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Chaperonin overexpression promotes
genetic variation and enzyme evolution

Nobuhiko Tokuriki' & Dan S. Tawfik'

Most protein mutations, and mutations that alter protein functions in particular, undermine stability and are therefore
deleterious. Chaperones, or heat-shock proteins, are often implicated in buffering mutations, and could thus facilitate the
acquisition of neutral genetic diversity and the rate of adaptation. We examined the ability of the Escherichia coli GroEL/
GroES chaperonins to buffer destabilizing and adaptive mutations. Here we show that mutational drifts performed in vitro
with four different enzymes indicated that GroEL/GroES overexpression doubled the number of accumulating mutations,
and promoted the folding of enzyme variants carrying mutations in the protein core and/or mutations with higher
destabilizing effects (destabilization energies of >3.5 kcal mol™, on average, versus ~1kcal mol~"in the absence of GroEL/
GroES). The divergence of modified enzymatic specificity occurred much faster under GroEL/GroES overexpression, in terms
of the number of adapted variants (=2-fold) and their improved specificity and activity (=10-fold). These results indicate
that protein stability is a major constraint in protein evolution, and buffering mechanisms such as chaperonins are key in

alleviating this constraint.

Proteins are thought to evolve under strong stability constraints.
Their relatively small margin of stability prevents the acquisition of
a large fraction of mutations, and thus severely limits the rate of
evolution'. Mutations that alter protein functions are particularly
destabilizing®®. Thus, protein variants that carry mutations with the
potential to endow new, or improved, functions are likely to be
purged despite, or even because of, their innovative potential'.
Mechanisms that buffer the destabilizing effects of mutations there-
fore have a critical role in maintaining higher genetic diversity and
expediting the rate of adaptation"*.

Chaperones, or heat-shock proteins (HSPs), are essential to eukar-
yotic and prokaryotic cells as they assist the folding, disaggregation,
transport and function of proteins. They buffer the effects of environ-
mental changes, as indicated by the marked increase in their levels
under various stress conditions”®. Chaperones also comprise a buffer-
ing system to genetic perturbations, and thus promote genetic diver-
sity”'°. In eukaryotes, partial reduction of HSP90 results in unmasking
ofheritable phenotypic variation''"*. Eukaryotic chaperones may also
mediate adaptive evolution by buffering the deleterious effects of
mutated genes that mediate new functions'’. The Escherichia coli
GroEL/GroES chaperonins were shown to rescue heat-sensitive pro-
tein mutants', and bacteria facing high mutational loads are fitter
under GroEL/GroES overexpression'>'®. However, chaperone func-
tions are very complex, in not only assisting protein folding but also
affecting the development and signal transduction networks of the cell
and alleviating the toxic effects of aggregated proteins. Their buffering
mechanisms also vary from one organism, and chaperone, to
another™'* ", and some cases of chaperone-related adaptations do
not involve a direct rescue of mutated proteins'”".

We explored GroEL, which, with its cofactor GroES, is the most
intensely studied and only chaperone in E. coli essential under all
growth conditions®. Indeed, GroEL/GroES interacts with about 250
different E. coli proteins, which constitute ~10% of all soluble E. coli
proteins™. We aimed to establish an in vitro experimental system for a
systematic and quantitative assessment of the capability of this chape-
ronin to promote the acquisition of genetic diversity by assisting the

folding of destabilized enzyme mutants. We were particularly
interested in the potential role of GroEL/GroES in rescuing mutants
carrying altered or improved enzymatic functions.

The experimental system

We performed a random mutational drift of several enzymes in the
presence of GroEL/GroES overexpression (Fig. 1). Mutagenesis of the
target enzyme gene was performed in vitro by error-prone polymerase
chain reaction (PCR) optimized to give ~1.5 random mutations per
gene per generation (Supplementary Table 1). The mutated genes
were transformed to E. coli for overexpression, in parallel with
GroEL/GroES overexpression or in its absence. Colonies carrying
individual enzyme variants were grown, the bacteria were lysed and
the levels of enzymatic activity were assayed. The enzyme-coding
genes were re-cloned after each round of mutagenesis and screening,
and subsequently transformed into a fresh sample of E. coli (Fig. 1).
This procedure eliminated the role of factors related to bacterial fitness
and other intergenic effects, and restricted the study to specific muta-
tions within the coding region of the target enzymes and to the effect of
GroEL/GroES overexpression on these mutations.

We tested four enzymes: glyceraldehydophosphate dehydrogenase
from E. coli (GAPDH) and human carbonic anhydrase 2 (CA2),
which are known clients of GroEL (proteins bound and refolded by
GroEL)***'; a variant of Pseudomonas sp. phosphotriesterase (PTE),
named PTE-vr (see Methods), which was confirmed to be a GroEL/
GroES client by our experiments; and E. coli triose phosphate iso-
merase (TIM), which is not a GroEL/GroES client*>*. All four
enzymes were overexpressed in a soluble and functional form in E.
coli in a chaperonin-independent manner: protein levels, indicated
by both SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and
enzyme activity, were similar under GroEL/GroES overexpression
(growth with arabinose) compared to no chaperonin overexpression
(growth with glucose).

As expected, mutagenesis led to a substantial decrease in enzymatic
activity, and 20-40% of the 360 randomly picked variants in the initial
screen showed no measurable activity. Enzyme variants that retained
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Figure 1| The experimental setup. The target enzymes were subjected to
random mutagenesis (step 1). The mutated genes were cloned into a pET
expression vector and transformed to E. coli carrying the pGro7 plasmid,
which conditionally overexpressed GroEL/GroES (step 2). In each round, 360
randomly picked colonies were individually re-grown in liquid media within
96-well plates (step 3). The plates were duplicated. To one set of plates,
arabinose was added to induce GroEL/GroES overexpression. Glucose was

sufficient activity (150 individual clones, on average) were taken for the
next round of mutagenesis and screening (Fig. 1, step 7). For GAPDH,
PTE and TIM, we defined the threshold as =70% of the wild-type
activity under GroEL/GroES overexpression. The threshold in the case
of CA2, which was less tolerant to mutagenesis, was defined as =30%.
The mutational drift, or ‘mutation-accumulation’ experiment,
therefore occurred under purifying selection to purge deleterious muta-
tions, and the soluble expression and enzymatic function of the drifting
enzyme variants was maintained throughout. The overexpression of
GroEL/GroES, the high mutation rates, small population sizes and
relatively stringent selections used here exaggerate the effects of both
GroEL/GroES and mutations. However, these conditions were neces-
sary to enable the monitoring of GroEL/GroES effects for hundreds of
different mutations, and thereby provide a clear and quantitative pic-
ture of how buffering the destabilizing effects of mutations accelerates
neutral and adaptive evolution. Potential implications regarding more
realistic evolutionary scenarios are mentioned in the Discussion.

Divergence of GroEL/GroES-dependent variants

In the first round, 93% of the GADPH variants were active above the
defined activity threshold (Fig. 2, upper panel; the dashed vertical line
separates all variants above the threshold of =70% of wild-type
activity). However, when the drifting variants were tested in parallel
with no GroEL/GroES overexpression, only 85% were sufficiently
active. By the third generation, 60% of variants were sufficiently
active with GroEL/GroES, but only 43% in its absence. Overall,
~30% of the drifting variants had chaperonin-dependent activity,
whereby the activity observed with and without GroEL/GroES over-
expression varied by a factor of between 2 and 30. In the fourth
generation, the percentage of active variants actually increased, and
the population did not become more GroEL/GroES-dependent. This
tendency was observed when the GADPH drift was repeated
(Supplementary Fig. la), and is probably due to the drift reaching
a stage where the stability of the enzyme is compromised to the level
that non-synonymous mutations do not readily accumulate
(Supplementary Table 1)**. The enzymes PTE and CA2 had a similar
behaviour. By the third generation, the fraction of variants for which

added to the parallel set to suppress GroEL/GroES expression (step 4).
Overexpression of the mutated enzyme variants was subsequently induced by
IPTG addition (step 5). The cells were lysed, enzyme activity with and without
GroEL/GroES overexpression was recorded (step 6), and representative
variants were analysed (green box). To continue the drift, clones showing
activity above the chosen threshold under arabinose induction were taken for
the next round of mutagenesis and screening (step 7).

levels of activity are chaperonin-dependent became 44% and 34%,
respectively (Supplementary Table 2 and Supplementary Fig. 1b, c).
A control GADPH drift in the absence of GroEL/GroES overex-
pression indicated that none of the drifting variants that retained
sufficient activity (Fig. 2, lower panel, left of the dashed line) was
GroEL/GroES-dependent (ratio of +GroEL/—GroEL of =2).
Chaperonin-dependent variants were observed among low-activity
variants (right of the dashed line), but they gradually disappeared as
the drift progressed. Drifts without GroEL/GroES overexpression
were not performed with the other enzymes owing to the laborious
nature of these experiments. However, the comparison of mutations
found in GroEL/GroES-dependent and -independent variants vali-
dated the role of GroEL/GroES in rescuing stability-compromised
variants in both GADPH and PTE (next section). An additional
control experiment was performed with TIM—an enzyme that does
not seem to interact with GroEL/GroES****. The drifting TIM popu-
lations showed a relatively small fraction of GroEL/GroES-dependent
variants (4-10%; Supplementary Fig. 1d). The results of all drift
experiments are summarized in Supplementary Table 2.

Because both the target enzymes and GroEL/GroES were overex-
pressed (=10,000 molecules per cell), the effect of the endogenous
chaperones was negligible. To support further the direct role of
GroEL/GroES in rescuing the drifted enzyme variants, we compared
the active enzyme levels for a representative sample of variants in the
presence of overexpression of GroEL on its own (with no overexpression
of GroES) and of two additional E. coli chaperones: DnaJ/DnaK/GrpE
and trigger factor. These led to almost no increases in activity under the
conditions in which GroEL/GroES overexpression led to 2-17-fold
increases (Supplementary Table 3 and Supplementary Fig. 2). Pool-
down assays also indicated the interaction of the target enzymes and
their mutants with GroEL/GroES (Supplementary Fig. 3).

Characteristics of GroEL/GroES-dependent variants

Analysis of the type, location and stability effects of mutations revealed
notable differences between neutral variants that drifted with GroEL/
GroES assistance (=2-fold difference in activity with and without
GroEL/GroES overexpression) and those that did not (a ratio of
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Figure 2 | GAPDH mutation-accumulation experiments. a, GADPH was
drifted while overexpressing GroEL/GroES. Enzymatic activity was assayed
for 180 randomly picked clones, and for each clone activity with GroEL/
GroES overexpression relative to wild-type GADPH is presented (red circles;
left y axis). Variants exhibiting =70% of wild-type activity (left of the dashed
vertical line) were taken for the next round of mutagenesis and selection. Each
clone was expressed in parallel without GroEL/GroES overexpression (blue

<2). In total, 139 variants and 559 mutations for GAPDH from both
the third and fourth generations of the drifts were analysed. The
GroEL/GroES-independent variants included variants from the drift
in the absence of GroEL/GroES, and variants from the drift under
GroEL/GroES overexpression that show no chaperonin dependency
(both groups showed similar features). For a start, the GroEL/GroES-
independent variants were found to carry less than half the number of
amino acid exchanges, or non-synonymous mutations, per gene (N,):
an average N, value of 1.6, on average, versus 3.5 in the GroEL/GroES-
dependent variants (all values, and analysis of their statistical signifi-
cance, are provided in Supplementary Table 4). The fraction of non-
synonymous mutations was accordingly lower: N,/(N, + N;) = 0.46
versus 0.69 (where Nj is the average number of synonymous muta-
tions, and N, + N is the total number of mutations).

The GroEL/GroES-dependent variants also tolerated a higher frac-
tion of mutations in core residues. Mutations in buried residues are
more likely to yield aggregated folding intermediates, and are more
destabilizing than exposed surface mutations (average Escherichia
destabilization energies, AAG values, of +1.4kcal mol™', versus
+0.6)*. Consequently, evolutionary rates of core residues are much
slower”™. Indeed, 48% of the mutated residues in GroEL/GroES-
dependent variants exhibited relatively low exposed surface areas:
ASA values (relative accessible surface area, whereby 0 and 1 corre-
spond to totally buried and exposed residues, respectively) of =<0.25,
compared to 41% in the GroEL/GroES-independent variants. The
fraction of highly exposed residues mutated in the absence of GroEL/
GroES (ASA values =0.6) was concomitantly higher (30% versus
21% with GroEL/GroES overexpression; Supplementary Fig. 4). In
agreement with the core—surface distributions, the mutations found
in the GroEL/GroES-dependent variants are predicted to be more
destabilizing: the average AAG per mutation is +1.0 kcal mol ™',
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open circles; left y axis), and the ratio of activities (+GroEL/—GroEL) is also
presented (green triangles; right y axis). b, GAPDH drifted under the same
conditions, yet without GroEL/GroES overexpression. Presented are the
activities with and without GroEL/GroES overexpression (red open circles
and blue circles, respectively; left y axis) and the GroEL/GroES-dependency
(green triangles) for each clone. Variants exhibiting =70% of wild-type
activity (left of the dashed vertical line) were taken for the next round.

compared to +0.6 for the GroEL/GroES-independent variants. The
GroEL/GroES-independent variants also carry threefold more stabili-
zing mutations: 9% of mutations with AAG of <—1kcal mol ™', com-
pared with 3% in the GroEL/GroES-dependent variants. Altogether,
the GroEL/GroES-dependent variants carried more than twice the
number of core mutations, and had a predicted average stability loss
per variant of +3.5kcalmol ™", compared to +0.9 for GroEL/GroES-
independent variants. The PTE variants from the third generation of
the drift (in total 131 variants and 315 mutations) showed a very
similar trend (Supplementary Table 4 and Supplementary Fig. 4).
There are obviously additional chaperonin effects that relate to folding
intermediates, but the FoldX stability-prediction algorithm can only
address the native state.

The increase in activity in the presence of GroEL/GroES overexpres-
sion is largely due to the ability of the chaperonin to assist the folding of
mutants with compromised stability and problematic folding inter-
mediates, thus giving rise to a larger fraction of soluble, active enzyme.
This hypothesis was supported by the observed correlation between
enzyme activity and the relative occurrence in the soluble fraction
versus that in the aggregated fraction (Supplementary Table 5 and
Supplementary Fig. 5). As exemplified (Fig. 3a), wild-type GADPH
had similar activity with or without GroEL/GroES overexpression,
and in both cases >90% of the enzyme was in the soluble fraction.
In contrast, drifting GADPH variants that exhibited GroEL/GroES
dependency showed alow soluble fraction in the absence of chaperonin
overexpression, and a much higher fraction in its presence.

Divergence of new function

The early steps in the divergence of new enzymes are presumed to
involve mutations that increase a latent, weak promiscuous activity.
Such activities may provide an initial selective advantage under changing
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Figure 3 | Changes in activity and protein levels of enzyme variants
expressed with and without GroEL/GroES overexpression. a, Wild-type
GAPDH and its representative neutrally drifting variants. b, The starting
point for the PTE drift (PTE-vr) and its variants with improved esterase
activity. The bars represent relative enzymatic activities in crude lysates with
GroEL/GroES overexpression (red) and without it (blue). Error bars
represent standard deviations of six independent repeats. The supernatant
and insoluble pellet fractions of the above lysates (S and P, respectively) were
analysed by SDS-PAGE, and the percentage of enzyme in the soluble
fraction was determined by the relative intensities of the supernatant and
pellet bands.

environments, and can be subsequently improved by adaptive muta-
tions and become the primary activity of the evolving enzyme®>”.
However, mutations that endow enzymes with new, or improved,
substrate and reaction specificities are, on average, destabilizing and tend
to occur in more buried residues than neutral, non-adaptive muta-
tions*>. To examine whether GroEL/GroES may alleviate these
stability constraints, we choose PTE—an enzyme that hydrolyses the
pesticide paraoxon with high catalytic efficiency (k./Ky of
>10" M~ 's™"). We examined the adaptive evolution of PTE to increase
its weak, promiscuous esterase activity (k./Ky for the target ester
substrate 2-naphtylhexanoate is ~10° M~ 's™"). PTE-vr was subjected
to random mutagenesis as before, and the resulting library (~10,000
transformants) was subjected to a chromogenic screen whereby colonies
exhibiting esterase activity turn red.

The number of red colonies in the library expressed with GroEL/
GroES (arabinose induction) was far greater than in its absence (agar
with glucose; data not shown). The red-coloured colonies were subse-
quently grown, lysed and tested for enzymatic activity with 2-naphtyl-
hexanoate in 96-well plates. This screen also indicated a significant
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difference in favour of the selection with chaperonins, in terms of the
number and the fold-improvements in esterase activity (Fig. 4a).
Differences in the selectivity of the evolved variants (esterase/paraox-
onase rates; Supplementary Table 6) indicated changes in the active site
of the mutants, irrespective of changes in their stability and expression.

Almost all the variants showing improved esterase activity carried
a mutation of Phe 306 into Cys, Ser or Leu (Supplementary Table 7).
Phe306Cys was previously identified in PTE variants evolved towards
a similar ester substrate*®. However, variants selected under GroEL/
GroES overexpression, and especially those showing the highest
improvements in esterase activity, carried the Phe306Leu mutation
that has not been seen in previous attempts to evolve PTE. Two
variants carrying only these point mutations were identified:
A2B11 (Phe306Leu) from the library with GroEL/GroES overexpres-
sion, and G1B5 (Phe306Cys) from the library selected without
GroEL/GroES. The Phe306Leu mutation showed higher improve-
ment in esterase activity than Phe306Cys (11.8-fold in k,/ Ky, versus
2.6-fold for Phe306Cys), but also had deleterious effects on the fold-
ing of PTE that inhibited its identification in the absence of GroEL/
GroES overexpression. Indeed, on GroEL/GroES overexpression, the
Phe306Leu mutant exhibited a 2.4-fold increase in the levels of
soluble protein and a concomitant increase in enzymatic activity.
In contrast, the Phe306Cys mutation was barely affected by GroEL/
GroES overexpression (Fig. 3b).

The single-mutation variants were subjected to another round of
directed evolution with and without GroEL/GroES overexpression, as
described previously. The same trends were observed with a larger
number of improved variants under GroEL/GroES overexpression,
and with higher improvements in both activity (Fig. 4b) and selectivity
(Supplementary Table 6). Overall, the evolutionary route under
GroEL/GroES produced variants exhibiting up to 44-fold higher
esterase activity, and 54-fold higher selectivity, compared to the start-
ing point (PTE-vr). The same route in the absence of GroEL/GroES
yielded only 3.4-fold improvements in activity, and 4.2-fold higher
selectivity. The kinetic parameters (k,, Ky) determined with purified
enzymes confirmed the improvements observed in cell lysates (Fig. 4c
and Supplementary Table 7).

As observed with neutrally drifting variants, enzymatic activities
and expression levels in the soluble versus the aggregated fraction were
correlated, indicating that GroEL/GroES overexpression is indeed
rescuing the variants evolved in its presence (Supplementary
Fig. 5b). Variants selected under GroEL/GroES overexpression
showed higher activity under GroEL/GroES overexpression (=9.1
versus =2.4 for variants selected without GroEL/GroES) and a con-
comitant increase in the soluble fraction (=5.8-fold versus =<2.2-fold,
respectively; Supplementary Table 7). Notably, many variants selected
with GroEL/GroES overexpression show little, or no, improvement in
activity without GroEL/GroES. For example, in crude lysates variant
LA2A9 (diverged from the Phe306Leu mutant) showed twofold
improvement in esterase activity with GroEL/GroES overexpression,
but twofold decrease without it (Fig. 3b).

As shown with neutral GAPDH and CA2 variants, overexpression of
GroEL on its own and of other E. coli chaperones (DnaJ/DnaK/GrpE
and trigger factor) gave almost no increase in activity with the evolved
GroEL/GroES-dependent PTE mutants (Supplementary Table 3).
In vitro refolding experiments showed that significant refolding was
obtained in the presence of GroEL/GroES (10-100%; with wild-type
PTE, and with several evolved mutants tested), but no refolding was
observed in buffer, or with GroEL on its own (Supplementary Table 7).

Discussion

Theoretical and experimental studies indicate that seemingly neutral,
or hidden, variation has a key role in adaptation towards new environ-
ments, at the level of organisms and individual genes®*****. However,
the destabilizing effects of mutations can severely limit the acquisition
of such neutral variations™'. Over 80% of mutations are deleterious
due to their destabilizing effects, which in turn lead to reduced protein
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Figure 4 | Adaptive evolution of P. diminuta PTE towards higher esterase
activity. Triangles represent variants evolved and assayed under GroEL/
GroES overexpression, and circles represent variants without GroEL/GroES
overexpression. Shown are activities relative to the starting point PTE-vr.
a, Activity levels in crude lysates of variants identified in the first round of
mutation and selection. b, Activities of second-round variants. Annotated

levels'?. Similarly, most mutations that improve enzymatic activities
undermine stability*®. For example, the development of antibiotic
resistance in TEM-1 B-lactamase is dependent on the accumulation
of a compensatory mutation that makes up for the stability losses
associated with mutations that alter the enzyme’s substrate specifi-
city*. Owing to decreases in the level of soluble, functional enzyme,
such mutants may show only small improvement in the cellular rates
of enzymatic activity. Decreased stability can also result in insoluble
aggregates that reduce fitness”. Our results show that rescuing
stability-impaired mutants by increasing the fraction of soluble, func-
tional enzyme has marked effects on evolutionary rates.

The experiment also provides a quantitative assessment of the
buffering capability of GroEL/GroES. On average, in the absence of
GroEL/GroES, the stability of neutral variants seem to be compro-
mised by ~1kcalmol™" (predicted values, assuming additivity of
stability effects, are 0.9 and 1.2 kcal mol ™! for PTE and GADPH,
respectively). The overexpression of GroEL/GroES shifted this
threshold by about 2.5 kcal mol ™' to an average level of ~3.6 kcal -
mol ', A significant enrichment of stabilizing compensatory muta-
tions also occurred in GroEL/GroES-independent variants
(Supplementary Fig. 4). Stabilizing mutations are scarce™.
Therefore, evolution, whether neutral or adaptive, that depends on
such mutations is far slower. This is indeed reflected in >2-fold lower
total number of non-synonymous mutations found in variants drift-
ing without GroEL/GroES (Supplementary Table 4).

GroEL/GroES clients seem to be characterized by low folding pro-
pensities and high translation rates (as is the case in our in vitro
system)**. The chaperonin buffered mutants are therefore likely to
suffer not only from low stability, but also from lower folding pro-
pensities and/or slower folding rates. The buffering capacity of
GroEL/GroES is, however, not unlimited. The FoldX predictions
indicate that highly destabilizing mutations (>5kcalmol ') were
purged whether GroEL/GroES was overexpressed or not
(Supplementary Table 4 and Supplementary Fig. 4). Indeed, many
variants that drifted for two, let alone four, generations under GroEL/
GroES overexpression appear to be very close to the 5kcalmol
threshold (Supplementary Table 8), and variants evolved for new
function were also severely compromised (for example, LA2A9
described above). Thus, once the extended margin provided by the
GroEL/GroES is consumed, the dependency on stabilizing compen-
satory mutations returns"*>. The limited buffering capacity is also
reflected in the fact that the fraction of mutants that are GroEL/
GroES-dependent did not exceed a certain value (for example,
=35% for the GAPDH drift). This implies that a significant fraction
of destabilizing mutations cannot be rescued by GroEL/GroES. The
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are two single-mutant variants: Phe306Leu (A2B11), which comprised the
starting point for the next round under GroEL/GroES overexpression, and
Phe306Cys (G1B5) for the selection without it. ¢, k.,/Ky; values measured
with the purified enzyme variants isolated from these selections (data are
provided in Supplementary Table 7).

plateau may also be the result of balancing forces such as the appear-
ance of stabilizing compensatory mutations. Indeed, when the
GroEL/GroES-dependent PTE variant A2B11 (Phe306Leu) was sub-
jected to evolution in the absence of GroEL/GroES overexpression,
a second mutation (Ile274Ser) appeared (variant LG2B6; Supple-
mentary Table 7). Ile274Ser hardly improves catalytic activity (1.1-
fold), but it increases stability and lowers GroEL/GroES dependency.
This stabilizing mutation may mimic natural processes of reducing
chaperone dependency and thus providing ‘chaperone space’ for
other mutants.

The buffering capacity is also protein-dependent, because only a
subset of E. coli proteins interacts with GroEL/GroES******. Also,
drifts we conducted with two known GroEL/GroES clients (green
fluorescent protein and TEM-1 B-lactamase data not shown) did
not consistently indicate GroEL/GroES-dependency. However,
although the wild-type protein does not interact with chaperonins
(for example, TIM tested here), its mutants may interact. A number
of TIM mutants became GroEL/GroES-dependent, although, relative
to the other enzymes tested here, TIM mutants clearly showed a lower
tendency to become GroEL/GroES-assisted. The experimental system
developed here could be applied to test this correlation in a larger
number of proteins.

Our in vitro findings have potential implications on natural evolu-
tion. Mutation rates in bacteria increase under stress, and so do
chaperone levels*°. The combination of increased mutation rates
and chaperone overexpression can markedly accelerate the rate of
acquisition of new functions, as demonstrated here. However, the
balance within living E. coli cells, between the capacity to buffer muta-
tions and the rate by which mutations accumulate, is obviously dif-
ferent than the one applied here. Indeed, under stress conditions the
available chaperone capacity can also decrease, as shown for HSP90,
and the phenotype of previously buffered mutations unravelled''~"°.

Finally, the experimental system described here provides a way of
performing directed evolution in vitro, whereby, for enzymes that
comprise effective chaperonin clients, overexpression of GroEL/
GroES can significantly increase the number and fold-improvement
of enzyme variants with a new, or improved function—not only at
crude cell lysates, but also of the actual kinetic parameters of the
evolving enzyme variants (Fig. 4c).

METHODS SUMMARY

Wild-type CA2, GAPDH, TIM and engineered PTE-vr were used as the starting
points. Gene libraries were created by random mutagenesis using error-prone
PCR with the ‘wobble’ base analogue dPTP, and gene libraries for the evolution
of esterase activity of PTE-vr were created with dPTP and 8-oxo-dGTP. The
mutated enzyme variants were cloned into pET vector, and transformed to E. coli
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BL21 (DE3). Agar colonies were individually picked and transferred for growth
in 96-well plates. Following arabinose, or glucose, addition, enzyme expression
was induced with IPTG. The bacteria were lysed, and the levels of enzymatic
activity were assayed in 96-well plates. GAPDH activity was measured by a
coupled enzyme assay based on the decrease of absorbance at 340 nm due to
NADH oxidation. Paraoxonase activity of PTE was measured by following the
increase of absorbance at 405 nm. PTE libraries were screened for esterase activ-
ity on agar plates using FAST Red dye that creates a red precipitate with the
2-naphtol product, followed by a spectrophotometeric screen in 96-well plates at
500 nm. The hydrolase activity of CA2 was measured with p-nitrophenyl acetate
by following the increase of absorbance at 405 nm. TIM activity was determined
by a coupled enzyme assay based on the decrease of absorbance at 340 nm due to
NADH oxidation. GAPDH and PTE variants were purified over a Strep-tactin
Sepharose column (IBA).

Computations. The stability effect of mutations (AAG values) found in GAPDH
and PTE variants was predicted based on crystal structures (PDB accession codes
1S7C and 1HZY, respectively) using the FoldX algorithm. Surface accessibility
(ASA) values of residues were calculated by the web-based program ASA-view
(http://gibk26.bse.kyutech.ac.jp/~shandar/netasa/asaview/). A complete list of
all mutations and their predicted AAG and ASA values is provided in
Supplementary Table 8.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Gene cloning and library construction. To identify candidates for the drift
experiment, we screened the published lists of chaperone targets® for enzymes
with chromogenic substrates that can be assayed in crude bacterial lysates.
GADPH and CAII met these criteria. Two other candidates (green fluorescent
protein and TEM-1 B-lactamase) were explored but the preliminary results were
inconclusive. TIM also fulfilled the screening requirement, and served as a
control for an enzyme that has been shown not to interact with GroEL/GroES.
Finally, PTE (phosphotriesterase from Pseudomonas diminuta), for which an
array of chromogenic substrates is available®, was tested and found to be a
GroEL/GroES target. Wild-type CA2, GAPDH, TIM and engineered PTE-vr
were used as the starting points for the neutral drift. PTE-vr is related to the
previously described PTE-S5-1.1, which was evolved for higher E. coli expression
and 2-naphtyl acetate hydrolase activity*®*’. The PTE-vr was cloned with Ncol
and HindIII sites into a modified pET32-trx*’ for the neutral drift, and into pET-
strep for the adaptive evolution experiments. The genes encoding GAPDH and
TIM were amplified from the ASKA collection*' and re-cloned into pET32(b)
(Novagen) with Ndel and HindIII sites. For purification and further character-
ization, GAPDH and its drifted variants were cloned into pET-strep using Ncol
and HindlIII sites. The CA2-pET construct was described previously*>. The gene
encoding GroEL was amplified from pGro7 plasmid* and re-cloned into
pBAD33 with Ndel and HindIII sites (pBAD33-GroEL).

Libraries were generated by random mutagenesis with error-prone PCR using

the wobble base analogues dPTP and 8-0xo-dGTP (TriLink). The first 20 PCR
cycles with primers flanking the cloned genes were performed with BioTaq
polymerase (Bioline) in 50-pl reactions using 1ng of plasmid template,
0.5uM dPTP for GAPDH, PTE and TIM neutral drifts, 1 uM dPTP for CA2,
and 1 pM dPTP and 20 uM 8-0x0-dGTP for PTE’s adaptive evolution. The PCR
products were treated with Dpnl to destroy the template plasmid, purified, and
then used as a template (20 ng) for another 15 PCR cycles, this time performed
with nesting primers and BioTaq polymerase. The product of this final PCR was
restricted with restriction enzymes described above (NEB, 3 h, 37 °C) and ligated
into the modified pET as described above. This protocol created with high
reproducibility libraries carrying an average of ~1.5 mutations per gene
(Supplementary Table 1). This rate provided approximately one amino acid
exchange per generation. Lower mutation rate rates would have resulted in
screening a large fraction of variants that carry no mutations, and higher rates
would result in having multiple mutations appearing simultaneously, and a very
low fraction of mutants being viable.
Activity assays. Phosphotriesterase activity was assayed by measuring the
increase in absorbance at 405nm with paraoxon (0.5mM) in 50 mM Tris-
HCI, pH 7.5, 0.005% Triton X-100. 2-Naphtylhexanoate (2NH) hydrolysis was
assayed by a coupled reaction assay based on the increase of absorbance at
500nm due to the conjugation of the released 2-naphtol and FAST Red
(Sigma) with 0.2mM 2NH and 0.4mM FAST Red in 50mM Tris-HCI,
pH 7.5, 0.005% Triton X-100.

GAPDH activity was measured by a coupled enzyme assay based on the decrease
of absorbance at 340 nm due to NADH oxidation provided by Sigma. The GAPDH
reaction mixture (50mM Tris-HCl, pH7.5, 6.7mM 3-phosphoglyceric acid,
1.1 mM adenosine 5" triphosphate, 0.12mM B-nicotinamide adenine dinucleo-
tide, reduced form (B-NADH, Sigma), 3.3 mM L-cysteine, and 8 units per ml
3-phosphoglyceric phosphokinase (Sigma)) was pre-incubated at 30 °C for 1h,
and the reaction was initiated by the addition of the GADPH sample.

TIM activity was determined by a coupled enzyme assay based on the decrease of
absorbance at 340 nm due to NADH oxidation*. The substrate, glyceraldehyde-3-
phosphate, was prepared from DL-glyceraldehyde-3-phosphate diethyl acetal
monobarium salt as described by the supplier (Sigma). The TIM reaction mixture
contained 1mM D-glyceraldehyde-3-phosphate, 0.24mM NADH, and
20mgml ™" glycerol-3-phosphate dehydrogenase, in 50 mM Tris-HCl (pH 7.5).

The esterase activity of CA2 was assayed by measuring absorbance at 405 nm
with 4-nitrophenyl acetate (0.5mM) in 50 mM Tris-HCI, pH 7.5.
Coexpression chaperones, target enzymes and activity assays. E. coli BL21
(DE3) cells containing the pGro7 (GroEL/GroES), pBAD33-GroEL (GroEL),
pKJE7 (DnaK/Dna]/GrpE) or pTfl6 (trigger factor) plasmid*’ were transformed
with the libraries or a variant of GAPDH, PTE, CA2 or TIM, and plated on Luria
Broth (LB) agar with 100 pg ml~ " ampicillin (amp) and 34 pg ml~" chlorampheni-
col (cam). Single colonies were picked and grown overnight in 96-deep-well plates
at 30 °C with shaking, in LB medium with 100 ug ml~" amp and 34 pgml ™" cam.
These overnight cultures were used to inoculate (at 1:20 dilution) within 96-deep-
well plates cultures in a fresh LB amp, cam, medium. The medium contained 0.2%
(w/v) arabinose or glucose to induce or suppress GroEL/GroES expression,
respectively. Cells were grown at 37 °C in the case of GAPDH, CA2 and TIM, or
at 30 °C in the case of PTE, with shaking for about two hours, to Dsgo of 0.6-1.0,
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and then pelleted and resuspended in LB media pre-incubated at 37 °C or 30 °C
withamp and 1 mM IPTG to induce overexpression of the target enzyme. After 1 h
incubation at 37 °C in the case of GAPDH, CA2 and TIM, or 30 °C in the case of
PTE, the Dg of these cultures were measured using a plate reader. Cells were then
pelleted and stored at —20 °C overnight. Cells were resuspended in lysis buffer
(50 mM Tris-HCL, pH 7.5, 100 pg ml ™! lysozyme, 0.5 units per ml benzonase, and
0.1% TritonX-100). The lysates were clarified by centrifugation and assayed for
enzymatic activity in 200-pl reactions (20 ul crude lysate was used for assaying
CA2; 20 pl of 20-times diluted lysate for GAPDH, or 20 pul of 400-times diluted
lysate for PTE; and 20 pl of 400-times diluted lysate for TIM).

Co-fractionation of GAPDH and PTE with GroEL/GroES. The enzymes
GAPDH or PTE, and mutants thereof, were overexpressed in E. coli together
with GroEL and His-tagged GroES (or with non-tagged GroES). The cells were
lysed with 50 mM Tris-HCl, pH 8.0, 0.01% TritonX-100, 10 mM MgCl,, 25 units
per ml benzonase, 10 mM glucose and 20 units per ml hexokinase. ADP was
added immediately after lysis, and the clarified lysate was purified by IMAC
affinity chromatography. After 4 washes with 10-times column volume of
20 mM imidazole in Tris pH 8, 500 mM NaCl, 10 mM MgCl,, 10 mM KCl and
1 mM ADP, the complex was eluted by 500 mM imidazole in Tris, pH 8, and
analysed by SDS-PAGE.

Random mutational drift. Libraries were transformed into E. coli BL21 (DE3)
cells carrying the pGro7 plasmid. About 360 transformants were picked into
liquid medium in 96-deep-well plates, and GroEL/GroES overexpression was
induced with arabinose as described above. At this library size the chances of
haphazard fixation are rather low (1/360 <1%) so the library could maintain
high polymorphism, and the sampling is therefore statistically significant as
indicated, for example, in the analysis of the mutations. The enzymatic activities
were assayed in the crude lysates, and 180 clones showing the detectable activity
(=2-fold above background rates) with GroEL/GroES induction were randomly
picked. These 180 variants were then screened in parallel with, and without,
overexpression of GroEL/GroES, and the levels of enzymatic activity were deter-
mined. The wild type was used as reference in two replica wells. For the sub-
sequent round of neutral drift, variants with the threshold enzymatic activity
defined as neutral were picked (=70% of the wild-type activity of GAPDH, PTE-
vrand TIM, and =30% of CA2). On average, 150 neutral variants were taken for
the next round. Their overnight cultures were combined, and the plasmid DNA
purified and used as the template for the next round of mutagenesis by error-
prone PCR.

Directed evolution. Gene libraries derived from PTE-vr were transformed into
E. coli BL21 (DE3) cells carry the pGro7 plasmids, and plated on LB-amp-cam
agar plates containing 0.2% arabinose (for overexpression of GroEL/GroES) or
0.2% glucose (for suppression of GroEL/GroES). About 10* colonies were
screened for each set (arabinose or glucose) using FAST Red*®**. From each
set, about 280 colonies showing the fastest development of red colour were
picked from replica plates, grown in 96-well plates, and assayed for 2NH hydro-
lysis. Thirty variants that showed the highest 2NH hydrolase activity were picked,
and the plasmids were purified and retransformed into fresh E. coli BL21 (DE3)-
pGro7 competent cells, and then their activities with 2NH and paraoxon were
tested in triplicate.

Enzyme purification and kinetics. The evolved PTE and GAPDH variants were
purified using Strep-tactin affinity columns (IBA) according to the manufac-
turer’s protocol. Initial rates were determined as described above using paraoxon
(0.5t0 1,000 uM) and 2NH (2 to 2,000 pM). The kinetics parameters Ky and K,
were determined by fitting the initial rates to the Michaelis—-Menten model using
KaleidaGraph (Synergy Software). GroEL and GroES were purified as described
previously*.

Protein refolding of PTE variants. 10 uM of purified PTE variants was denatured
in 30 mM HCl for 1 hat 25 °C and diluted 100-fold (final 0.1 uM PTE) into 50 mM
Tris-HCI, pH 7.5, 10 mM KCl, 1 mM MgCl, and 1 mM ATP in the absence or
presence of 0.2 uM GroEL or GroEL/GroES overnight at 25 °C. The enzymatic
activity was measured to determine the fraction of refolded active enzyme.
Computation of stability effects (AAG) by FoldX***. We applied the published
four-step procedure: first, the structures of GAPDH (PDB 1S7C) and PTE (PDB
1HZY) were optimized; second, mutant three-dimensional structures were created
by introducing one mutation at a time, and locally optimizing the structure; third,
the energy functions of the mutants were computed and compared with the wild-
type function; fourth, the actual free energy values were calculated based on the
FoldX correlation function between experimental and calculated data
(AAGEerimental — (AAGFIIX () 078)/1.14 (ref. 48).
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