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Evolutionary entrenchment in immune proteins selects

against stabilizing mutations
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Characterizing the evolutionary mechanisms responsible
for phenotypic traits and functional outcomes is a challeng-
ing task, as evolutionary processes act within a complex
and dynamic network of interactions leading to extant
organisms and natural systems. The case of molecular
evolution is no exception, as molecular processes are also
part of a web of intricate causal relationships. For the
case of proteins, however, the situation is more promising.
This is due to our ability to measure protein biophysical
properties like folding kinetics and energetics (1, 2) and a
mature understanding of the theory of protein folding (3, 4).
Additionally, by experimentally probing the enormous, but
discrete, mutational space, information about stability and
function may be revealed, hence allowing concrete avenues
for scientific exploration of evolutionary processes when
combining experimental findings with evolutionary data for
homologous systems. Taken together, all these factors con-
stitute a framework to tackle the problem of evolutionary
characterization in a more systematic way. The implications
of achieving a more accurate description of the effects of
mutations and its role in evolutionary history are significant,
as many protein systems are involved in fundamental
processes of life or have direct implications for health and
disease.

One example of this is protein STO0A9, which in humans
contributes to innate immunity by activating Toll-like re-
ceptor 4 (TLR4), which, in turn, associates with NF-xB and
other pathways to promote proinflammatory activity (5, 6).
Although a complete description of all functional mecha-
nisms of ST00A9 has not been determined, this calcium-
binding protein is thought to use a hydrophobic surface
region to interact with TLR4 and modulate proinflammatory
activity (5, 7). In a recent study in PNAS, Harman et al. (8)
investigate the evolution of this family of proteins and, in
particular, how the human homolog (hS100A9) is affected
by a single site mutation that provides stability upon calcium
binding. Intriguingly, this mutation leads to a loss of proin-
flammatory activity. This mutation was first identified when
the same group used ancestral sequence reconstruction
(ASR) to propose candidate ancestors of hST00A9 (9). They
found that a mutation at the sequence position 63 from
its original methionine (M) to a phenylalanine (F), (M63F
hereafter), renders the protein nonfunctional even though
phenylalanines has existed at that site in ancient homologs
of this protein. The team set to identify the mechanistic
causes that make this mutation disruptive, albeit inducing
stability. Fig. 1 provides an overview of the biophysical and
phenotypical observations that Harman et al. uncovered
upon M63F mutation on S100A9 and the experimental and
computational framework utilized to provide evidence for
these observations. One of their initial observations was that
M63F has a negligible effect on the protein energetics when
S100A9 is in its apo state. The situation changes drastically
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when larger concentrations of calcium are used. By using
unfolding energy measurements and equilibrium unfolding
with circular dichroism (CD), they found that M63F is in-
deed significantly more stable than the wild-type sequence.
The mutant required a higher concentration of urea to
unfold, possessed slower unfolding kinetics, and was more
resistant to proteolysis. Given that the cellular environment
is calcium-rich, they reasoned that such acquired stability
could, in fact, be disruptive for proinflammatory activity, and
more concretely, it might affect the interaction with TLR4.
To provide support for this hypothesis, they performed
hydrogen-deuterium exchange (HDX) experiments and 3D
nuclear magnetic resonance (NMR) to identify dynamic 3D
coordinates of the mutant and analyze how hydrophobic
surfaces in the protein changed upon mutation. They
unveiled how this mutation has a structural effect on the
organization of helices 3 and 4 of the protein (see H3 and
H4 shown in Fig. 1).

This reorganization was manifested in the compaction
of a hydrophobic patch that presumably interacts with
TLR4. M63F induces a reduction in the angle formed
between H3 and H4. The angle decreased from 68° to
38°, leading to a smaller exposed hydrophobic region. In
order to reveal the causes of such structural and biochemi-
cal change, they turned to residue-residue interactions near
position 63. They realized that residue 37, which is also a
phenylalanine, formed a tighter interaction with position
63, potentially forming an edge-face z-stack. Using this
as their leading hypothesis for stabilization, they decided
to do a series of mutational experiments to characterize
the 63-37 pair. They found that mutating position 37 to
leucine abolishes the stabilization introduced in M63F. They
provided conclusive support to this claim by doing HDX
and chemical denaturation experiments (see Fig. 1). Having
established that positions 63 and 37 form a “molecular
staple,” Harman et al. questioned whether such stabi-
lizing interaction leads, in fact, to a loss of functional
activity. The group did this by probing NF-xB activation
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Fig.1. The S100A9 M63F mutant leads to stabilization and loss of function. A mutation at position 63 in hS100A9 stabilizes a calcium-bound conformation. This
stabilization is due to a “molecular staple” that arises between positions 63 and 37. This interaction leads to a reduction of a hydrophobic patch that disrupts
association with TLR4 and ultimately abolishes proinflammatory activation. Evolutionary analysis reveals that this interaction has been negatively selected in

the ST00A9 clade, presumably due to its deleterious effect in function.

via the STO0A9-TLR4 interaction using a luciferase reporter
assay. They concluded that, introducing aromatic-aromatic
interactions leads to a disruption in proinflammatory
activity.

It is clear that this collection of observations and their
corresponding experimental support provides a rigorous
and detailed biophysical picture of the deleterious effect
of this stabilizing mutation. However, it still left open the
question whether effects could also be present in members
of the S100A9 clade or in any of their ancient relatives. To
tackle this question, Harman et al. analyzed the statistics of
the members of the ST00A9 clade as well as the sequences
of other members of the family. Although they found that
phenylalanines at positions 63 and 37 have been observed,
they are statistically underrepresented as a pair in the
S100A9 clade. Given that this phenomenon is not observed
in other homologs, e.g., ST00A8, S100A12, or MRP-126,
they concluded that the acquired role of STO0A9 in innate
immunity constrained these two positions to negatively
select this pair. This is one example of a phenomenon
called entrenchment in the field of molecular evolution (10),
whereby a site which allowed a particular amino acid in a
given position in the past is now constrained to avoid such
mutation once a novel functional constraint has appeared.
In this case the stabilization provided by M63F in the holo
state of the protein has been avoided for the ST00A9 clade
as it disrupts its role in proinflammatory activities. For the
case of ancient homologs, this restriction is not present,
and the statistics of simultaneous aromatic residues at
positions 63 and 37 are only driven by drift. As these
effects cannot be captured by analyzing the site statistics
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in an independent way, these observations provide further
evidence of the importance of epistasis in protein evolution
and function (11).

The work of Harman et al. provides a rare view of
the intricacies of molecular evolution. The availability of
powerful experimental tools like CD, HDX, and 3D NMR
as well as the access to evolutionary data and analysis
techniques has boosted the potential to clearly characterize
the effects of specific mutations in an evolutionary context.
Research in providing concrete experimental cases at evo-
lutionary phenomena like entrenchment and evolvability
(12), among several others in the field, includes recent work
by Ding et al. (13) in toxin/antitoxin systems. Moreover,
theoretical work thatlearns from extant sequences provides
insights into context dependence in evolution, and epistasis
(11, 14) shows promise in modeling these phenomena in a
generalized way. Although much further work is still needed,
disentangling evolutionary dilemmas, e.g., evolution against
stability, using the lens of biophysics has proven a promising
approach (15). This type of work supports our view of
evolution as a multilayered phenomenon, where a large
number of constraints on different dynamic structures,
their partners, and their context must be accounted for
to disentangle the mechanisms of function. As Dobzhansky
stated, “Nothing in biology makes sense except in the light
of evolution” (16).
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