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Exploring the interplay of stability and
function in protein evolution

New methods further elucidate why protein stability is necessarily so tenuous and

stability-increasing mutations compromise biological function.

Gustavo Caetano-Anollés1)2)� and Jay Mittenthal2)3)

A new split b-lactamase assay promises experimental

testing of the interplay of protein stability and function.

Proteins are sufficiently stable to act effectively within

cells. However, mutations generally destabilize structure,

with effects on free energy that are comparable to the

free energy of folding. Assays of protein functionality

and stability in vivo enable a quick study of factors that

influence these properties in response to targeted

mutations. These assays can help molecular engineering

but can also be used to target important questions,

including why most proteins are marginally stable, how

mutations alter structural makeup, and how thermodyn-

amics, function, and environment shape molecular

change. Processes of self-organization and natural

selection are determinants of stability and function. Non-

equilibrium thermodynamics provides crucial concepts,

e.g., cells as emergent energy-dissipating entities that

do work and build their own parts, and a framework to

study the sculpting role of evolution at different scales.
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Introduction

Proteins change gradually, usually by accumulation of amino
acid substitutions. An average protein with �300 amino acid
residues, if mutated, defines a permutational space of possible
sequences that is far more than astronomical (�10321–10469) [1].
As expected, only a minute fraction of possible sequences have
materialized in the �4 billion-year-long history of life (�1032).
This exploration of sequence space has resulted in the discovery
of the �1200 protein folds that are known. These folds are
highly ordered three-dimensional structures that define the
shape of the protein molecules and embed all known biological
functions. While natural proteins generally fold into well-
defined structures and are associated with clearly defined func-
tions, they are only marginally stable, with free energies of
folding in the range 20–60 kJ mol�1 [2]. In fact, mutations
generally destabilize structure with effects on free energy that
are comparable to the free energy of folding. The interplay
between the search for stable fold structures in sequence space
and the discovery and maintenance of useful functions seems
of crucial evolutionary significance. Its exploration by exper-
imental means is a fundamental endeavor.

A recent and ingenious split b-lactamase method that
selects for antibiotic resistance and stable proteins now pro-
vides a way to explore this interplay without requiring that we
know the structure of a protein [3]. The method exploits the
tolerance of the TEM-1-b-lactamase enzyme of Escherichia coli
to host the insertion of a ‘‘test protein’’ fragment in a loop on the
surface of the enzyme [4]. If the test protein is stable enough to
bring the halves of a b-lactamase enzyme together so that they
can associate effectively, the E. coli cells will be resistant to b-
lactam antibiotics (Fig. 1). If the stability of the test protein is
compromised by mutation, the two b-lactamase halves will not
associate and the bacterial cells will be less resistant to the
antibiotic, unless mutations induce structural change that still
keeps the ends of the b-lactamase halves together. Foit et al. [3]
discovered that there was a striking correlation between anti-
biotic resistance and thermodynamic stability of mutated test
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proteins over a sevenfold range of penicillin V concentrations
and over a 10–30 kJ mol�1 change in free energy of protein
stability. This correlation was consistently recovered
when studying mutant variants of toxin-binding immunity
protein 7 (Im7), cytochrome b562, human granulocyte colony-
stimulating factor, and maltose-binding protein, which were
generated by error-prone PCR. Remarkably, in these studies,
mutations that enhance thermodynamic stability of Im7 map to
surface residues involved in the binding of the protein to its
cognate toxin (colicin E7). This observation reveals how evol-
utionary constraints imposed by the interaction of Im7 and E7
compromise the stability of Im7.

The method identifies stabilizing mutations in target
proteins and complements a host of other strategies.
However, its generic and quantitative properties are rivaled
by two other approaches, the Proside in vitro selection method
[5] and the green fluorescent protein (GFP) folding interference
assay [6, 7]. The Proside method inserts a repertoire of protein
variants between the N-terminal and C-terminal domains of
the gene-3-protein (g3p) of the filamentous phage fd [8]. Since
infectivity of the phage is lost if the insert is unstable and is
degraded, rounds of in vitro proteolysis, infection, and phage

propagation can be used to enrich for those
protein variants that are most stable. The
GFP reporter assay uses a C-terminal fusion
to evaluate the success of the folding of an
upstream-fused polypeptide. Fluorescence
of the GFP fusion is positively correlated
with folding of the target polypeptide.
Cycles of mutagenesis and selection for
directed evolution can make use of this
feature to engineer protein variants with
increased solubility, finding mutations that

for example reduce disease-linked peptide aggregation.
However, truncation artifacts can affect measurements of
folding and solubility. Mitigating these effects require the
use of novel GFP insertion reporters with circular permu-
tations [9]. Both approaches have been successfully used in
directed evolution applications. Interestingly, Proside was
used to select for mutants of TEM-1-b-lactamase that have
increased folding stability and optimize the packing of helical
segments in the protein [10].

The assay of Foit et al. [3] has potential to analyze the
effects of mutation not only on functionality and thermodyn-
amic and kinetic stability, but also on general structural
makeup of the fold and on biophysical properties such as
solubility and hydrophobicity. Many folds tolerate a number
of secondary-structure embellishments that are sometimes
associated with changes in function [11]. It would be valuable
to study how embellishments affect both stability and func-
tion. Since protein expression appears to be linked to stability,
the method can also be used to enhance expression levels in
protein engineering [12]. This link suggests that the quality
control machinery of the cell and the proteostasis network that
guarantee the correct folding of proteins [13] are needed for

Figure 1. The split b-lactamase method. Test proteins with different mutations are
inserted into TEM1-b-lactamase. Mutations on the test protein can either decrease its
stability or make the reporter non-functional. Cellular proteases that are part of the quality
control machinery of the cell will then degrade the poorly folded or unstable complexes,
decreasing the resistance of the bacterial host to antibiotics. Plating transformed bacterial
cells on an antibiotic dilution series and calculating the maximal cell dilution that allows
growth can assay antibiotic resistance levels. Protein stability measured as difference in
free energy (DDGo

UN) between mutant and wild-type test proteins is assayed with
biophysical methods such as equilibrium denaturant titrations or unfolding kinetics
measured by stop-flow fluorescence [3].
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protein turnover and are important determinants of biological
function. Genetic selection approaches such as the split b-
lactamase assay can be used to study how the molecular
components of quality control and proteostasis impact protein
evolution in microbial or eukaryotic organisms. Similarly, the
effects of biotic and abiotic stress, or even lifestyle, on protein
stability can be assayed. This could clarify for example the
molecular adaptations in microbes and other organisms that
make them capable of living in extreme environments [14].

Function, stability and design

Since the interplay between stability and functionality is cru-
cial for the effective design of proteins, one might try to
increase both the stability of an enzyme and its catalytic
activity. However, Foit et al. [3] found that most mutations
that increase stability occurred at the active site of one of the
proteins they tested, Im7. Thus, functionality compromises
stability, at least in this case. This trade-off helps to explain
why most proteins are marginally stable. Recent protein
‘‘resurrection’’ experiments also manifest the interplay of
function and stability [15]. The sequence of an ancient
vertebrate glucocorticoid receptor, an important steroid hor-
mone-regulated transcription factor, was inferred by phyloge-
netic reconstruction. This protein was then biochemically
synthesized, expressed in cultured cells, and its structure
analyzed by X-ray crystallography. Remarkably, the history
of mutations recapitulating the evolution of the receptor’s
hormone specificity showed that some mutations repositioned
crucial residues for receptor-ligand and intraprotein inter-
actions but were destabilizing. These initial changes of
large phenotypic effect were then followed by mutations that
stabilized the new function [15]. A provocative suggestion to
increase the potential of these kinds of experiments is to test
resurrected proteins using the split b-lactamase strategy,
avoiding the limiting crystallographic step. The assay could
also improve our ability to engineer proteins. It might be
possible to evolve a test protein within cells and, in response
to an extracellular signal, have the cell insert the test protein
into the antibiotic resistance protein, so the assay could be
performed. Investigators could then test the function and
stability of the protein during its evolution in situ. This pro-
cedure might be used to modify an enzyme so it performs a
novel but related function, or to see how changes in the
intracellular milieu affect protein stability.

To appreciate the interplay between stability and function-
ality more deeply, note that functionality influences the fitness
of an organism. Fitness is the net rate of reproduction, birth rate
minus death rate. The stability of a system’s state measures the
tendency to return to that state after a perturbation. A protein is
mutationally stable if its minimum free energy (mfe) shape is
maintained despite diverse neutral mutations. It is thermody-
namically stable if its mfe shape is maintained over a wide
range of environmental conditions. It is kinetically stable if it
has fewways tomisfold, i.e. it strongly tends to fold into themfe
shape [16]. Stability does not depend on functionality. Thus, the
assay for stability of Foit et al. [3] measures the tendency of a
wild-type or mutated protein, active or inactive, to retain its
native shape in an intracellular environment.

To design macromolecules, for a specified sequence of mono-
mers, it helps to have models to compute the low-lying free
energy levels, the corresponding repertoire of shapes, and the
energy landscape of transitions between shapes that charac-
terizes the kinetics of folding. Such models are available for
predicting RNA secondary structure (here shape) – the pattern
of local base pairing in an RNA molecule [17]. Using these
models, Ancel and Fontana [18] examined the interplay
between fitness and stability, by modeling the evolution of
RNA shape. The fittest phenotype was a target shape. Because
the Boltzmann distribution determines the probability of
occurrence of a shape, RNA molecules spend more time in
shapes with lower free energy. So, selection for the target
shape favors mutants having that shape more often because
they have lower energy. These mutants also have lower
plasticity – fewer thermally accessible shapes, most of which
resemble the target shape. During selection, the variability of
shapes under point mutation also decreases; most mutants
with one or two point mutations fold to nearly the target
shape. Thus, evolved RNAs lock into the target shape, with
relatively low plasticity and variability.

It is likely that this scenario also describes the evolution of
proteins. Natural proteins can accumulate mutations and still
fold into stable structures. This supports Kimura’s theory that
much of protein evolution is neutral [19]. Models of protein
folding show that a funnel in the energy landscape directs
folding into a protein’s native shape, which is robust to
environmental change [20, 21]. Since protein stability pro-
motes mutational robustness [22], a feature that has been
experimentally verified with variants of subtilisin and TEM-
1-b-lactamase, the link between stability and tolerance to
mutation can be used to study neutral evolution of proteins
and can be derived directly from mutational changes in free
energy [23]. In this regard, the methods here described provide
tools to test mathematical theories of how thermodynamics
shape neutral protein evolution [23]. For example, the split b-
lactamase strategy could be used to test if indeed neutral
evolution leads to marginally stable proteins.

Models to compute low-lying free energy levels, shapes,
and energy landscapes are not available for many real
proteins. Computational methods for inferring the tertiary
structure of a protein from its sequence give accurate results
for about 60% of sequenced proteins. Molecular dynamics
(MD) methods allow simulation of protein folding, ligand
binding and catalysis, and stability of a protein. However,
available algorithms limit the long MD simulations needed for
these purposes. Attard [24] has offered a new non-equilibrium
statistical mechanics and thermodynamics, based on tran-
sition entropy, ‘‘the number of molecular configurations
associatedwith a transition betweenmacrostates in a specified
time’’ ([24] p. 74). This formalism offers new, more efficient
methods for MD simulation and shows that commonly used
equations of motion are unphysical.

Conclusions

Experiments and models of protein evolution can be used to
explore the trade-off between protein functionality and
stability. While the assay of Foit et al. [3] provides an
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additional tool to close the gap between theory and exper-
imentationwithin a cellular framework, the work of Attard [24]
shows that non-equilibrium statistical mechanics may
provide new methods for designing proteins. Non-equilibrium
thermodynamics (NET) may help to answer questions about
the trade-off: why does it occur? What determines the balance
between functionality and stability? Are such tradeoffs more
widespread?

To address these questions, let us look at an organism from
the perspective of NET. An organism is an engine that converts
energy from a gradient of free energy into work. The work
is used to build and run the organism’s structure, which
performs tasks sufficient for its survival. Energy-dissipating
macromolecules, such as template-directed synthesizers of
nucleic acids and proteins, perform work and build more
parts. Such an engine is called a self-organizing or emergent
dissipative system – an EDS. As the engine operates, it pro-
motes the flow of energy down the free energy gradient,
dissipating it, and producing entropy [25].

In an organism, macromolecules self-organize, as in the
folding of a protein to a stable shape. However, to perform an
energy-dissipating function such as catalysis, a macromol-
ecule must be able to change shape; it must not be too stable
[14]. This balance between functionality and stability may
maximize the conversion of free energy to work within organ-
isms, thereby maximizing their fitness. Organisms compete
with each other and with other EDS for energy from gradients.
Organisms are self-reproducing EDSs; fitter organisms, with a
greater net rate of proliferation, garner a greater share of the
available energy, and dissipate gradients faster. The rate of
entropy production depends on the fitness and the number
of organisms, and on their size. It has been demonstrated
empirically and justified theoretically that diverse EDSs have
a maximal entropy production rate [26].

The preceding argument suggests that at levels of organiz-
ation higher than individual macromolecules, from multimo-
lecular assemblies to cells and multicellular organisms,
marginal stability of the functional state may balance self-
organization and flexibility. Similarly, Kauffman [27] proposed
that gene regulatory networks operate at a boundary balancing
order and chaos. NET may provide ways for calculating such
balances, and to understand evolution more generally [28].

Acknowledgments
We acknowledge helpful discussions with Elbert Branscomb
and the National Science Foundation (MCB-0749836 to GCA)
for ongoing support. Any opinions, findings, and conclusions
and recommendations expressed in this material are those of
the authors and do not necessarily reflect the views of the
funding agencies.

References

1. Caetano-Anollés G, Wang M, Caetano-Anollés D, et al. 2009. The
origin, evolution and structure of the protein world. Biochem J 417:
621–37.

2. Fersht AR. 1999.Structure andMechanism in Protein Science. New York:
W. H. Freeman.

3. Foit L, Morgan GJ, Kern MJ, et al. 2009. Optimizing protein stability
in vivo. Mol Cell 36: 861–71.

4. Galarneau A,PrimeauM, Trudeau L-E, et al. 2002. b-Lactamase protein
fragment complementation assays in vivo and in vitro sensors of protein-
protein interactions. Nat Biotechnol 20: 619–22.

5. Martin A, Schmid FX, Sieber V. 2003. Proside: a phage-based method
for selecting thermostable proteins. Methods Mol Biol 230: 57–70.

6. Waldo GS, Standish BM, Berendzen J, et al. 1999. Rapid protein-folding
assay using green fluorescent protein. Nat Biotechnol 17: 691–5.

7. Waldo GS. 2003. Genetic screens and directed evolution for protein
solubility. Curr Opin Chem Biol 7: 33–8.

8. Sieber V, Pluckthun A, Schmid FX. 1998. Selecting proteins with
improved stability by a phage-based method. Nat Biotechnol 16: 955–60.

9. Cabantous S, Rogers Y, Terwilliger TC, et al. 2008. New molecular
reporters for rapid protein folding assays. PLoS ONE 3: e2387.

10. Kather I, Jakob RP, Dobbek H, et al. 2008. Increased folding stability of
TEM1 beta-lactamase by in vitro selection. J Mol Biol 383: 238–51.

11. Reeves GA, Dallman TJ, Redfern OC, et al. 2006. Structural diversity of
domain superfamilies in the CATH database. J Mol Biol 360: 725–41.

12. Wiseman RL, Kelly JW. 2009. Evolving protein stability through genetic
selection. Mol Cell 36: 730–1.

13. Balch WE, Morimoto RI, Dillin A, et al. 2008. Adapting proteostasis for
disease intervention. Science 319: 916–9.

14. Fields PA. 2001. Protein function and thermal extremes: balancing
stability and flexibility. Comp Biochem Physiol A 129: 417–31.

15. Ortlund EA, Bridgham JT, Redinbo MR, et al. 2007. Crystal structure of
an ancient protein: evolution by conformational epistasis. Science 317:
1544–8.

16. Fontana W. 2002. Modeling ‘evo-devo’ with RNA. Bioessays 24:
1164–77.

17. Schuster P. 2010. Genotypes and phenotypes in the evolution of mol-
ecules. In Caetano-Anollés G, ed; Evolutionary Genomics and Systems
Biology. Hoboken: Wiley-Blackwell. pp. 123–52.

18. Ancel LW, Fontana W. 2000. Plasticity, evolvability, and modularity in
RNA. J Exp Zool 288: 242–83.

19. Kimura M. 1987. Molecular evolutionary clock and the neutral theory.
J Mol Evol 26: 24–33.

20. Taverna DM, Goldstein RA. 2002. Why are proteins so robust to site
mutations? J Mol Biol 315: 479–84.

21. WroeR,Bornberg-Bauer E,ChanHS. 2005. Comparing folding codes in
simple heteropolymer models of protein evolutionary landscapes: robust-
ness of the superfunnel paradigm. Biophys J 88: 118–31.

22. Bloom JD, Silberg JJ, Wilke CO, et al. 2005. Thermodynamic prediction
of protein neutrality. Proc Natl Acad Sci USA 102: 606–11.

23. Bloom JD, Raval A, Wilke CO. 2008. Thermodynamic of neutral protein
evolution. Genetics 175: 255–66.

24. Attard P. 2009. The second entropy: a general theory for non-equilibrium
thermodynamics and statistical mechanics. Annu Rep Prog Chem Sect C
105: 63–173.

25. Cottrell A. 1979. The natural philosophy of engines. Contemp Phys 20:
1–10.

26. Niven RK. 2009. Steady state of a dissipative flow-controlled system and
the maximum entropy production principle. Phys Rev E Stat Nonlin Soft
Matter Phys 80: 021113.

27. Kauffman SA. 1993. The Origins of Order. Oxford: Oxford University
Press.

28. Hoelzer GA, Smith E, Pepper JW. 2006. On the logical relationship
between natural selection and self-organization. Evol Biol 19: 1785–94.

G. Caetano-Anollés and J. Mittenthal Prospects & Overviews....

658 Bioessays 32: 655–658,� 2010 WILEY Periodicals, Inc.

R
e
c
e
n
tl
y
in

p
re
s
s


