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A large body of work has gone into understanding the effect of

mutations on protein structure and function. Conventional

treatments have involved quantifying the change in stability,

activity and relaxation rates of the mutants with respect to the

wild-type protein. However, it is now becoming increasingly

apparent that mutational perturbations consistently modulate

the packing and dynamics of a significant fraction of protein

residues, even those that are located >10–15 Å from the

mutated site. Such long-range modulation of protein features

can distinctly tune protein stability and the native

conformational ensemble contributing to allosteric modulation

of function. In this review, I summarize a series of experimental

and computational observations that highlight the incredibly

pliable nature of proteins and their response to mutational

perturbations manifested via the intra-protein interaction

network. I highlight how an intimate understanding of

mutational effects could pave the way for integrating stability,

folding, cooperativity and even allostery within a single physical

framework.
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Introduction
Mutations in proteins occur via multiple well-understood

molecular mechanisms primarily at the level of DNA

contributing to variability in the population. Such vari-

ability is the cornerstone of evolution as functionally

advantageous mutations get fixed in the presence of a

selection pressure. Decades of work on mutations have

revealed rich information on protein conformational

behavior, binding site identities and thermody

namics, folding mechanisms and allostery. In parallel,

understanding and modeling mutational effects has tre-

mendous implications in not just designing proteins with

enhanced solubility, stability, and catalytic efficiency, but

also to understand evolutionary trajectories of proteins,

enzyme evolvability and the contribution of mutant phe-

notypes to organismal fitness [1–5]. Numerous avenues

are currently available to engineer proteins ranging from

charge-charge interactions on the protein surface [6] to

directed evolution [7] and saturation mutagenesis-based

approaches [8,9].

A ‘neutral’ mutation is conventionally defined as a per-

turbation that has little effect on the organismal fitness

(say, functioning of a protein or survival of the organism).

However, the same mutation in conjunction with muta-

tions at other sites can have a positive or a negative effect

on the fitness landscape. How is this epistatic character-

istic enabled? It is important to realize that the interior

(surface) of a protein is a highly unique environment

determined by the unique protein sequence with specific

packing (electrostatic/polar) interactions. Therefore, any

perturbation from a mutation is expected to be complex,

as it would involve an abrupt reorganization of the evo-

lutionarily tuned interaction network. In fact, it is well

recognized in the field of protein NMR that mutations

manifest as non-trivial effects on chemical shifts and

order parameters of a majority of residues in the protein.

However, there is an apparent disconnect between an

NMR view of mutational effects (complex changes in

multiple terms) and studies that merely quantify the

change in stability or folding rate of the mutant compared

to the wild-type. In this review, I highlight and summa-

rize some of the recent developments towards resolving

this apparent conflict and how a mere consideration of the

intra-protein interaction network provides a convincing

rationale with several testable predictions.

Mutational effects propagate beyond the
firstshell of interactions
A reductionist approach in viewing proteins is to treat

protein residues as nodes and the intra-protein interac-

tions as edges [10]. When the edges are perturbed, either

by deletion or by modulation of their strengths, the

network properties are modulated not just in the imme-

diate neighborhood but also at longer distances [11�]
(Figure 1a). Such propagation and dissipation (used

Available online at www.sciencedirect.com

ScienceDirect

www.sciencedirect.com Current Opinion in Structural Biology 2019, 54:1–9

mailto:athi@iitm.ac.in
https://doi.org/10.1016/j.sbi.2018.09.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sbi.2018.09.004&domain=pdf
http://www.sciencedirect.com/science/journal/0959440X


strictly in an equilibrium sense with no kinetic connota-

tion) of perturbations with increasing distances from the

source of perturbation is a robust feature of networks [12].

True to this expectation, point mutations in CI2 [13],

Ubiquitin [14], T4 lysozyme [15], SSo7d [16], Staphylo-

coccal nuclease [17�] and Protein L [18] all contribute to

persistent modulation of chemical shifts, hydrogen-

exchange protection factors or dynamics almost through-

out the entire structure (for example, see Figure 1b, c).

Such long-distance coupling of residues can affect catal-

ysis in enzymes as shown through single-point and dou-

ble-point mutations (>15 Å from the active site) in dihy-

drofolate reductase that modulate the rate of hydride

transfer by up to three orders of magnitude [19,20]. By

measuring chemical shift perturbations (CSPs) of b1-

adrenergic receptor upon mutations and ligand binding,

Grzesiek and coworkers identified that both the structural

perturbations propagate to long distances determining

the functionally relevant motions of the transmembrane

helices [21�]. A study on Cyclophilin A, a peptidyl prolyl

cis–trans isomerase, reported a 30% reduction in the rate

of isomerization upon a conservative V29L mutation

located nearly 15 Å away from the active site [22�]. While

the activity modulation is minor in Cyclophilin, a 1000-

fold increase in phosphotriesterase activity could be

engineered in a bacterial lactonase by ‘tinkering’ with

mutations in the second-shell of the active-site residues

[23�]. Such extreme behaviors and context-dependence

could be a manifestation of the robustness of the intra-

protein interaction network to perturbations wherein the

network readjusts to accommodate a residue by altering

the dynamics and packing of distant residues. It also

suggests that multiple mutations might be required in

a protein-specific manner to irreversibly alter the interac-

tion network or the correlated motions and hence the

functional output.

The fact that distal mutations can alter activity (to vari-

able extents) raises questions on whether this is an

intrinsic response of proteins to structural perturbations

due to the fluid-like nature of the protein interior [24].

True to this expectation, a global analysis of 25 mutations
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Mutational effects are consistently felt over long distances with evidence available from varied approaches. (a) Average changes in network

connectivity, quantified by betweenness centrality (CB), plotted as a function of mean Ca-Ca distance from the mutated site from a ‘toy’ model of

Ubiquitin that treats protein residues as nodes and their interactions as edges [11�]. (b) Experimental chemical shift perturbations on mutations

mapped on to the structure of SNase (L125A; [17�]) and Ubiquitin (L43A; [14]), respectively. (c) Residues whose NMR order parameters are

affected (green) on core mutations of residues shown in yellow in CI2 [13]. Reprinted with permission from Ref. [13], Copyright (2008), American

Chemical Society. (d) Experimental chemical shift perturbations as a function of distance from the mutated site for specific ubiquitin mutations

[11�,25�]. (e) Mean absolute changes in van der Waals packing interactions (ordinate in kJ mol�1) for seven core substitutions in ubiquitin plotted

as a function of distance from the mutated site from all-atom MD simulations (circles) together with an exponential fit (red) [11�]. (f) A cartoon

representation of how perturbation of a residue (red) affects not only its first-shell neighbors (blue and interactions as black arrows) but also the

neighbors of neighbors (green and interactions as white arrows).
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