Proteins at the edge: How protein activity and stability correlate to fitness
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Changes in protein structure at the atomic level are the basis for protein evolution and
are critical for adaptation. Continuous evolution of bacterial populations can be used to
determine mutational pathways and adaptive mechanisms of increased fitness during natural
selection. A more precise understanding of the biophysical origins of fitness is central to
predicting evolutionary outcomes.

In vitro biophysical analysis of the five double-mutant enzymes correlates to in
vivo fitness. Folding studies show a general trend of decreased unfolding rate compared to
Q199R, with the exception of A193V which also exhibits increased folding rate. Activity
assays that monitor ADP production reveal that higher activity at specific temperatures
correlates with the success of the strains at their respective temperatures. The activity
profiles correspond so closely to the success of the mutants over the range of temperatures

that activity may serve as a proxy for fitness. Crystal structures of the mutant enzymes reflect

a diverse set of mechanisms by which stability is increased and activity is maintained.
Together, these mutants illustrate both great and subtle adaptations produced through the
smallest unit of evolutionary change.

ackground

In the ‘weak link’ approach, a functional and essential gene within the chromosome
of the organism is replaced by a maladapted ortholog. A weak link was created by replacing
the native adenylate kinase (adk) gene of Geobacillus stearothermophilus, a thermophile,

with that of Bacillus subtilis, a mesophile, to produce the strain NUB3621-R:ThEV. Adenylate

kinase is essential to adenylate homeostasis within the cell (Figure 1). Introducing the weak
link into G. stearothermophilus produces a temperature-sensitive phenotype unable to
survive at higher temperatures that would otherwise be habitable (Figure 2). Within a

population undergoing selection for growth at higher non-permissive temperatures (Figure 3),

mutations in adk facilitate growth by increasing enzyme activity and stability. The initial
mutant, Q199R, rose to fixation and served as the background for all double-mutants that
followed (Figure 4).
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Figure 1. The Weak Link Adenylate Kinase (AK) is essential to maintain adenylate
homeostasis, the energy charge the cell uses to do work.
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Figure 2. of NUB3621-R:ThEV cells
Chloramphenicol is used to select for recombination events that replaces the
endogenous adk.

increased 0.5 °C/day to 70 °C. sequenced.
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Figure 3. Ct lution in a i Figure 4. Frequency of AK mutants in the
The progenitor strain was grown for 48 hrs at 55 °C turbidostat as a function of temperature.
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Activity
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Effect of substrate concentration on the initial velocity of ADP production at various temperatures.

in its ability maintain activity

The success of a particular ion is
where others fail.

Q199R/Q16L is the only mutant isolated at 70 °C. It is also the only mutant with
significant activity at 70 °C.

Stability

Unfolding of the mutant AK proteins were monitored by
changes in circular dichroism at 220 nm. All mutants

howed i ility compared to Wild-Type
B. subtilis AK.
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Straying from Michaelis-Mente! tics
Sigmoidal (yet not cooperative) kinetic curves
are observed at 65 and 70 °C for all mutants
except Q199R/Q16L.
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Conclusio

Crystal structures of mutants display different stabilization mechanisms that
include new electrostatic interactions (Q199R), stabilization of the C-terminal helix
(G213E and G214R), and nonpolar packing (Q16L and T179I).

Kinetic studies reveal activity profiles that correspond closely to success of the

mutants in the turbidostat. Can activity be used as a proxy for fitness in

simulation?

Kinetics of on the precipice of ility stray from Michaelis-Menten
kinetics. Can we model the sigmoidal kinetics?
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