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Robustness-epistasis link shapes the fitness
landscape of a randomly drifting protein

Shimon Bershtein', Michal Segal’, Roy Bekerman', Nobuhiko Tokuriki' & Dan S. Tawfik'

The distribution of fitness effects of protein mutations is still
unknown'?. Of particular interest is whether accumulating dele-
terious mutations interact, and how the resulting epistatic effects
shape the protein’s fitness landscape. Here we apply a model sys-
tem in which bacterial fitness correlates with the enzymatic activ-
ity of TEM-1 fP-lactamase (antibiotic degradation). Subjecting
TEM-1 to random mutational drift and purifying selection (to
purge deleterious mutations) produced changes in its fitness land-
scape indicative of negative epistasis; that is, the combined dele-
terious effects of mutations were, on average, larger than expected
from the multiplication of their individual effects. As observed in
computational systems®, negative epistasis was tightly associated
with higher tolerance to mutations (robustness). Thus, under a
low selection pressure, a large fraction of mutations was initially
tolerated (high robustness), but as mutations accumulated, their
fitness toll increased, resulting in the observed negative epistasis.
These findings, supported by FoldX stability computations of the
mutational effects®, prompt a new model in which the mutational
robustness (or neutrality) observed in proteins, and other bio-
logical systems, is due primarily to a stability margin, or threshold,
that buffers the deleterious physico-chemical effects of mutations
on fitness. Threshold robustness is inherently epistatic—once the
stability threshold is exhausted, the deleterious effects of muta-
tions become fully pronounced, thereby making proteins far less
robust than generally assumed.

Interactions between mutations have been studied by a number of
fields, although nomenclature differs; geneticists term interactions
within, or between genes, as ‘epistasis’’, whereas protein biophysicists
use ‘double mutant cycles™® to describe intragenic interactions.
Because the ultimate impact of mutations depends both on the effect
of each mutation on fitness and on the interactions between accu-
mulating mutations, insights from these different disciplines can
nevertheless be combined in one model®.

Taking the converse view, if deleterious mutations do not interact,
then under no selection, fitness (or the stability, or activity, of a
protein) should decline exponentially:

W(n) = eXP(*fx”) (1)

where # is the number of mutations and « is the exponential decline
parameter™’. If, however, deleterious mutations interact so that their
combined impact on fitness is greater than expected from multiply-
ing their individual effects (or more than additive in terms of logW,
or AAG for protein stability and function), fitness decline would
accelerate with the accumulation of mutations, giving rise to ‘nega-
tive epistasis’:

Wi = exp(—on — pn?) (2)

where o reflects the fraction of multiplicative deleterious mutations
and f3 is the epistasis parameter’.

Because neither of these crucial factors («, f§) is quantitatively
understood—particularly at the level of a single protein'*—we set
up an experimental system that measured the fitness landscape of a
protein subjected to a lengthy random drift (up to 20 mutations per
gene). We derived the exponential decline and epistasis parameters
and examined their impact on the rate and dynamics of mutation
accumulation.

As our model protein we chose TEM-1 B-lactamase, an enzyme
that degrades the antibiotic ampicillin and thereby confers ampicillin
resistance on Gram-negative bacteria such as Escherichia coli. The
fitness of a TEM-1 variant is directly correlated with the maximal
concentration of ampicillin that E. coli carrying this gene variant can
tolerate. At the level of a population, fitness (W) refers to the fraction
of variants that confer resistance at a given concentration of ampi-
cillin. By determining the fraction of viable variants over the entire
range of ampicillin concentrations, a fitness landscape was obtained
(Supplementary Fig. 1).

The TEM-1 gene was cloned into a plasmid (as it occurs in nature)
under its endogenous promoter. Recloning after each round of muta-
genesis confined the mutational drift to the open reading frame of
TEM-1. Our in vitrorandom mutagenesis protocol was optimized for
high reproducibility and was calibrated to obtain, on average, two
mutations per gene per round of mutagenesis. We maintained three
populations of randomly drifting TEM-1 genes: one population
under no selection (Lib0), and the rest under purifying selection at
‘high” and ‘low’ stringencies. Each population, or plasmid library,
was separately mutated, ligated into an empty vector and trans-
formed into E. coli host cells; it then underwent purifying selection:
‘high” selection pressure (250 ugml ™' ampicillin; Lib250; Supple-
mentary Fig. 2), and ‘low’ selection pressure (12.5 pgml~ ' ampicil-
lin; Lib12.5). After growth on selection plates, plasmid DNA was
extracted from the surviving E. coli colonies, and the TEM-1 genes
were subjected to the next round of mutagenesis. Altogether, ten
successive rounds of mutagenesis and purifying selection were per-
formed. Loss of diversity was less than 50% per round, and a diversity
of at least 10 variants per library was maintained throughout.

As expected, a rapid fitness decline was observed in Lib0 (no selec-
tion). The fitness of the selected populations (Lib12.5 and Lib250)
remained unchanged under the threshold of selection, and decreased
above that threshold (Supplementary Fig. 3). Fitness values (W) of
the randomly drifting population (Lib0) were plotted as a function of
the mutational load . These plots showed consistent and significant
deviations from simple exponential decays. This was particularly
true at low fitness levels; indeed, at less than 1,000 ug ml™" ampicillin
the data could only be fitted reliably to equation (2) (Fig. 1). The
‘net’ effect of deleterious mutations accumulating randomly in the
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Figure 1| Negative epistasis underlines the random drift of TEM-1. The
fitness decline of unselected library Lib0 at the highest fitness level

(2,500 ugml ™" ampicillin; filled circles) is exponential and fits equation (1)
with o = 0.371 (lower black line). At the lowest ampicillin concentration
(12.5 pgml '; open circles) the data fit equation (2) well with & = 0.072 and
/= 0.009 (upper black line), but poorly to equation (1) (z = 0.145; broken
line). Error bars represent s.d. for two to five independent measurements of
fitness.

TEM-1 gene was therefore found to be synergistic (> 0; negative
epistasis).

The o and f parameters deduced from fitness decay plots for all
ampicillin concentrations (Supplementary Fig. 4) are plotted in
Fig. 2a. The exponential decay parameter of TEM-1 (&) increased
almost linearly with fitness level. Extrapolating o to zero ampicillin
indicated that the fraction of TEM-1 mutations that are uncondition-
ally lethal is about 7% (Fig. 2a), corresponding to mutations that
severely undermine the stability of TEM-1 or abolish its catalytic
activity. The degree of negative epistasis was tightly correlated with
fitness levels; a higher decline in fitness (larger o values) gave rise to
weaker epistasis (/o) (Fig. 2b). It therefore seems that when high
fitness levels are maintained, the fraction of lethal mutations is also
high (large o, low robustness). However, the remaining fraction of
mutations is largely neutral, and their epistatic potential is minimal
(Bloe = 0). Conversely, under low fitness levels a much larger fraction
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Figure 2 | The correlation between mutational robustness and negative
epistasis. a, The decay parameter o (filled circles) and directional epistasis
plo. (open circles) were extracted from the fitness decline fits of Lib0 for each
ampicillin concentration (Fig. 1, and Supplementary Fig. 4). These
parameters are presented as a function of ampicillin concentration,
corresponding to the fitness levels in our system. The vertical dotted lines
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of mutations is tolerated (small o, high robustness), but these exhibit
large negative epistatic effects (f/a>>0).

In terms of protein stability and function (AAG), the negative
epistasis observed here implies that TEM-1 mutations, on average,
interact in a more-than-additive manner. However, this result does
contradict our current knowledge of proteins. ‘Double mutant
cycles’™® is a commonly used tool to dissect proteins, where the effects
of different mutations on various physico-chemical properties (ther-
modynamic stability, binding affinity or enzymatic rates) are mea-
sured on their own and together®. They therefore comprise a measure
of epistasis. Numerous cycles performed on many different proteins
indicate that the physico-chemical effects of deleterious mutations
(in terms of AAG, or logW) are mostly additive, or less than additive
for interacting residues. Effects that are more than additive are rare
exceptions®. We therefore surmise that the negative epistasis
observed here is the outcome of a non-additive decline in fitness,
in response to additive physico-chemical changes (see also ref. 2).

To examine this hypothesis we assumed that most deleterious
mutations had undermined stability, thereby reducing the levels of
soluble, active protein®'®. We then applied the FoldX® algorithm to
predict the stability changes induced by mutations in the drifting
TEM-1 populations. FoldX analysis indicated that the destabilizing
mutations frequently observed in the unselected library Lib0 were
purged by the purifying selections (Fig. 3a). Initially (as indicated
by sampling of the fifth round), mutations with considerable desta-
bilizing effects (AAG < 6.5 kcal mol ~") could accumulate in Lib12.5,
whereas in Lib250 only mutations exhibiting AAG = 3.5 kcal mol '
were tolerated (a higher AAG value corresponds to more destabiliz-
ing mutations). However, by the tenth round, only weakly destabiliz-
ing mutations (AAG=3.5kcal mol™!) accumulated in both
populations (Fig. 3b).

The FoldX analysis therefore indicated the existence of a ‘neutral’
region in which changes in stability had only a mild effect on fitness,
and, notably, that the width of this region changed with fitness level.
As more mutations accumulated, this threshold was exhausted, and
the tolerance to mutations under both regimes became essentially the
same (Fig. 3b). This analysis is also in line with the finding that the
percentage of tolerated mutations within Lib12.5 was high at the
beginning, and decreased during subsequent rounds (Table 1 and
Supplementary Fig. 5). By the fifth round of LibI2.5, an average of
3.6 non-synonymous mutations per gene had accumulated, whereas
only 1.9 mutations were added over the subsequent five rounds. In
contrast, Lib250 proceeded at a steady rate (2.2 non-synonymous
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show the fitness levels for the purifying selections. b, The correlation
between mutational robustness (higher « values indicate lower tolerance to
mutations, and hence lower robustness) and epistasis. The same correlation
was observed when an alternative measure of epistasis® was applied
(Supplementary Fig. 7).
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Figure 3 | The physico-chemical and fitness changes accompanying
random drifts. a, b, The stability changes induced by 980 mutations
identified in the three drifting populations were individually computed with
FoldX. The calculated AAG values were arranged in 1kcal mol ' bins.
Plotted are the frequencies of all destabilizing mutations found in the fifth
round (a) and tenth round (b) for the unselected library (Lib0, black), and
the two selected libraries (Lib12.5 (blue) and Lib250 (red)). ¢, Our model
surmises that AAG (physico-chemical changes relative to wild type, and in
particular stability) declines linearly with the number of mutations

mutations at the fifth round, and 4.6 at the tenth round). Indeed, the
average numbers of mutations found in Lib12.5 and Lib250 by the
tenth round of selection were nearly identical, despite a 20-fold dif-
ference in the stringency of selection.

It therefore seems that mutational robustness (or neutrality)
should be described with two terms: ‘threshold’ and ‘gradient’ (Fig. 3¢).

A ‘threshold” induces a delay in fitness decline in the face of muta-
tions. The threshold is observed not because the protein is unaffected
by mutation but because the decline in its thermodynamic stability is
buffered and has no immediate effect on fitness'®. As mutations accu-
mulate, however, the threshold is largely exhausted, and a gradient
phase appears in which the fitness declines in parallel with AAG
changes. Because the robustness observed under lower fitness levels
is largely due to a wider threshold, it is also inevitably epistatic (the
fitness toll of later mutations is higher than that of the early ones). In
fact, the manner in which o (robustness) and f (negative epistasis)
correlate in our experiments (Fig. 2b) is in striking agreement with
both theory'' and simulations®. The origins of our observed nega-
tive epistasis, and its correlation with robustness, therefore suggest
that ‘threshold robustness’ is a general phenomenon that goes well
beyond TEM-1.

Two conclusions can be derived from our results and model.

First, proteins may not be as robust as is generally assumed. So far,
experiments have only tested the response to several random muta-
tions and have reported an exponential decline in activity with no
epistasis'®'>". The tolerance to mutations observed in these experi-
ments is therefore likely to contain a major component of threshold
robustness, especially as they were performed at low fitness'™"*'c.
We, too, observed high levels of mutation tolerance under low fitness
levels. Indeed, over the first five rounds of mutagenesis (70% of total
mutations and 55% of non-synonymous mutations; Table 1), only
7% of mutations were unconditionally deleterious. These figures are

Table 1| Sequence data of the TEM-1 libraries
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AAG (kcal mol-1)

AAG(pn)

(AAG,,y x n). However, the decline in fitness W, that accompanies these
AAG changes is nonlinear and comprises both a threshold (dashed two-
headed arrow) that buffers the deleterious effects of mutations, and a
gradient in which fitness declines concomitantly with AAG changes. At high
fitness levels (solid blue line) the threshold is relatively narrow. At low fitness
levels (red line) the threshold widens, giving rise to higher epistasis. A wider
threshold is also predicted for protein variants carrying stabilizing
mutations or global suppressors (dotted line; Supplementary Fig. 6).

in agreement with the common view that the vast majority of protein
mutations are tolerated'®'*". Yet once the stability threshold is
exhausted, tolerance to mutations under the gradient regime is mark-
edly lower and fits the view that most mutations affect fitness'.

Second, our model provides general insights into the origins of
robustness and epistasis, and why the two are interlinked®>"".
Threshold robustness relates to the margin of excess stability and
function that could be compromised with little or no immediate
effect on fitness, and is therefore inherently epistatic. Indeed, a quant-
itative correlation between the threshold (in AAG terms) and dir-
ectional epistasis (/o) has been observed in our system and will be
described in future work. Threshold robustness would be the type
of robustness derived from redundancy at the genome level (for
example duplicated genes)'®, from stabilizing mutations' or from
global suppressors in single genes'® (Fig. 3¢). It has been shown, for
example, that TEM-1 carrying a global suppressor mutation that
increased stability by 2.7 kcalmol™' shows higher robustness rela-
tive to the wild type' (o = 0.042 versus 0.152 for wild type, by equa-
tion (1)). However, when we applied our model (equation (2)), we
also recorded a much higher epistasis (f/a =0.598 versus 0.144;
Supplementary Fig. 6).

Thus, theory and simulations™ have predicted a tight correlation
between robustness and epistasis. Our work provides an experi-
mental verification of this correlation and proposes a mechanism
that accounts for it. Our model implies that any biological system
that exhibits threshold robustness, or redundancy robustness'®, is
inevitably epistatic. In such systems, mechanisms that purge poten-
tially deleterious mutations, such as recombination (through sexual
reproduction and other mechanisms***') are of crucial importance,
as they help to maintain this threshold. In this way, recombination,
threshold robustness and negative epistasis may be interlinked—each
being an inevitable by-product of the other*.

Library Round of No. of variants (base pairs) Total no. of Average no. of mutations  Average no. of non-synonymous Percentage of tolerated mutations
mutagenesis and sequenced mutations detected per gene mutations per gene
selection Total Non-synonymous
LibO 1 10 (8,610) 16 16*+14 111+10
2 21 (18,081) 81 39*x16 267+11
3 5(4,305) 25 50=x0.7 346+0.5
5 17 (14,637) 161 9.5+37 6.55*+26
10 14 (12,054) 290 20.7+28 143*19
Lib12.5 2 16 (13,776) 52 3316 16+12 84% 61%
5 39 (33,579) 255 6.6 3.0 36+17 70% 55%
10 17 (14,637) 171 10.7 £35 55+22 52% 39%
Lib250 2 14 (12,054) 24 17x12 13+09 44% 48%
5 39 (33,579) 193 50x22 22*15 52% 33%
10 18 (15,498) 170 9.4+30 46+22 46% 32%
Where errors are shown, results are means * s.d.
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METHODS

Detailed methods are provided in Supplementary Information.

Library construction and selection. The TEM-1 B-lactamase open reading
frame was recloned (Ncol/Nofl) under the control of its endogenous promoter
into a modified pUCI19 plasmid containing a chloramphenicol resistance gene.
Random mutagenesis was performed by ‘wobble’-base polymerase chain reac-
tion with TEM-I plasmids as template. The protocol was optimized to achieve an
average of two mutations per gene per generation, and a characteristic pattern of
nucleotide exchange (Supplementary Table 2). Plasmid libraries were obtained
by electroporation into E. coli and more than 10° individual transformants were
grown in Luria—Bertani medium in the presence of chloramphenicol. DNA
extracted from these cultures was retransformed into XL-1 Blue E. coli cells
and plated on agar plates supplemented with ampicillin (0, 12.5 or 250 pgml ™ ").
Plasmid DNA from surviving colonies was extracted and served as a template for
the subsequent round of mutagenesis.

Fitness measurements. Several hundred colonies from each library were ran-
domly picked and grown in 96-well plates in the presence of chloramphenicol.
The 96-well plates were replica-plated onto agar plates with the entire range of
ampicillin concentrations (0-2,500 ugml~'). Fitness values (W) were deter-
mined from the fraction of clones that survived each ampicillin concentration
(two to five independent repetitions of this protocol were performed and stand-
ard deviations are presented). The reproducibility of the mutagenesis protocol
was verified by an independent repetition of one round of mutagenesis, indi-
cating a variability within the deviation of the fitness measurements (Supple-
mentary Table 1).

Computation of stability effects. FoldX is a structure-based algorithm that
predicts the AAG values of mutations with considerable fidelity (R = 0.83 for
a data set of 1,030 mutations in 27 proteins)®. We applied the published pro-
cedure, including an adjustment of the calculated values®. A correlation between
the deleterious effect of mutations and their predicted AAG values was also
obtained (Supplementary Table 3).
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