and evolution. The premise is that evolution
selects for a protein’s biochemical function rather than its
stability. However, because a protein’s function typically de-
pends on its ability to fold to a thermodynamically stable native
structure (14), stability is still constrained during evolution.
Specifically, we imagine that a protein must fold to its native
structure with some minimal stability to remain folded at
physiological conditions. If a protein fails to meet this minimal
stability threshold, then it will neither fold nor function. If a
protein does fold with at least the minimal required stability,
then evolution selects for a protein’s function and is indifferent
to the amount of extra stability it possesses. Most proteins,
however, will still be marginally stable, because highly stable
sequences are rare (15).

This conceptual framework formed the basis for simulations
with lattice proteins. Lattice proteins are highly simplified
protein models that are useful tools for studying protein folding
and evolution (16, 17). Our lattice proteins were chains of 20
amino acids that fold on a two-dimensional lattice, with the
energy of each conformation equal to the sum of the pairwise
interactions between nonbonded amino acids (18). Each lattice
protein can occupy any of 41,889,578 possible conformations,
and, by summing over all of these conformations, we could
exactly determine the partition function and free energy of
folding (AGy). We set a minimal stability threshold for our lattice
proteins by requiring them to fold to the original native structure
with a stability of AG; = 0 (in no case did we observe a protein
that stably folded to a new structure), which is equivalent to
requiring the native structure to have a lower free energy than
the ensemble of all nonnative conformations. For those proteins
that stably folded, we measured function as the binding energy
of the folded protein to a small rigid ligand (19), as shown in Fig.
14. Our model, therefore, recapitulated the essential require-
ments imposed on real proteins of simultaneously folding and
performing a biochemical task.

We first evolved a model protein to stably fold and strongly
bind a ligand (Fig. 14). This evolved protein had a stability of
AGy = —0.5, meaning that it was only marginally stable, as is
typical for real proteins (20). We then simulated the process of
directed evolution with two rounds of random mutagenesis by
error-prone PCR and screening to identify a stabilized variant of
our model protein (AG¢ = —1.5) that contained three amino acid
substitutions and exhibited the same ligand-binding energy as the
original protein. To examine the evolvabilities of the original and
stabilized model proteins, we computationally simulated screen-
ing libraries of 1,500 randomly mutated sequences for mutants
that bound to new ligands with at least twice the affinity of the
parent proteins. For all four new ligands we examined, the parent
proteins bound the new ligand with equal affinity, yet, each time,
the mutant library from the stabilized parent produced more
than twice as many unique improved mutants (Fig. 1B).

Fig. 1C shows why the stabilized model protein was more
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Fig. 1. Increased stability enhances evolvability of a model lattice protein. (A) The original model protein (right side) that had been evolved to bind to a rigid
ligand (left side, in bold). (B) Mutants of a stabilized model protein were more likely than mutants of the original model protein to show improved binding to
the four new ligands shown below the bars. The bars show the number of mutants of 1,500 screened that bound the new ligand with at least twice the affinity
of the parent. (C) The stabilized model protein was more evolvable because more of its destabilized but improved mutants satisfied the minimal stability cutoff.

The bars show the distribution of stabilities among all mutants in the libraries, and the circles show the stabilities of the improved mutants.

evolvable. The mutants in both libraries exhibited similar
changes in stability (AAG values), but the extra stability of the
stabilized protein meant that a larger fraction of its mutants
continued to fold (46% versus 35% among all mutants with at
least one mutation), confirming previous findings that more
stable lattice proteins are more robust to mutations (10, 21).

The improved mutants tended to be destabilized and so were
more frequent in the library from the stabilized parent. Al-
though the more stable parent had a <50% increase in the
fraction of mutants that folded, it had nearly four times more
improved mutants (56 versus 15). The fact that extra stability
increases the number of improved mutants much more than it
increases the number of mutants that retain parental function
indicates that improved mutants tended to be more destabilized
than the typical folded mutant.

Experiments on Cytochrome P450 BM3 Variants. To experimentally
test the effect of stability on the evolvability of real proteins, we
randomly mutated two variants of a cytochrome P450 BM3 (also
known as CYP102A1) heme domain peroxygenase (22) and
screened for mutants with new or improved activity on five
substrates. The cytochrome P450 superfamily contains members
involved in important biochemical processes such as drug me-
tabolism and steroid biosynthesis (23, 24). P450 BM3 catalyzes
subterminal hydroxylation of medium- and long-chain fatty acids

(25). The 21B3 variant is a laboratory-evolved version of the
P450 BM3 heme domain that efficiently hydroxylates 12-p-
nitrophenoxycarboxylic acid (12-pNCA, structure shown in Fig.
2), using hydrogen peroxide in place of the NADPH cofactor and
oxygen (22). The SH6 variant was created by laboratory evolu-
tion of 21B3, selecting for mutants that were more thermostable
while retaining activity on 12-pNCA (26). We quantified the
stabilities of the enzymes by the temperature (7o) at which half
of the protein irreversibly denatured after a 10-min incubation.
Because denaturation is irreversible, these Tso values are not
equilibrium thermodynamic measurements and so cannot be
directly related to AGt. However, the Tso values were highly
correlated with the stability to irreversible denaturation by urea,
supporting the notion that they reflect universal aspects of
protein stability rather than unique characteristics of the process
of irreversible thermal denaturation (see Supporting Materials
and Methods and Fig. 5, which are published as supporting
information on the PNAS web site). As measured by the T5
values, the 21B3 enzyme is only marginally stable (750 = 47°C),
whereas SH6 is much more stable (750 = 62°C) (melting curves
are shown in Fig. 6, which is published as supporting information
on the PNAS web site). The SH6 enzyme differs from 21B3 at
8 residues (of 464 total). Both variants displayed nearly the same
activity (measured as total turnovers) on 12-pNCA and all other
substrates examined in this work.
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Fig. 2. Distribution of mutations in the two P450 error-prone PCR libraries. (A) The distribution of mutations among 20 randomly chosen 21B3 mutants and
21 randomly chosen 5H6 mutants. The distributions are statistically indistinguishable (P = 0.84). (B) The distribution of mutations among all 41 sequenced mutants
is consistent with the theoretical prediction for an error-prone PCR library (lines) (49, 50) (P = 0.11). (C) The mutations are uniformly distributed along the gene
(P = 0.66). The lines show the cumulative fraction of mutations that occur at or before that position in the gene. All Pvalues are from Kolmogorov-Smirnov tests
(53) and represent the probability that the samples or theoretical curves would differ by at least this much if they were generated by the same underlying
distribution.
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Table 1. Mutation frequencies in error-prone PCR libraries

Base pairs sequenced 58,719
Total mutations 182

Mutation frequency, % 0.31 = 0.02
Avg. mutations per gene 45+ 0.3
Synonymous mutations, % 28
Nonsynonymous mutations, % 63
Frameshift/nonsense mutations, % 9
Mutation types, %
A—-TT—A 25
A—-CT—G 6
A—GT—C 53
G—AC—>T 10
G—-(CC—>aG 0
G—T,C—A 3
Frameshift 3

Statistics are for all 41 randomly chosen mutants. Standard errors are
calculated assuming Poisson counting statistics.

We created mutant libraries of both 21B3 and 5H6 using
error-prone PCR. The libraries were generated under identical
conditions and had the same distributions of mutations (Fig. 2).
The overall mutation rate was 4.5 = 0.3 nucleotide mutations per
gene (Table 1). We examined 522 mutants from each library for
retention of folding, as assayed by the characteristic Soret band
at 450 nm in the carbon monoxide-binding difference spectrum
(27). As expected, mutants of the stabilized SH6 protein were
more likely than those of the 21B3 protein to fold (61% of SH6

Table 2. Summary of improved P450 mutants

mutants contained at least half the folded protein of the parent
versus 33% for 21B3, raw data are shown in Fig. 7 and Table 3,
which are published as supporting information on the PNAS web
site). Most of these folded mutants retained at least half the
parental activity on 12-pNCA (94% and 96% for 5SH6 and 21B3),
indicating that mutations that disrupted parental function gen-
erally did so by preventing the formation of properly folded
protein, confirming the experimental findings of ref. 10 that
more stable proteins are more robust to mutations.

We examined the evolvability of the 21B3 and SH6 enzymes
by screening for mutants that hydroxylated any of five new
substrates: the antiinflammatory drug naproxen, 3-phenoxytolu-
ene, phenoxyacetic acid, the B-adrenergic receptor blocking
agent propranolol, and 2-methylbenzofuran (structures shown in
Fig. 9, which is published as supporting information on the PNAS
web site). We screened for hydroxylation activity using the
4-aminoantipyrene (4-AAP) assay to measure the total amount
of product after completion of the reaction (28) and determined
that neither 21B3 nor SH6 had detectable activity on the first
three substrates, both had equal weak activity on propranolol,
and 21B3 had trace activity on 2-methylbenzofuran (Table 2).
We used consistent quantitative criteria to identify mutants that
had either acquired new activity or improved by >50% over the
parental level in the 4-AAP assay. We screened 8,160 mutant—
substrate pairs for each parent. From these pairs, we identified
13 improved mutants of SH6 and 4 improved mutants of 21B3
(Fig. 34 and Table 2). All of the improved mutants had unique
protein sequences (given in Table 4, which is published as
supporting information on the PNAS web site). Thus, we found

21B3 5H6
Substrate Protein Activity Maa  Tso, °C  Protein Activity Maa  Tso, °C
Propranolol (1,190 Parent 0.07 = 0.02 0 47 Parent 0.08 + 0.02 0 62
screened)
14C10 0.29 = 0.05 3 44 27G8 0.15 = 0.01 1 65
27B2 0.15 = 0.03 3 49 27G12 0.25 = 0.03 7 55
31B12 0.14 = 0.02 2 48 30B10 0.19 = 0.02 6 58
32F7 0.15 = 0.02 4 55
36G11 0.22 = 0.02 3 64
37F4 0.21 £ 0.02 2 63
38F11 0.16 = 0.02 3 60
3-Phenoxytoluene Parent None 0 47 Parent None 0 62
(2,210 screened)
20D1 0.05 + 0.02 1 60
23E4 0.30 = 0.03 5 48
28B5 0.05 = 0.03 3 60
29G8 0.05 + 0.02 2 50
Naproxen (2,210 Parent None 0 47 Parent None 0 62
screened)
13C9 0.16 *= 0.02 1 54
Phenoxyacetic acid Parent None 0 47 Parent None 0 62
(1,785 screened)
38F7 0.30 = 0.04 3 46
2-Methylbenzofuran Parent  0.07 = 0.02 0 47 Parent None 0 62
(765 screened)
32H1 0.11 = 0.02 1 61

The leftmost column gives the total number of mutants of each parent screened on that substrate. Subsequent
columns give the activity, number of amino acid substitutions (maa), and stabilities as measured by the Tsq values.
Mutants are named according to the plate and well in which they were found, and sequences are given in Table
5. Activities represent the median = SD of the total product formed per well of 80 wl of 5 uM protein, as measured
by the Asgo in the 4-AAP assay (raw data are in Fig. 8, which is published as supporting information on the PNAS
web site.) and are indicated as "“none” when indistinguishable from the background. With an extinction
coefficient of 4,800 M~' cm~" for the 4-AAP/phenol complex (52), each unit of Asgy corresponds to ~80 nmol of

product from the ~0.4 nmol of protein per well.
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Fig. 3. Increased stability enhances evolvability of the P450 BM3 heme

domain. (A) The stable 5H6 protein yielded more mutants with new or
improved activity than the marginally stable 21B3 protein. The counts above
the bars give the number of improved mutants of the total number of mutants
screened. (B) Some of the improved 5H6 mutants were greatly destabilized
relative to the parent protein, whereas the stabilities of the improved 21B3
mutants clustered around those of the parent protein (circles show Tsq values
for improved mutants).

more than three times more improved mutants in the SH6 library
than in the 21B3 library.

To assess the importance of stability in conferring enhanced
evolvability on the SH6 protein, we measured the stabilities of all
improved mutants (melting curves are in Fig. 6 ). Fig. 3B shows
that none of the improved 21B3 mutants was destabilized by
>3°C but that the thermostable SH6 parent produced improved
mutants that were destabilized by as much as 14°C. We identified
specific beneficial but destabilizing substitutions that could be
made only in the stabilized parent. For example, neither 21B3
nor 5SH6 exhibited activity on naproxen, presumably because the
negatively charged naproxen molecule does not enter the hy-
drophobic P450 BM3 substrate-binding pocket. Mutating
leucine 75 in the substrate-binding pocket to arginine allowed
5H6 to hydroxylate naproxen by providing a compensating
positive charge for the naproxen molecule (Fig. 4). However,
burial of this arginine residue in the hydrophobic binding pocket
substantially destabilized the SH6 mutant (AT5) = —8°C). When
we made the same substitution to 21B3, we could recover only
inactive and improperly folded protein (as indicated by a carbon
monoxide difference spectrum peak at 420 nm (29), as shown in
Fig. 10, which is published as supporting information on the
PNAS web site). The F275S substitution (located 12 A from the
substrate) (30) is another example of a beneficial substitution
that could be made only in the stabilized parent. This substitu-
tion conferred 3-phenoxytoluene activity on the SH6 parent, but
decreased the 75y by 7°C. When we made this substitution in
21B3, we again could not recover any folded protein (see Fig. 11,

5872 | www.pnas.org/cgi/doi/10.1073/pnas.0510098103
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Fig.4. The functionally innovative but destabilizing L75R mutation can only
be tolerated by the stabilized parent. (A) Leucine 75 is positioned close to the
substrate in the hydrophobic P450 BM3 substrate-binding pocket (30). Mu-
tating L75 to a positively charged arginine conferred naproxen activity on the
stabilized 5H6 parent but disrupted the proper folding of the marginally
stable 21B3 parent. (B) The antiinflammatory drug naproxen, which contains
a negatively charged carboxylic acid group.

which is published as supporting information on the PNAS web
site). In contrast, the F205L substitution (located near the
substrate-binding pocket) (30) found in a 21B3 mutant with
improved activity on propranolol did not have a substantial
effect on stability, and slightly improved the activity of both 21B3
and 5SH6 when introduced into those sequences (see Fig. 12,
which is published as supporting information on the PNAS web
site).

Discussion

We have shown that more stable proteins are more evolvable
because they are better able to tolerate functionally beneficial
but destabilizing mutations. Our work touches on the relation-
ship between protein stability and function, which has histori-
cally been a subject of considerable confusion. Despite repeated
speculation to the contrary (31-33), high stability and function
are not inherently incompatible, because a wealth of experiments
have shown that proteins can be dramatically stabilized without
sacrificing their biological functions (34-37). But protein stabil-
ity and function often appear to trade off at the level of
individual mutations. This apparent tradeoff is, at least partly,
because of the simple fact that most randomly chosen mutations
(functionally beneficial or not) are destabilizing (38—41). In
addition, residues in a protein’s active site often must satisfy
functional constraints (such as maintaining buried charges or
cavities in a protein’s interior) that make them poorly optimized
for stability (42-44). Therefore, mutating active-site residues
often enhances stability at the cost of function (42-44), and,
likewise, acquiring new functions can require destabilizing mu-
tations (as is the case for our L75R mutation in P450, which
confers activity on naproxen by burying a positive charge).
However, it remains unclear whether active-site constraints
intensify the tradeoff between stability and functional evolution,
because a seemingly opposite argument can be made that
mutations to an active site that is already poorly optimized for

Bloom et al.
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stability should be less destabilizing than typical mutations (they
could even enhance stability if, for example, they confer function
on smaller substrates by reducing the size of a cavity in a protein’s
interior). If functionally innovative mutations tend to be more
destabilizing than random mutations, then extra protein stability
should enhance the rate of functional innovation more than it
enhances the mutational robustness of the native function. In our
lattice protein simulations, extra stability increased the rate of
functional innovation by nearly 300%, whereas it increased
mutational robustness by only 50%; however, we feel that our
lattice model is too crude to confidently extrapolate conclusions
involving residue-level properties to real proteins. In our P450
experiments, extra stability also increased the number of func-
tionally improved mutants (from 4 to 13) more than it increased
mutational robustness (by a factor of 1.8); however, here, the
statistics are too poor to conclude that functional innovation is
improved significantly more than mutational robustness. There-
fore, in our minds, it remains unclear whether extra protein
stability promotes evolvability simply by improving the tolerance
to all mutations (some of which happen to be functionally
beneficial) or whether the effect is further amplified by a
tendency for functionally innovative mutations to be especially
destabilizing.

In either case, our work argues, quite generally, that extra
stability will enhance evolvability. Although it is clearly possible
to stabilize proteins without interfering with their functions
(34-37), proteins tend to be only marginally more stable than is
required by their environment (20). This marginal stability is
probably because of the fact that natural selection does not
directly favor extra stability in the face of predominantly desta-
bilizing mutations, causing stability to drift toward the minimum
evolutionary requirement (15, 45). Naturally evolving proteins
must, therefore, wait for functionally neutral mutations to
stabilize the structure to counterbalance the effects of other
destabilizing but functionally beneficial mutations (46). In this
sense, a protein’s stability represents a hidden dimension in
evolution: Extra stability is neutral with respect to selection for
protein function, but it can be crucial in allowing a protein to
tolerate mutations that confer beneficial phenotypes. We have
shown that protein engineering by directed evolution is more
effective if direct selection for extra stability is used to increase
a protein’s evolvability. The extent to which natural evolution
might also select for evolvability has been the subject of much
recent theoretical speculation (2, 6, 47). We suggest that one
possible mechanism by which natural evolution could increase
evolvability would be to stabilize proteins undergoing adaptive
evolution or provide systems to buffer the effects of destabilizing
protein mutations.

Methods

P450 Mutant Libraries. We used error-prone PCR to create
mutant libraries of the marginally stable 21B3 (22) and the
thermostable SH6 (26) variants of the cytochrome P450 BM3
heme domain. The template DNA was the appropriate gene
cloned into the pCWori (48) plasmid as described in refs. 22
and 26. We confirmed the sequences of the 21B3 and 5H6
genes by sequencing them with the primers pCWori_for (5'-
GAAACAGGATCCATCGATGCTTAGGAGGTCAT-3',
pCWori_rev (5'-GCGTATCACGAGGCCCTTTCGTCT-
TCAAGC-3"), and pCWori_mid_rev (5'-CCAGCTTGTGGC-
CAACCCGAC-3"). The sequences matched those that were
reported (22, 26), with 21B3 containing 10 amino acid substi-
tutions relative to the wild-type P450 BM3 heme domain
(I5S8V, F87A, H100R, F107L, A135S, M145V, N239H, S274T,
K434E, and V446l in the numbering scheme, where residue 1
is the threonine after the cleaved N-terminal methionine) and
5H6 containing 8 amino acid substitutions relative to 21B3
(L521, S106R, V145M, A184V, L3241, V340M, 1366V, and

Bloom et al.

E442K) as well as the removal of one histidine from the
C-terminal His tag.

The error-prone PCRs for the two parents were carried out
in parallel by using identical conditions to ensure the same mutation
rate for both. The reactions were 100 ul and contained 13 ng of
template plasmid (corresponding to 3 ng of gene), 0.5 uM of the
oligonucleotide primers (pCWori_for and pCWori_rev_clone, 5'-
GCTCATGTTTGACAGCTTATCATCG-3"),200 uM dATP and
dGTP, 500 uM dTTP and dCTP, 7mM MgCl,, 200 uM MnCl,, 1X
Applied Biosystems PCR Buffer, and 5 units of 7Tag. PCR condi-
tions were 95°C for 5 min, followed by 16 cycles of 30 s at 95°C, 30 s
at 51°C, and 60 s at 72°C. Gel electrophoresis versus a known
standard indicated that this yielded PCR product at a concentration
of ~12 ng/ul, for a PCR efficiency of A = 0.45. The PCR products
were cloned into pCWori with BamHI and EcoRI, electroporated
into a catalase-free strain of Escherichia coli (48) and plated on LB
plates containing 100 ug/ml ampicillin. Transformation of a control
ligation with no insert indicated that the background rate of plasmid
self-ligation was <1%.

To measure the mutation rates, we randomly selected 20 21B3
clones and 21 5H6 clones for sequencing with primers
pCWori_for and pCWori_rev, allowing us to read each gene from
bp 18 to bp 1,436. The 21B3 clones contained a total of 95
nucleotide mutations in the 28,380 sequenced base pairs, with 28
synonymous mutations, 60 nonsynonymous mutations, and 7
mutations leading to premature truncation of the gene (frame-
shift or nonsense mutations). The SH6 clones contained a total
of 87 mutations in the 29,799 sequenced base pairs, with 23
synonymous mutations, 55 nonsynonymous mutations, and 9
mutations leading to premature truncation of the gene. The
distributions of mutations in the two libraries were statistically
indistinguishable (Fig. 24). After confirming that the mutation
rates in the two libraries were indistinguishable, we combined the
sequencing results for further analysis (Table 1). Fig. 2B shows
that the distribution of mutations is consistent with the theo-
retical distribution for error-prone PCR (49, 50), which gives the
probability that a mutant in a library with an average of (m1,)
mutations per gene has my, nucleotide mutations as

. (kx)mme —kx

m !

Pr(m,) = (1 + )\)’”é <Z> A

k=0

, (1]

where n is the number of PCR cycles, A is the PCR efficiency, and
(ma)(1 + A)/nA. We also confirmed that the mutations were
distributed uniformly along the gene sequence (Fig. 2C). If each
position in the gene is equally likely to be mutated, then among
41 sequenced clones, 156.3 positions should be mutated once, 9.7
positions should be mutated twice, and 0.4 positions should be
mutated three times, in good agreement with the observed
values of 148, 13, and 1.

Screening for Improved Mutants. Single mutants were grown in
96-well deep-well plates in Luria broth (LB) supplemented with
100 pg/ml ampicillin for 20-24 h at 30°C, 215 rpm, and 80%
relative humidity. One-hundred ul of these LB cultures were
used to inoculate deep-well plates containing 400 ul per well of
terrific broth (TB) supplemented with 100 ug/ml ampicillin, 0.5
mM é-aminolevulinic acid, and 0.2 mM isopropyl B-D-
thiogalactoside (IPTG) and grown as before. The cells were
pelleted and frozen overnight and then lysed by resuspending
each well with 600 ul of 100 mM [4-(2-hydroxyethyl)- 1-pipera-
zinepropanesulfonic acid] (EPPS) (pH 8.2) containing 0.5
mg/ml lysozyme and 2 units/ml DNase and incubating for 1 hour
at 37°C. The lysis debris was pelleted by centrifugation, and 80
wl of clarified lysate was added to wells of microtiter plates and
then combined with 20 wl of 6X substrate stock (1.5 mM
12-pNCA in 36% DMSO or a 6X stock containing 6% DMSO
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and 6% acetone with substrate so that concentrations in the
stocks were 60 mM 3-phenoxytoluene, 60 mM naproxen, 150
mM phenoxyacetic acid, 30 mM 2-methylbenzofuran, or 30 mM
propranolol). Reactions were initiated by adding 20 ul of 24 mM
hydrogen peroxide. Endpoints for the 12-pNCA assay were read
after 20-30 min at 398 nm (22), whereas endpoints for all other
substrate were taken after 1.5-2 h with the 4-amino antipyrene
(4-AAP) assay as described in ref. 28. More details are in
Supporting Materials and Methods.

The 21B3 and 5H6 mutant libraries were screened in parallel
by using consistent quantitative criteria for identifying improved
mutants. Briefly, all mutants with readings that were at least 50%
greater than the larger of the parental or null vector internal
standards on the 96-well plate were selected for rescreening.
Rescreening was performed by growing and assaying a full row
of a 96-well plate for each candidate mutant. Mutants that still
appeared at least 50% improved were then expressed in flasks
containing 200 ml of TB supplemented with 100 ug/ml ampi-
cillin, 0.5 mM &-aminolevulinic acid, and 0.4 mM IPTG. The
protein concentrations were normalized to 5 uM, and verifica-
tion assays were performed in microtiter plates. All mutants
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Supporting Materials and Methods

Model Lattice Protein. A model lattice protein was represented as a chaiiVof 20
monomers of 20 types corresponding to the natural aminsagidnodel protein could occupy
any of the 41,889,578 conformations (representing 910,@1Que contact sets) corresponding
to all length 20 self-avoiding walks on a two-dimensiondtite. A conformationC had an
energy of

N -2

E(C) =) > Cy(C) xe(A;A)),

i=1j=1

whereC;; (C) is 1 if residues and; are nearest neighbors in conformatioand O otherwise,
ande (A;, A,) is the interaction energy between residue tygesind.A;, given by table 5 of
ref. 1. Energies are in units éfz7', andT = 1.0 for all simulations.

A model protein folds to a target conformatiGpwith stability
AGy(C) = E(C) +TIn{Q (T) —exp [-E(C,) /T]}
whereQ (T') is the partition sum

Q(T)= > exp[-E(C;)/T].
{C:}

Proteins were considered stably folded’taf and only if AG (C;) < 0.0.

A model protein’s activity was represented by binding to admgid ligand, much as in
ref. 2. If a model protein did not stably fold to a unique canfiation, it was considered inac-
tive. If it did stably fold to a unique conformation, then wansputed the binding energy of the
ligand as the sum of the pairwise interactions between gfatl and protein residues, search-

ing over all possible rotational and translational posisiof the ligand. The binding affinity of



the ligand to the folded conformation is given by the asd@meconstanty,, calculated as the
exponential of the negative binding energy.

To create the model protein shown in FigA,we first chose the target conformation of the
protein, and then performed an adaptive walk from a randamisyy sequence until we found
a sequence that folded to the conformation. We evolved #gsence for 10,000 generations
with a population size of 10 and a mutation rate5of 10~* per residue per generation, with
the fitness of a model protein proportional to its bindingratfi to the ligand shown in Fig. A.

To create a stable variant of this model protein, we simdlateng error-prone PCR to make a
library of 1,500 mutant sequences with the mutations disted according to the error-prone
PCR distribution (3,4) with an average of 1.5 mutations petgin, 16 PCR cycles, and a PCR
efficiency of 0.45. We performed two rounds of this erroripd®CR, selecting the most stable
sequence that still bound to the ligand with the same bindimgrgy as the original model
protein at the end of each round. This procedure yielded tidiglized model protein with
the sequence IFFMTKIKFHIGVMHMSMGL. We then simulated dheg error-prone PCR
libraries of both the original and stabilized model progeirsing the same procedure as above.
We screened each of the four new ligands shown in the legeRrayoflB on one library from
each parent, and recorded the number of mutants that bouhe teew ligand with a binding
affinity at least 2-fold higher than that for the parent. Tdesunts are the data shown by the
bars in Fig. B.

High-Throughput Screening of Mutants. Single mutant colonies were picked
from transformation plates with sterile toothpicks anddigeinoculate sterile 1-ml deep-well
plates (Falcon), with each well containing 400of liquid LB with 100 pg/ml ampicillin. As

controls, wells A1, A2, A3, and A4 were always inoculatedhwilhe parent (21B3 or 5H6);



wells A5, A6, A7, and A8 were always inoculated with a negationtrol (the pCWori plasmid
lacking a P450 gene); and well H12 was not inoculated. Eacthefremaining 87 wells
contained a different mutant. These deep-well plates weve/rg for 20 to 24 hours in a
humidified shaker (Kuhner ISF-1-W) at 215 or 225 rpm?@Qand 80% relative humidity.
To express the proteins, a pipetting robot (Beckman Mukird@) was used to transfer 100
ul per well from these LB deep-well plates to 2 ml deep-welltgga(Falcon) containing 400
ul of terrific broth (TB) supplemented with 100g/ml ampicillin, 0.5 mMJ-aminolevulinic
acid, and 0.2 mM isopropy#-D-thiogalactoside (IPTG). These TB deep-well plates vedse
grown for 20 to 24 hours in the humidified shaker at 215 or 226 gh 30Cand 80% relative
humidity. After this growth, the cells were harvested bytcéimgation at 6,106 g for 10 min
at #C, and stored in the freezer. The LB deep-well plates weredtatr 4C so that improved
mutants could be streaked from the plates.

To perform assays, the pelleted cells were resuspendedinl@d lysis buffer (100 mM 4-
(2-hydroxyethyl)-1-piperazinepropanesulfonic acid B}, pH 8.2, with 0.5 mg/ml lysozyme
and 2 units/ml deoxyribonuclease) per well with the pipgttiobot. The plates were incubated
for 1 hour at 37C and then centrifuged at 6,10@ for 10 min at 4C to pellet cell debris.
The pipetting robot was used to add Biper well of this clarified lysate to 96-well microtiter
plates. To assay for folded protein, high-throughput canmonoxide (CO)-binding difference
spectra were measured as described in ref. 5 with the matthinsathat 8Qu| of clarified lysate
in the EPPS buffer was used and that the heme was reduced agldit®n of 20ul of 0.1 M
sodium hydrosulfite in 1.3 M potassium phosphate, pH 8.0nB&pectra were read prior to
binding CO with a Spectra Max Plus 384 plate reader (Moleddéasices) at every 10 nm from

400 to 500 nm, as well as at the points 447 nm (the absorbamtefpeboth 21B3 and 5H6)



and 490 nm. After 5-10 minutes of incubation with CO, the abance readings were read at
these points.

Mutants were screened for the retention of activity onpir@itrophenoxycarboxcylic acid
(12-pNCA, Fig. 9) by using a slightly modified version of thetimed described in ref. 6. A%
stock of 12-pNCA was prepared by combining 3.6 ml of 4.17 mMpNCA in DMSO with
6.4 ml of 100 mM EPPS (pH 8.2) immediately before use. Twentgf this 6x 12-pNCA
stock was added to the 80 of clarified lysate in each well of the microtiter plate, atick
plate reader was used to mix the plate and blanked at 398 nimitikte the reaction, 2@l of
a 6x stock of hydrogen peroxide {6stock was 24 mM HO, in 100 mM EPPS, pH 8.2, made
immediately before use) was added to each well and mixedthiplate reader. The amount
of final product was quantified by reading the absorbance &ng®after 20 to 30 minutes.

Mutants were screened for the acquisition of new or improaetivity by using the 4-
aminoantipyrene (4-AAP) assay, which detects phenolddapounds (7), produced by either
direct hydroxylation of an aromatic ring or as dealkylatimoducts after hydroxylation of a
carbon that is ether bonded to an aromatic ring. This assayusad to screen for activity
on five substrates (Fig. 9) at the following final concentriagi 3-phenoxytoluene (10 mM),
naproxen (10 mM), phenoxyacetic acid (25 mM), 2-methylloéman (5 mM), and propra-
nolol (5 mM). Stocks with & concentrations of these substrates were made immediagely b
fore use by dissolving the substrate in equal volumes of DM8@ acetone and then adding
100 mM EPPS (pH 8.2) so that the final concentrations of DMS@a&etone in the 6 stocks
were each 6%. Twenty microliters ofx6substrate stock was added to the/8®f clarified
lysate in each well of the microtiter plate, and 200f the 6X hydrogen peroxide stock was

added to initiate the reaction. The microtiter plates weneeh with the plate reader, and the



reactions were allowed to run for 1.5 to 2 hours at room telaoee before being quenched
by the addition of 12Q:l of 4 M urea in 0.1 M sodium hydroxide. A pipetting robot wasds

to add and mix 36l of 0.6% 4-AAP, and the plate reader was zeroed at 500 nm. dbetr
was then used to add and mix gbof 0.6% potassium peroxodisulfate, and, after 30 min, the
product was quantified by reading the absorbance at 500 nm.

Stability and Verification Assays. Protein was expressed for stability and verifi-
cation assays by growing the cells in flasks with 200 to 300 I supplemented with 100
ng/ml of ampicillin at 30C and 215 rpm. When the cells reached an optical density batwee
0.8 and 1.2 at 600 nm, they were induced by adding IPTG to admatentration of 0.4 mM,
as well asy-aminolevulinic acid to a final concentration of 0.5 mM. Tled#ls were then grown
at 30C and 215 rpm for an additional 20 to 24 hours. A few mutantsndiiexpress well in
these conditions and so were grown at the milder conditiérZ8tC and 180 rpm. The cells
were harvested by centrifugation at 6,000 to 8,0g@&nd 4C for 10 min and the pellets stored
at -20°C. Prior to use, pellets from 100 ml of culture were resuspdndet ml of 100 mM
EPPS (pH 8.2) and lysed by sonication. Cell debris was pélleyecentrifugation at 6,000 to
8,000x g and 4C for 10 to 15 min. The clarified lysates were passed througtlBDBesalting
columns (Amersham Biosciences) to remove small molechbsmight appear as background
in the 4-AAP assay. The P450 protein was quantified from the i@@irg difference spectrum
(extinction coefficient of 91 mM!. cm! for the Au7-A4g) and the concentration of P450
was adjusted to pM by the addition of more 100 mM EPPS (pH 8.2).

For verification assays, the M clarified lysate was pipetted into 96-well microtiter mat
(typically a full row of 12 wells for each mutant, althoughnse samples had fewer wells

because of air bubbles or a limited protein supply), and NZf and 4-AAP assays were



performed as described above.

For stability assays, 150 of the 5uM clarified lysate was added to rows of 96-well PCR
plates (Bio-Rad). The PCR plates were heated to differenpéeatures by using the gradient
method of a PCR cycler (MJ Research, PTC-200) for 10 min thefeddo #C. The PCR
plates were centrifuged at 5,000 to 6,6apfor 5 to 10 minutes at AC to pellet denatured
debris, and 8Qul of the supernatant was used for CO-binding difference spetiassays.
The temperature at which half of the protein was denatufgg) (vas determined by fitting a
sigmoidal curve to the percentage of remaining CO bindinfgifice spectrum, as shown in
Fig. 6.

Retention of Folding and Activity on 12-pNCA. Our high-throughput screening
allowed us to determine whether mutants retained the COsaindifference spectrum peak
characteristic of folded P450 heme domains and whetherr#tained the high activity on 12-
pPNCA of both the 21B3 and 5H6 parents. We collected CO-bindifigrdnce spectra and 12-
pPNCA activity data for six plates each of 21B3 and 5H6 (522 mistaf each). The CO-binding
difference spectra and the 12-pNCA readings for these pteshown in Fig. 7. Because
there was often some variation between plates, we clas#igetutants as folded/unfolded and
active/inactive relative to the parental controls on theeglate. These binary classifications
require defining a threshold for the fraction of the paremé&ding the mutant must retain.
Table 3 shows the fractions for different thresholds.

Identification of Mutants with New Activity We sought to measure the fre-
guencies with which 21B3 and 5H6 mutants acquired activit@-gphenoxytoluene, naproxen,
propranolol, 2-methylbenzofuran, and phenoxyacetic.daidrder to compare the frequencies

for the 21B3 and 5H6 libraries, we developed consistent giaéime methods for identifying



improved mutants to ensure that both libraries were treatedtically. We first performed
high-throughput screening of the mutants for activity gsthe 4-AAP assay. Overall we
screened 8,160 mutants each of 21B3 and 5H6 (Table 4). Beaduke variation between
plates, each mutant was evaluated relative to the four ferend four null vector controls on
its own plate. Because of problems with the pipetting rotvad, wells in the microtiter plates
(A12 and D10) consistently contained air bubbles and so wmregarded, meaning that 85
mutants were screened for each plate. We identified cardidet improved mutants and then
rescreened these candidates to eliminate false positideperformed carefully controlled as-

says to verify improved mutants. The procedure for this pssovas as follows:

1. The Ay reading for each mutant was compared to the median pare@ding and the
median null control reading. If thel;o, reading was both 1.5 times greater and 0.01
greater than the two medians, respectively, then the mutastconsidered a candidate
to be improved. In a few cases, candidates identified by tbefszia were disregarded
because they were obviously spurious (noticeable air leubltthe well, no folded protein
as indicated by the CO binding difference spectrum for thd,veelparental medians
were abnormally low due to poor lysis in some wells). Candiddbr improved mutants
were streaked for single colones on LB plates supplemenidgd2®0 ;.g/ml ampicillin

from the 1-ml deep-well plates that had been stored @t 4

2. All candidate improved mutants were rescreened by grgpwew plates and by using the
same high-throughput screening procedure, but now groamentire row (12 samples)
in the 96-well plate for each mutant. The median readingherdandidate mutant was

compared with the median readings for rows of parental andwegtor samples. If



wells were obviously spurious (air bubbles or poor lysis rrdidated by CO-binding
difference spectrum), they were excluded from the calauiatof the medians. If the
mutant reading was 0.01 greater than both the parental ah#eator samples, and if
the difference between the mutant and null control readiag 1.5 times the difference
between the mutant and parental reading, then the mutantavasdered to have passed

the rescreen and was analyzed on a verification plate.

3. Verification plates were used to gather high-quality datace all protein samples in
these plates were adjusted to the same concentratiekl{5If the parental reading was
significantly higher than the null control reading (indiogtsome parental activity), the
median mutant reading minus the null vector reading wasiredto be 1.5 times greater
than the median parent reading minus the null vector readlinige parental reading was
roughly equal to the null control reading, the median regawas required to be 1.5 times

greater than both the parental and null control reading.

Fig. 8 shows the activities for the parents and all improvetiants as measured on the verifica-
tion plates. Table 4 summarizes the statistics for the miffesteps of this process. In the end,
we identified 13 improved 5H6 mutants and 4 improved 21B3 ntgtaThese mutants were
sequenced by using the primgGWori_for, pCWbri_rev, andpCWbri_rev_cloneto identify the
mutations. These mutations are summarized in Table 5.

Creation and Analysis of Site-Directed Mutants.we examined the effects of
parental stability on some of the amino acid substitutidsseoved in our improved mutants by
using site-directed mutagenesis to make these mutatidiatiirthe 21B3 and 5H6 parents. We

constructed the mutants by PCR overlap extension mutage@3sising the following primers



(the induced amino acid substitutions are indicated in tiragr names):

mMutL75R for (5-CTTAAGTCAAGCGCGTAAATTTGTACGTG-3,

MutL75R rev (5-CACGTACAAATTTACGCGCTTGACTTAAG-3,

mutF205L _for (5-CAAGCGCCAGCTTCAAGAAGATATCAAGG-3,

mMutF205L _rev (5-CCTTGATATCTTCTTGAAGCTGGCGCTTG-B

MutF275S for (5-GCGGTCTTTTAACATCTGCGCTGTATTTCTTAG-R

MUtF275S rev (5-CTAAGAAATACAGCGCAGATGTTAAAAGACCGC-3), pCWbri _for, andpCWori _rev.

All mutants were sequenced to ensure that the genes codtaimyg the desired mutations.
Protein was expressed in flasks as for the improved mutamdsglarified lysate was used for
functional and thermostability assays as before.

The L75R substitution conferred naproxen activity on th&Stdrent (mutant 5SH6-13C9).
This substitution is in the substrate-binding pocket arstat@lized the mutant by°&. When
we made this substitution in the 21B3 parent, we were ablkedoMer only inactive protein with
a CO-binding difference spectrum peak at 420 nm (Fig. 10). Alu@kng difference spec-
trum peak at 420 nm is a characteristic of an improperly fdlBd50 protein (9,10), indicating
that the L75R substitution is too destabilizing to be tdiedsby the 21B3 parent.

The F275S substitution was one of two substitutions found BH6 mutant improved
on 3-phenoxytoluene (mutant 5H6-29G8). We made the F27%fesmutants of both 5H6
and 21B3. The 5H6-F275S mutant is destabilized relativén¢éoparent but is active on 3-
phenoxytoluene (Fig. 11). We were unable to recover anyefbjorotein for the 21B3-F275S
mutant, suggesting that the substitution is too destagjito be tolerated by 21B3.

The F205L substitution was found in conjunction with othébb&titutions in 21B3 mutant

improved on propranolol (21B3-14C10). We made this sulistituin both 5H6 and 21B3.



Both mutants folded, and neither was substantially ddstedi Both mutants had slightly
improved activity on propranolol, indicating that this ledigial substitution is tolerated by
both parents (Fig. 12).

P450 stability: relationship of 7%, values to other measures of stability.
In this work, we have argued that more stable variants of éepreshould be more tolerant
to mutations and, therefore, more evolvable. Our bioplalsacguments and our lattice pro-
tein simulations are both based on consideration of thelibjum thermodynamic stability
of the native structuré\G,. It is mutational changes to this true thermodynamic sitgbil
(AAG values) that are expected to be largely additive (11), and&g is the proper basis
for the formulation of our arguments. However, our expenisewith the P450 variants do
not measureAGsbut, instead, measurg,,, defined as the temperature at which half of the
protein irreversibly denatures after 10 min incubationvé were able to measure true melting
temperaturesi(,,) for reversible thermal denaturation, then we could cotmpgly argue that
thesel’,, values closely correspond withG s, because both experimental and thermodynamic
considerations (12) suggest that changek,jrare linearly correlated with changesA , for
proteins with the same structure and high sequence idgjaitys the case for all of our mu-
tants). However, oury, values measure the extent of irreversible thermal deni@uaravhich
can be affected by factors other thawd:; (such as the kinetics of unfolding, aggregation, or
chemical modification of side chains). In this section, wecdss why we used;, values,
and show that thesE;, values are highly correlated with the stability to irrevbls chemical
denaturation.

In order to measure&Gy, it is necessary to find a reversible method for denaturiegotio-

tein. Thermal denaturation was irreversible for all of od5P variants (at least in the buffer

10



conditions and at the level of protein purity of our assagis)can be seen from Fig. 6, which
shows that none of the mutants refolded when exposed toisatlic high temperatures. If
chemical denaturation is reversiblaG; scales linearly with the concentration of chemical
denaturant, and the slope (m value) is the same for protditfseosame structure and high
sequence identity (13). Therefore, for reversible chehdematuration AG is linearly re-
lated to the concentration of denaturant at which half offieein unfolds. Other researchers
have performed chemical denaturation studies on varioieehyomes P450. They have gener-
ally found that denaturation by guanidinium chloride iguersible even at low concentrations
(14,15), but that urea denaturation is sometimes reversiblow urea concentrations before
becoming irreversible at higher concentrations (14,1%Qgdneral, P450 denaturation appears
to proceed through multiple intermediates and pathwaysl@)4 perhaps explaining why the
reversibility of denaturation is so sensitive to the paute conditions and P450 variants used.
We tested the stability of 12 of our P450 BM3 heme domain wsi#o urea denaturation.
We began by obtaining samples of the 12 variants as for thentil@lenaturation studies. We
then adjusted these samplesxib 1M in the buffer of 100 mM EPPS (pH 8.2). Half of each
sample was diluted to 1.8M with buffer, whereas the other half was diluted in the same
fashion with 8 M urea in 100 mM EPPS (pH 8.2), resulting in alfum@a concentration of
5.1 M. Both samples were incubated overnight &t(,3and then CO difference spectra were
measured. Fig. A shows that all 12 samples were completely or nearly comlgldenatured
by the urea treatment, as indicated by the disappearandeedbdret peak at 450 nm. To
see whether the denaturation was reversible, we removedréaefrom six of the variants by
dialysis against a 1000-fold excess of buffer. None of thi&awmés exhibited signficant refolding

(Fig. 5A), indicating that urea denaturation was irreversible for B450 variants and assay

11



conditions.

To measure the stability of our variants to irreversibleaudenaturation, we added 75
samples of the ;M P450 samples to rows of 96-well microtiter plates. We theadiuthe
pipetting robot to add and mix 2Q0 of solutions of various concentrations of urea in our buffe
so that the final urea concentrations were those shown on #reX of the plots in Fig. B.
The microtiter plates were incubated overnight at €3 We then added 258l of 0.1 M sodium
hydrosulfite in 1.3 M potassium phosphate (pH 8.0) and rea€th difference spectra. Figure
5B shows that the Soret peak diminished with increasing coeaentrations. We fit sigmoidal
curves to these denaturation plots and quantified the gyatailirreversible urea denaturation
as the concentration of urea at which half of the protein haidlded ([urea],). We then
compared the [ureg] values for these 12 variants to tlig, values measured in Fig. 6. Fig.
5C shows that the [ureg] and Ty, values are linearly correlated. Therefore, although we are
unable to measura G, our measures of stability to irreversible thermal and uleaturation
are nearly the same, supporting the view thatthgvalues reflect universal aspects of protein

stability rather than unique characteristics of the preadsrreversible thermal denaturation.
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