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1 Introduction

In the late 1960s and early 1970s Motoo Kimura introduced the neutral theory of molecular
evolution [1, 2, 3, 4]. According to Kimura, when one compares the genomes of existing
species, the vast majority of molecular differences are selectively ”neutral.” That is, the
molecular changes represented by these differences do not influence the fitness of the in-
dividual organism. Recent discoveries have led to criticism of the dogma of ”neutral”
mutation in protein evolution [5, 6]. Global Suppressor Mutations (GSMs) could play an
important role in this process, aiding our understanding of the potential mechanisms un-
derlying Positive Selection. This is driving a growing interest in compensatory mutations
[7, 5, 8], in addition to the field’s potential for drug development and protein engineer-
ing.GSM research is complicated by the fact that in some studies, second site suppressors
actually rescue more than one mutation and therefore should be more accurately classified
as GSMs. For the purpose of our study we have defined a global suppressor as a mutation
which can rescue mutations at more than one site, whereas second site suppressors appear,
at least on the basis of current data, to rescue only one mutation. In addition, GSMs by
default are not deleterious and have only a minor effect on protein function. We would
suggest the adoption of these terminologies as a basis for future work. Although numerous
mutagenesis experiments have been conducted, this field of research is at a very early stage
and thus we know very little about intramolecular epistatic interactions between mutations.
Although many studies have been devoted to obtaining a clearer view of how mutations
can compensate for others [9, 10, 11, 12], the exact mechanisms remain poorly understood,
especially within a more evolutionary context. GSMs provide a rather complex framework
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for studying epistatic interactions but are capable of providing an indication of the means
by which the rescue of deleterious mutations might occur. Here we focus on the physico-
chemical and structural analysis of GSMs and potential insights into the properties of
intramolecular epistatic interactions. We attempt to provide a classification and overview
of GSMs. We have characterised GSMs in terms of (i) the inherent nature of the amino
acid change, and (ii) structural context. We compared the physico-chemical properties of
GSMs with random point mutations and rescued mutations. Further statistical testing is
required to determine clustering of GSMs or rescued mutations (RMs) relative to random
mutations in the given protein set. We also try and clarify why definitive results are diffi-
cult to obtain on the basis of data currently available, and provide a framework for future
research.

2 Data

2.1 Collection of GSM-Data

One of the major goals of our work was to classify GSMs according to their properties and
to study how these relate to the respective rescued mutations. Although it is suggested
that GSMs act through different mechanisms we were hoping to find evidence for the ways
in which GSMs may interact with their given rescued mutations. To this end we compared
GSMs with rescued and random mutations, for a set of different properties. GSMs were
extracted from ”ISI web of science”, ”google” and ”pubmed” via the following keyword
searches: GLOBAL SUPPRESSOR, MUTATION, COMPENSATORY and RESCUE. As
this is a field which lacks standardized terminology, all resulting literature was carefully
reviewed to produce a pre-selection subset. From this subset, only proteins with 3D struc-
tures (pdb-files) were carried through for study. In total 11 Proteins were found to fulfil
all the necessary criteria. Our final data-set comprised 19 GSMs and 54 RMs

2.2 GSM data-set

Firstly we collated a summary table (figure 1) to gain an overview and classify GSMs
according to their effects on stability, functions and folding. Secondly, a standard xml-
file-editor (oxygen) was used to set up the xml-data file (figure 2). We prepared a small
parser routine in order to load the xml-file into matlab to allow full functionality within
the matlab environment.
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Protein PDB Paper Seq. length GSM RM stability activity aggregation /
folding

Note CATH

Alpha-Amylase 1BLI Joyet et. 
al

483 
residues

209 164, 165 x alpha beta (from 
inspections)

Beta-lactamase 1BTL Huang 
et al.

263 
residues

182 47,48,(69),
76

x x x alpha beta

Lambda 
Repressor

1LMB
1J5G

Hecht et 
al.

92 residues 48, 34 15, 35, 77 x also 
complex & 
with 
knowledge 
based model

GSM just 
with RM 
combination.
..dodgy

mainly beta

p22 coat 
Protein

1GP8 Aramli 
et al. 

40 residues 
(?)

163, 
166, 
170

223, 353, 
174, 108, 
294, 282

x just binding 
domain is 
known in 
NMR

mainly alpha (from 
inspections)

p22 tailspike 1TYU schuler/
betts/
fane/
simkovs
k/Baxa/
seckler

554 
residues

331, 
334

207, 232, 
365, 202
------------
326, 359, 
391, 177,  
232, 238, 
244, 250, 
258, 309, .
323, 

x x mainly beta

Global Suppressor Classification

p53 2OCJ Baroni/
Bullock/
Jörger

219 
residues

235, 
239, 
240, 
284, 
168, 
239, 
268

245, 273, 
249, 143...

x x x mutant 
structures 
are known

alpha beta (from 
inspections)

Staphylococcal 
nuclease

1STN
1EYD

Shortle
/Hecht?

149 
residues

124, 66 too much mainly betaq

T4 Lysozyme 4LZM Poteete 164 
residues

68, 89, 
140, 
151, 
16, 93

?,
26,156,129,
99,98,158,..
.

x mainly alpha

Tyrosine 
Phosphatase 
LAR

1LAR Tsai Toh 
streuli

575 
residues

1446 1329, 1362, 
1368, 1387, 
1486

Alpha Beta

Viral capsid 
protein

1GWP Yang 
Aiken

151 
residues

105 54, 92 just N-Term. 
or C-Term 
struct.

not available

Yeast Iso-1-
cytochrome c

1YCC Berroter
an

108 
residues

52 6, 29, 33 x (x) Mainly alpha

Figure 1: Overview and classification of GSMs
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Figure 2: Snapshot of GSM xml file

Here we provide a short overview of the 11 proteins found.

The first protein in the table is α-Amylase. α-Amylase is a glycoside hydrolase enzyme
with a total lack of activity in the absence of calcium. By acting at random locations
along the starch chain, α-Amylase breaks down long-chain carbohydrates. In animals, it is
a major digestive enzyme. One GSM was found to suppress two RMs in this protein and
this may be linked to stabilization [13] (Figure 3).

Figure 3: alpha-Amylase: GSM in blue and RMs red

TEM1-Beta-lactamase, which is also an enzyme, is produced by some bacteria, being re-
sponsible for their immunity to beta-antibiotics. These antibiotics have a common element
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in their molecular structure: a four-atom ring known as a beta-lactam. The lactamase
enzyme breaks this ring open, deactivating the molecules antibacterial properties. Here a
GSM was found on residue 182. One of the main mechanisms of action for this GSM is
believed to be via the folding pathway, although other effects on stability and activity have
also been also reported [14, 15, 16] (Figure 4).

Figure 4: beta-lactamase: GSM in dark blue, RMs in red, orange active site and blue
critical site

Lambda Repressor, also known as cl protein is a repressor found in λ phages. An integral
part of the λ-Repressor, cI turns off transcription at the phages L and R promoters. The life
cycle of lambda phages is controlled by cI and Cro proteins and cI acts to prevent multiple
phages from infecting a single host. The lambda phage will remain in the lysogenic state
if cI proteins predominate, but will be transformed into the lytic cycle if Cro proteins
predominate. Two GSMs have been reported and here it is suggested that they suppress
the RM by introducing additional DNA contact - therefore enhancing activity [17] (Figure
5).
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Figure 5: Lambda Repressor: GSM in blue and RMs red

The tailspike protein (TSP) of Salmonella typhimurium phage P22 is a part of the appa-
ratus by which the phage attaches to the bacterial host and hydrolyzes the O antigen. It
has served as a model system for genetic and biochemical analysis of protein folding and
is therefore well known. There are two GSMs reported which probably act via enhanced
folding, although stability issues may play a role as well [18, 19, 20, 21, 22] (Figure 6).

Figure 6: TS Protein: GSMs in blue and RMs red

p53, also known as protein 53 (TP53), is a transcription factor that regulates the cell cycle
and hence functions as a tumor suppressor. p53 has been described as ”the guardian of
the genome”, referring to its role in conserving stability by preventing genome mutation
[23]. There are several GSMs reported for this protein. In addition, three-dimensional
structures of the mutants are available thus making this protein a particularly interesting
candidate for further GSM studies [24, 25, 26, 27] (Figure 7).
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Figure 7: p53: GSMs in blue and RMs red

The nuclease of Staphylococcus areus, a calcium ion-activated enzyme that attacks the
phosphodiester bonds of both RNA and DNA, consists of a single chain of 149 amino acid
residues [28]. Two GSMs were identified and several RMs. Since this is a relatively small,
well-studied protein, it is well suited for further investigation [29, 30, 31].

The function of lysozyme is to hydrolyse the (1-4) glycosidic bond between residues of N-
acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) in certain polysaccharides.T4
lysozyme can only hydrolyze substrates that have peptide side chains bonded to the polysac-
charide backbone. The polysaccharide cell wall of Escherichia coli has a peptide chain co-
valently bonded to the lactyl chain of NAM. About 6 GSMs have been reported and some
of them may enhance the stabilisation of the protein [32, 33, 34, 35].

LAR is a transmembrane receptor-like protein tyrosine phosphatase (PTP). Genetic studies
of Drosophila LAR suggest that LAR may function to regulate cell adhesion or adhesion-
mediated signal transduction[36]. A GSM in position 1446 was found to suppress 5 muta-
tions at different sites [37].

The viral capsid protein with an implicated GSM is one of several capsid proteins produced
by HIV[38, 39]. A GSM was found to suppress two sites but since only the N-Terminus or
C-Terminus are available separately it is difficult to asses the effect of the mutations.

Cytochrome c, or cyt c is a small heme protein found loosely associated with the inner
membrane of the mitochondrion. It is a soluble protein, unlike other cytochromes, and is
an essential component of the electron transfer chain. It is capable of undergoing oxidation
and reduction, but does not bind oxygen. It transfers electrons between Complexes III
and IV. It is suggested that the GSM found acts via stabilization but improved folding or
avoidance of aggregation could also be a possibility [40] (Figure 8).
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Figure 8: cyt c: GSMs in blue and RMs red

3 Methods and Results

3.1 Mutation properties

In our study we described the changes attributable to each given GSM/RM using a series
of amino acid properties including volume change, hydrophobicity, and secondary struc-
ture, amongst others. This was driven by the hypothesis that modified physico-chemical
properties are linked to a change in protein function, stability or folding i.e. there is a
relationship on a physico-chemical level between each GSM and its given RM. Below, we
discuss the fact that this is not a simple relationship (see below and Theory).

3.2 Randomization

To construct a reference set, we compared the GSM and RM with a random base line.
This was conducted by substituting the wild-type amino acid at the place of the GSM or
RM to a random residue. For all properties, such as polarity or volume this difference
was taken as the random reference, in order to allow comparison of data-sets. To get a
fair set this randomisation process was repeated for 100 replicates in order to generate a
comparison distribution. With this random distribution conclusions about biases or trends
in the original GSM/RM data-set can be obtained. Because for structural analyses only
the position of the amino acids in the proteins are important, the base data-set of 19 GSMs
and 54 RMs was used. For the physico-chemical analyses such as volume or hydrophobicity
differences, modifications of 42 amino acids for the GSMs and 192 for the RMs respectively
were utilised. This different size of the data-set result from the fact that for a given GSM
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or RM there might be different substitutions happening at the very same location. In case
of secondary structure the real frequencies of alpha helices and beta sheets were calculated
from the pdb-file annotation since the structure files were available.

3.3 Physico-chemical properties

3.3.1 Venkatarian

We conducted a general and all-inclusive analysis of the properties of our given amino
acid substitutions based on publicly available descriptors for the 20 naturally occurring
amino acids [41]. This data comprised a multidimensional scaling of 237 physical-chemical
properties, resulting in a five-dimensional property space. Distances computed for pairs of
amino acids in this space are highly correlated with corresponding scores from similarity
matrices and 3D structure comparisons.

Figure 9: The Matrix used for distance calculations in the 5 dimensional space. Figure
taken from [41].

Therefore we hypothesize that measurement of the distance of a GSM to its native state
in this five-dimensional property space may aid our understanding of the relationship be-
tween GSMs, RMs and random mutations. For each GSM, RM and random mutation, the
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distance of the mutant j and the non mutant i amino acid was calculated as follows.

di,j =

√√√√ 5∑
µ=1

(
√

λµEµ
i −

√
λµEµ

j )2 (1)

where j and i refer to the according amino acid (figure 9) given the GSM, RM or random
substitution.

The overall distribution is shown in figure 10. We also tried different eigenvectors and
combinations without notable results (fig. not shown).

Figure 10: distance di,j =
√∑5

µ=1(
√

λµEµ
i −

√
λµEµ

j )2 computed for GSM, RM and
random mutations. Values taken from [41]. Mean (red line) is also shown.

3.3.2 Side-chain volume and hydrophobicity

We hypothesize that changes in amino acid properties provide an indication of the intrinsic
effect on protein function. For example, mutations with large volume changes are more
likely to result in loss of stability, loss of function or aggregation [42]. However, we fo-
cused on the physico-chemical analysis of changes induced by mutations with regards to
hydrophobicity (taken from water/octanol measurements ∆ ∆ G [43]) and molecular vol-
ume [44]. These descriptors have been described and used elsewhere [45]. As one can see in
figure 11 there is only a small difference in the distribution of RMs and random mutations.
However, there is a clear signal in the case of GSMs compared to the random distribution
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of GSMs (further statistical tests are required for confirmation). The data suggest that
it is not very likely to observe neutral volume changes in GSMs. This requires further
investigation. With regards to polarity, no obvious differences can be seen although there
may be be a small shift towards nonpolar substitutions in the GSM data set (here also,
statistical analyses remain to be conducted).

Figure 11: polarity difference: polarity parameter differences taken from water/octanol
measurements ∆ ∆ G [43]. Mean (red line) and standard deviation (dotted line) are also
shown.
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Figure 12: volume difference: side chain volume differences of wild type amino acid to
mutant. Values taken from [44]. Mean (red line) and standard deviation (dotted line) are
also shown.

3.4 Structural properties

3.4.1 Helix/Sheet count

As shown by Huang et al. [46], the stability of mutants is highly dependent upon the shape
and flexibility of the protein. This previous work showed that secondary structure and
solvent accessibility are a significant indicator for protein stability. Hence we investigated
secondary structure and in particular, induced changes for our GSM/RM dataset. Whilst
functionality is most likely to be affected through mutations in an active site and these
compensatory mutations are neglected via analysis of Helix/sheet properties alone, we
nevertheless feel that secondary structure is an important aspect to address. Therefore we
calculated the frequency of global suppressor mutations located in helix structures versus in
sheet structure. The same was conducted for the rescued mutations and a general frequency
for both motifs were calculated from the pool of proteins available. Since beta-sheets are
more vulnerable, we expected to see more RMs in betasheets than in helix motifs. However,
this was not observed in our dataset and in fact, in contrast, more GSMs are found in helix
structures than the average would have suggested.
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Figure 13: Helix/Sheet count: frequencies and mean

3.4.2 Solvent accessibility

The fitness impact of a given mutation is related to its structural context [12, 33, 47].
This analysis is also important with regards to protein evolution as seen in [48]. It is
known that in general, mutations which occur on the surface i.e in exposed locations
are less destabilizing than those located within protein cores due the fact that they are
located in a more complex residue-residue network [49]. We hypothesize that RMs should
occur more frequently in the core since they, by definition, require rescue via a GSM.
We therefore analysed the protein in its given native structure and calculated the relative
accessibility values, which correspond to the observed residue accessibility value of a given
amino acid, divided by its maximal accessibility (carried out on an extended tripeptide
model). All accessibility computations were conducted using the NACCESS (Hubbard,
S.J. and Thornton, L.M. (1993) Dep. of Biochemistry and Molecular Biology, University
College London) program with default parameters.

We found that most of the RMs are indeed located in buried locations. However, random
distribution of the residues shows a very similar trend since the protein is in a folded state.
But by looking at the differences between RMs and the random distribution in the observed
proteins, we find more RMs in the protein core. Hence, interestingly, we found that the
distribution of GSMs seems to differ from that of both random and rescued mutations. In
the scatter plot of the GSMs versus RMs of the according accessibility no obvious pattern
could be observed beside the shift to buried location of the RMs.
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Figure 14: Relative Solvent Accessibility: RM, random RM, GSM and random GSM. These
values were calculated using the NACCESS program with default parameters. Mean (red
line) is also shown.

Figure 15: Relative Solvent Accessibility: GSM versus RM plot. Calculation of the Solvent
Accessibility was conducted with the NACCESS program with default parameters.

3.4.3 Three Dimensional Distances

A question of particular interest was the distance in three dimensional space between a
GSM and its associated rescued mutation. In brief, the distances were calculated in Pymol
for all the proteins in native structure. The resulting histogram (figure 16) shows no trend
in long or short range rescuing. The maximum distance was measured as 29.4 A and the
minimum as 5.9 A. We hypothesized that GSMs may act through a variety of mechanisms
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including folding (which would be associated with long distances) and stability (which
would, in contrast, be associated with short distances).

Figure 16: 3D distance between GSM and RM was computed using the python interface
of Pymol with a small script. Distances were taken from Cα to Cα measurements for the
given residues. Mean (red line) and standard deviation (dotted line) are also shown.

3.5 Combined Properties Analysis

Finally, for each property, we plotted the differences in values for the GSM versus its
associated rescued mutation (figure 17). No obvious clusters or patterns could be observed
(not all data shown, see Appendix).
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4 Theory and Conclusion

Aggregation and stability play important roles in protein evolution and in organismal
and cellular function. Since deleterious mutations affect aggregation and stability, they
constrain the evolutionary dynamics of proteins. Missense mutations can either stabilize
or destabilize protein structure. This effect on stability is calculated as the change in free
energy ∆ ∆ G. This value often has the same range as ∆ G itself ( 0.5-5 kcal mol-1)
[50, 51, 33, 52, 53, 54, 55, 56]. Only extreme mutations, for example the introduction of a
polar residue into a hydrophobic protein core are likely to destabilize the protein by more
than 5 kcal mol-1. Similarly, aggregation rates are affected. In some cases destabilization is
linked to aggregation, resulting in unfolded molecules (20,25). In other cases aggregation is
observed but without affecting the stability of the protein [57, 58, 59, 60, 61, 14, 62, 63, 64].
In a final, smaller class, point mutations can affect functionality through being located in
the active site even if stability and folding are maintained.

For the correct function of a protein, it needs to optimise two conflicting design principles:
stability and flexibility. A protein’s function is largely dependent on its mechanical flexi-
bility which is linked to its stability. An increase in stability could mean a loss of activity
[65, 66, 67, 68, 16, 69, 35]. Therefor mutants can be constructed with a lower free energy
than wild type but at the cost of activity.

Clearly protein function, stability and aggregation are intrinsically linked with significant
implications for our understanding of protein mutation and more specifically GSM. There
is a strong interaction between Stability, Activity and Aggregation/Folding. These three
vectors define our virtual protein space (linear space) and as in previous work [5], we assume
that mutations are pleiotropic at the biochemical level, and simultaneously affect stability,
aggregation and activity. Therefore to study mutations, including compensatory ones,
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it is crucial to focus on these parameters to understand the mechanisms underlying the
evolution of mutations. Due to our current lack of understanding regarding how physico-
chemical properties affect our given vectors, we assume that it is not (yet) possible to draw
explicit conclusion from analysing these properties alone. Because a given physico-chemical
property might affect all three dimensions it is difficult to ascertain which direction in our
virtual space the protein is taking.

Figure 17: An illustration of the tolerance volume (could be any shape) and given mutation
vectors. Deleterious mutations (d) and GS mutations are shown as arrow vectors resulting
in a vector which remains within the tolerance volume.

It has been proposed that natural selection acts in these three dimensions, resulting in the
protein shifting within our virtual space wherein each point represent a protein-sequence in
time. Mutation in the protein sequence may therefore affect the protein stability, activity
or aggregation and hence lead to a movement within the space and thus making a difference
to the fitness of the protein. As long as this vector associated with a given mutation does
not cause the protein to move outside a certain tolerance volume (fitness drops to a certain
level) the mutation is likely to be fixed in the population. In contrast, mutations resulting
in a shift outside this tolerance volume are deleterious (d). GSMs now, by definition, act
to keep the protein within the tolerance space and have the potential to rescue several
deleterious mutation. This is equivalent to adding two vectors (the sum of the deleterious
mutation plus the GSM) with the result that the protein is still located within the tolerance
zone. In this model we see that a GSM is linked to its rescued mutation by the vector
in our three dimensional space. To find a compensatory mutation we have to know the
vector of our deleterious mutation and then it may be possible to suggest a potential space
of rescue. This theoretical construct represents a multidimensional extension of previous
work [5], which addressed the fixation of mutations over time linked to one dimension,
namely stability alone.
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This extension thus allows us to explain how a GSM might interact with its rescued muta-
tion and how in the past many GSMs have potentially been maintained during evolution.
Since proteins are not necessarily optimized in either folding, stability or activity, the re-
sulting flexibility in our three dimensional space is important to allow protein evolution
and also mechanisms like GSM. Therefore we suggest the investigation of GSM via this
vector-space and deeper analysis of stability, folding and activity. To date, the assessment
of protein stability in silico has been proven to be challenging due to the high demands
on processing power. With continuing advances in algorithm design and computational
capacity, real progress is possible within the nearterm.

Figure 18: Levels of influence and analysis for future projects

We suggest that subsequent studies should include a deep statistical analysis of physico-
chemical properties to provide a clearer picture of the distribution of GSMs and RMs.
For the analysis of folding, activity and stability a program of particular interest is FoldX
[70], which was designed to study exactly this aspect, namely the effect of intramolecular
epistasis on stability. It operates on the basis of atomic force fields and is optimized
for the mutation analysis of proteins (machine learning was used to perform forcefield
optimization). The output of the program comprises the total free energy change, relative
to the wild type in kcal.mol-1, as well as a breakdown of the change into a set of empirical
energy terms (all in kcal.mol-1). Therefore we would suggest the computation of the
stability effect of a given GSM in order to obtain one of the components of our vector. The
folding/aggregation effect of a GSM is very hard to estimate, in addition to simulation being
almost impossible with current technology, particularly for larger proteins. Nevertheless
we believe, in the case of small proteins, it may be possible to analyze the effect of a
GSM on the folding landscape and free energy through MD (GROMACS) in the near
term. This would provide information of great interest in a general sense but also more
specifically, the second component of our vector for mutation effects on folding funnel [71].
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The most challenging task is probably the assessment of the effect of a given mutation on
protein activity. To our knowledge, only a small number of software packages are available
in this area at present (Cerius2) and functionality is limited. In conclusion, progress in
the availability and means of analysis for all three levels of effects is required, including
new methodologies for dealing with physico-chemical data. In particular, integration at
the internal interface of each layer (figure 19) to provide a combined view would aid our
understanding of how a given GSM may interact with its respective RM. In addition to
these theoretical constructs, further empirical data is essential. Only with these data in
hand will we begin to understand the full stability, aggregation and activity effects of
mutations [5, 72, 16].
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Figure 19: Matrix used to produce the scatter plots. Further information on parameters
http : //www.genome.jp/aaindex/.
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