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Predicting the effect of a single amino acid substitution on the stability of a protein structure is a
fundamental task in macromolecular modeling. It has relevance to drug design and under-
standing of disease-causing protein variants. We present KINARI-Mutagen, a web server for
performing in silico mutation experiments on protein structures from the Protein Data Bank.
Our rigidity-theoretical approach permits fast evaluation of the effects of mutations that may
not be easy to perform in vitro, because it is not always possible to express a protein with a
specific amino acid substitution. We use KINARI-Mutagen to identify critical residues, and we
show that our predictions correlate with destabilizing mutations to glycine. In two in-depth case
studies we show that the mutated residues identified by KINARI-Mutagen as critical correlate
with experimental data, and would not have been identified by other methods such as Solvent
Accessible Surface Area measurements or residue ranking by contributions to stabilizing
interactions. We also generate 48 mutants for 14 proteins, and compare our rigidity-based
results against experimental mutation stability data. KINARI-Mutagen is available at
http://kinari.cs.umass.edu.

Keywords: Protein rigidity; mutations; stability prediction.

1. Introduction

In this paper, we present KINARI-Mutagen, a web application for performing
computational mutation experiments using rigidity and flexibility analysis.

I Corresponding author.
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Mutations in proteins. A mutation in a protein’s amino acid sequence can have
deleterious effects on its stability and function. A number of diseases result from
single point mutations. Hence knowing their effect can be used to guide the design of
drugs aimed at combating those disorders. To predict and better understand the
roles of mutations, the genetic information that codes for the amino acid sequence of
a protein can be altered, and the expressed mutant proteins can be analyzed to infer
the impact of the specific mutation. Such studies are aided by several widely used
molecular biology techniques, such as site-directed mutagenesis.! Unfortunately,
such experiments are often labor- and time-intensive. The possible number of
mutants that can be made from even the smallest proteins makes exhaustive
mutagenesis studies impractical. For example, 2019 mutants can in principle be
engineered for a 100-residue protein using the 20 naturally occurring amino acids.

Rigidity analysis of proteins. Flexibility information can be obtained through
several computational methods. Here we focus on rigidity analysis as implemented in
our software KINARI,? which calculates the rigid regions of a protein structure. The
premise is that the protein’s function is directly correlated with its distribution and
sizes of rigid clusters, and destabilizing any of them will have an observable effect.
Rigid clusters are groups of atoms whose pair-wise distances are determined by inter-
atomic interactions, such as covalent bonds, angle constraints, and other types of
interactions (e.g. hydrogen bonds). KINARI uses an efficient combinatorial algor-
ithm to quickly compute the rigid clusters, and does not rely on expensive all-atom
energy calculations. Figure 1 shows the identified rigid regions in the protein lyso-
zyme from bacteriophage T4.

Fig. 1. Rigidity analysis performed on Lysozyme from bacteriophage T4 (PDB ID 2zlm). The color
bodies indicate clusters of atoms that are rigid, as identified by an efficient pebble game algorithm.
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Our contribution: KINARI-Mutagen. We extend KINARI to generate mutant
protein structures and analyze their rigidity. We present here the first release of this
new tool, KINARI-Mutagen. Its ultimate goal is to identify destabilizing mutations.
This first version demonstrates that even the simplest type, a mutation to a glycine
(called here an excision), yields valuable information.

In an excision, a mutated residue has the hydrogen bonds and hydrophobic
interactions of its side-chain removed from the molecular model on which rigidity
analysis is performed. This is a simplified version of a mutation to a glycine.
KINARI-Mutagen can be used to answer two types of questions: (1) will mutating a
residue in a protein destabilize it, or (2) given a protein, which residues could
destabilize a protein if mutated? The stability of a protein is modeled in our software
with rigidity theory. We demonstrate our software’s usefulness in two case studies,
which show that the mutated residues identified by KINARI — Mutagen as critical
correlate with experimental data, and would not have been identified by other
methods such as Solvent Accessible Surface Area measurements or residue ranking
by contributions to stabilizing interactions.

2. Background and Related Work

Here we review previous work that addressed the effect of mutations on the structure
of a protein. We briefly introduce rigidity analysis, and we summarize previous
rigidity-stability studies. We sketch how the KINARI software models proteins.

2.1. Mutations affect protein structure and function

Deoxyribonucleic acid (DNA) contains the instructions on how amino acids should be
joined during protein synthesis to make a protein. If there is an error in the process, the
resulting amino acid sequence may differ from the most common sequence of amino
acids, which is designated the wild-type version of that protein. A protein with
mutations is called a mutant. Mutant proteins contribute to many genetic diseases. For
example, single point mutations in the cystic fibrosis transmembrane conductance
regulator protein lead to the development of cystic fibrosis. In the protein a-galactosi-
dase, there are over 190 single point mutations that lead to development of Fabry
Disease.® Thus understanding the effect of point mutations is of biomedical importance.
A mutation in the amino acid sequence can inhibit the protein’s function. Alber
et al.* have found that temperature-sensitive mutations often occur at residues which
are structurally important. Similarly, a mutation at a residue location that plays a
crucial role can render a protein inoperative.” However, because not all mutations are
equally disruptive, it is important to know how a mutation will affect the protein.

2.2. Predicting the effects of mutations

One way in which the role of a residue substitution can be directly studied is by
mutation experiments in the physical protein. Matthews et al. have designed and
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analyzed many mutants of lysozyme from the bacteriophage T4. When core residues
in lysozyme were substituted by alanine, an analysis of the crystal structures
revealed that the unoccupied volume in some of the mutants underwent a collapse,
while other mutants formed an empty cavity.® Residues of T4 lysozyme with high
mobility or high solvent accessibility were shown to be much less susceptible to
destabilizing substitutions. The authors concluded that residues that are held rela-
tively rigidly within the core of the protein make the largest contribution to the
protein’s stability.” The magnitude of the contributions of various substitutions to
the thermodynamic stability of proteins can be directly measured. Substitutions
result in destabilization of up to 2.7 to 5.0 kcal/mol.?

Although the studies by Matthews and others provide precise, experimentally
verified insight into the role of a residue based on its mutation, such studies are time-
consuming and often cost-prohibitive. Moreover some mutant proteins cannot be
expressed, due to dramatic destabilization caused by the mutation, and so only a
small subset of all possible mutations can be studied explicitly. To address this,
computational and analysis techniques have been proposed.

In computational experiments by Lee and Levitt,” the side-chains in each of 78
structures of mutant proteins were perturbed. A heuristic energy measure, E_,., was
used to predict the stability of each protein, and compared to known activity data.
10 estimated the folding free energy changes upon mutations using
database-derived potentials, and concluded that hydrophobic interactions contrib-
ute most to the stabilizing of the protein core. Similarly, Prevost et al.t
molecular dynamics simulations to study the effect of mutating Barnase residue
Isoleucine 96 to alanine, and predicted that the major contributions to the free
energy difference arose from non-bonded interactions.

Gilis and Rooman

have used

Machine learning and statistical methods have also been developed to help predict
the effects of mutations. Cheng et al.'? used Support Vector Machines to predict with
84% accuracy the sign of the stability change for a protein induced by a single-site
mutation. However, their online tool MUpro only outputs whether a mutation is
expected to stabilize or destabilize a protein, and does not provide data that can be
used to rank residue mutations based on their impact on the protein’s stability. Also,
data of amino acid replacements that are tolerated within families of homologous
proteins has been used to devise stability scores for predicting the effect of residue
substitutions,'® which has been extended and implemented into an online web ser-
ver.'* Tt is not clear, however, how the use of environmental substitution data to
devise a score for the effect of a mutation is appropriate if no such data exists, or if a
newly discovered protein has few homologues.

Thus, progress has been made in predicting the effects of mutations on protein
stability. However, many such methods rely on computationally intensive energy
calculations or are not able to infer the role of a single amino acid in stabilizing a
protein’s structure. To complement these already existing methods, we seek to apply
rigidity concepts to the computational prediction and analysis of the stability of
mutant protein structures.

1242010-4



Using Rigidity Analysis to Probe Mutation-Induced Structural Changes in Proteins

2.3. Rigidity based protein flexibility: Background

L1 Lo

Jacobs et al.”” and Thorpe et a
using a different type of pebble game (bar and joint). They studied HIV-1 protease
and correlated the rigidity results with the known mechanical properties of the
molecule. Rader et al.'” simulated a thermal unfolding of rhodopsin, and introduced
the dilution analysis method. It identifies a folding, which was correlated with
experimental results. More recent work with rigidity theory investigated possible
motions and structural stability. However, none of the existing studies used rigidity
analysis to try to predict the effects of mutations.

were the first to apply rigidity analysis to proteins

2.4. Mechanical modeling of proteins

Originally, rigidity theory was applied to protein models obtained by associating a
network of nodes (atoms) connected by rigid bars, corresponding to bonds and other
stabilizing interactions. The study of rigidity and flexibility of these bar-and-joint
frameworks has a long history going back to the 19th century, when a simple
counting rule was identified by James Clerk Maxwewll.®

We use a different modeling with three-dimensional structures called body-bar-
hinge frameworks.*® This is associated to molecules as follows: an atom together with
its covalently bonded neighbors forms a body. A rotatable covalent bond shared
between two such bodies acts as a hinge. Hydrogen bonds can be modeled with
combinations of hinges and bars. An example is shown in Fig. 2.

2.5. Pebble game rigidity analysis

To a body-bar-hinge framework we associate a graph, with a node for each body,
an edge for each bar, and five bars for each hinge. The pebble game algorithm
decomposes this graph into clusters which correspond to rigid components in the
framework.

The algorithm starts with six pebbles on each vertex of the graph, considers the
edges one at a time, and accepts or rejects them. To be accepted, an edge must have

(a) (b) (c) (d) (e)

Fig. 2. Methane (a) is rigid because all pair-wise distances between atoms are fixed (b). In ethane (c), a
carbon atom (gray) and its bonded neighbor atoms form a rigid body. The two bodies share a hinge along
the center C—C bond, shown as an abstract body-bar-hinge framework (d). A protein’s peptide units are
modeled as rigid bodies (e).
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at least seven pebbles distributed somehow on its two endpoints. If not enough
pebbles are present, an attempt is made to collect them using a depth-first search
approach. An accepted edge consumes one pebble. As more edges are accepted, they
are grouped into rigid components. The algorithm ends when all edges have been
considered. Formal proofs can be found in Ref. 20, and a Java applet demonstrating
the algorithm is available at http://linkage.cs.umass.edu/pg.

3. System Description and Analysis Tools

KINARI-Mutagen investigates how different residues affect the rigidity and stability
of a protein. Analyzing a protein involves four phases: (1) downloading and curating
a PDB file, (2) performing excision to generate mutants, (3) analyzing the rigidity
of each mutant, and (4) aggregating the results to help the user identify critical
residues. KINARI-Mutagen provides a direct link to KINARI-Web,? for down-
loading a PDB file. Chains, ligands and water molecules in the protein can be
retained or removed, and covalent and non-covalent interactions are identified.
The KINARI Mutation Engine generates mutants. It performs a simple compu-
tational mutation, where a residue is converted to a glycine. For the purpose of
performing the rigidity analysis, it is not necessary to alter the positions of, or remove,
atoms. Instead, it suffices to remove the side-chain’s hydrogen bonds and hydro-
phobic interactions from the protein’s molecular framework. This functions in our
model like the removal of a side-chain. Subsequent versions of the Mutation Engine
will permit increasingly advanced mutation functions. Because rigidity analysis is
efficient, many generated mutant protein structures can be analyzed quickly.

PDE File and Covalent Bonds
All Hydrogen Bonds except w residue 3
All Hydrophobics excapt w residue 3

i

Download / Curate PDB Structure File Perform Excision - Perform Rigidity Analysis | |Analyze Rigidity Results
v  Tavaire Hunia Mutation Engine, v 1.0
FDE File = Computationally mutate Rigidity Analysis is Rigidity Resuits for the
b 1 Hlysmei Hinds desired residue(s) to a Performed on each mutant proteins are
o —— TN Hydrophabics. glycine, by removing from mutant, to identify summarized; aggregate
d& 2 cadRs = — the which parts of the h_plutn sreganamthd,
3 C ARG atem1 atom 35 representation their side pratein are rigid, b art“'e ‘f“d.;° identify
User Enters PDB ID atom 56 atom 7 chain atoms, A R R
Using Quick-Start Dimsiied and
L clean PDE fila Calculate Interactions

PDB File. along with identified
cowvalent, Hydrogen bonds, etc.

Fig. 3. KINARI-Mutagen downloads a PDB file, perform excision to generate mutants, analyze their
rigidity, and aggregates the rigidity results. The generated plots and metrics provide information about
which residues are critical in maintaining the protein’s rigidity. Shown here is the procedure for performing
excision on residues 3, 7 and 28 to generating three mutants.

Number, Distribution, Sizes,
Locations, etc, of rigid bodies
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GLU, 13 GLU, 13 GLU, 13

ARG, 3 ARG, 5 W‘b 5

(a) No excision (b) Excision on Residue 3 ) Excision on Residue 5

Fig. 4. KINARI-Mutagen simulates mutating a residue to glycine by removing its side-chain hydrogen
bonds and hydrophobic interactions from the molecular model. (a) In the wild-type of PDB file 2PM1, two
hydrogen bonds (light green bars) and two hydrophobic interactions (blue bars) exist among residues 3, 5,
and 13. (b) Excising residue 3 removes the hydrophobic interactions that it forms with residue 5. (c)
Excising residue 5 removes the hydrogen bonds between residue 5 and 13 and the hydrophobic interactions
between residue 5 and 3.

We demonstrate the excision process on a fragment of human a-defensin 1
(Fig. 4). When excision is performed on residue 3, the hydrophobic interactions
between it and residue 5 are removed from the molecular framework [Fig. 4(b)].
When excision is performed on residue 5 [Fig. 4(c)], then the hydrogen bonds and
hydrophobic interactions that it engages in are removed.

In the third phase, the KINARI software is invoked to perform rigidity analysis on
each mutant. Detailed descriptions of the rigidity calculation and modeling options
are described in Ref. 2. When rigidity analysis is complete, an integrated Jmol-based
visualizer is used to inspect the rigid regions of each mutant.

In the final stage of KINARI-Mutagen, the rigidity results for each of the mutants
are aggregated. Information about critical residues can be inferred from several of the
generated plots. Although this version of KINARI-Mutagen does not automatically
predict which residues are critical, the Largest Rigid Cluster vs. Excised Residue plot
(Fig. 6) designates a critical residue threshold, which is the average size of the largest
rigid body for all of the analyzed mutants. Residues whose in silico mutation to a
glycine causes the largest rigid body to decrease in size to below this threshold, are
easily identified.

4. Case Study — Crambin

To demonstrate KINARI-Mutagen, for the first case study we generated and ana-
lyzed mutants of Crambin [PDB file lcrn, Fig. 5(a)], a 46 amino acid plant seed
protein, whose crystals diffract to ultra-high resolution.?*

The cartoon representation and rigidity results for two generated mutants of
Crambin are shown in Fig. 5. The wild-type protein has a large rigid cluster [brown,
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(a) (b) (c)

Fig. 5. KINARI-Mutagen was used to analyze Crambin (a) The largest rigid cluster of the wild-type
protein (b) can be compared to the rigidity results of a mutant (c) to determine the effect of the mutation.

Fig. 5(b)]. Viewing the rigidity results of a mutant can be used to infer the impact of
the mutation on the protein’s rigidity. When excision was performed on residue 10,
an arginine, [Fig. 5(c)], the size of the largest cluster decreased, and the number of
clusters increased, when compared to the wild-type.

We wanted to know if KINARI-Mutagen could identify critical residues.
KINARI-Mutagen uses the SurfRace program® to calculate the Solvent Accessible
Surface Area (SASA)?® of each residue. A residue that is not exposed to the solvent
has a low SASA value, measured in A% Residues closer to the surface of a protein
have higher SASA values, and completely buried residues have a SASA value of 0.

Several residues in the core of Crambin had a pronounced effect on the protein’s
predicted rigidity when they were mutated (residue 3 for example). Similarly, many
residues (7, 15, and 28) that are solvent accessible, when mutated, had little effect on
the largest rigid cluster. These findings were not surprising, because residues on the
surface of a protein are not expected to help maintain a protein’s stability.* However,
the software was able to identify critical residues on the surface of the protein that
affected the protein’s rigidity when mutated to a glycine.

We inspected the Largest Rigid Cluster and SASA wvs. Excised Residue plot
(Fig. 6), to identify critical residues that could not be located by using the SASA
calculations alone. Of the 11 mutants that had largest rigid clusters below the critical
residue threshold, eight of them (residue 2, 10, 17, 35, 36, 40, 41, and 44) had SASA
values in the wild-type protein that were well above zero. Of these eight, 4 are known
to be identical among viscotoxin A3 and «;-purothionin,?’ while another 3 of them
were conserved among two of these three homologous proteins. Only residue 44, with
a SASA value of 70, was identified as critical, but which is not conserved among the
three homologues.

One may hypothesize that KINARI’s results may have a simpler explanation. A
residue engaged in many stabilizing interactions (hydrogen bonds and hydrophobics)
is likely to have an effect on the protein’s stability and rigidity. To investigate this,
we inspected the strengths of the hydrogen bonds of Crambin, which are calculated

1242010-8



Using Rigidity Analysis to Probe Mutation-Induced Structural Changes in Proteins

Icrn: Largest Rigid Cluster and SASA vs Excised Residue

2 [ Largest Rigid Body —=— |

g 700 SASA = 700

< o0 4  Critical Residue Threshold L 600
Z 500 - L 500 =
oo Koo pENSIR AR EIA_RETAREDY, ARSAIRRA, RSS2 P, =
Z a0 {N V° v WV a0 2
= <
= 300 F300 <
&b y . =
2 2004 " . P20 5
100 ANt 2 L 100

= 0 ", i, @ 7 == ..' L L 0

0 5 10 15 20 25 30 35 40 45
Residue on Which Excision Was Performed

Fig. 6. The SASA and Size of Largest Rigid Cluster vs Fzcised Residue plot is used to locate solvent
exposed amino acids that play a crucial role in stabilizing the protein. The blue dotted line, the critical
residue threshold, designates the size of the average largest rigid body among all of the generated mutants,
and can be used to select residues whose mutation affects the protein’s rigidity.

by KINARI-Mutagen using an energy function.?* Residues 46, 21 and 30, have side
chains that engage in strong hydrogen bonds with energies of —5.2, —5.9, and
—5.07kecal/mol. KINARI-Mutagen did not identify them as critical, and they are
not conserved among homologues of Crambin. We similarly confirmed that critical
residues could not have been found by merely identifying amino acids that engage in
many hydrophobic interactions. Residue 19, a proline, engages in five hydrophobic inter-
actions. It is neither conserved among Crambin homologues, nor did KINARI-Mutagen
identify it as critical.

KINARI-Mutagen is thus a method that supplements other approaches that
study protein stability due to mutations and residue conservation. The set of critical
residues identified by our method is different than the set of amino acids that are
ranked by just the strength of hydrogen bonds or number of stabilizing hydrophobic
interactions. Moreover, KINARI-Mutagen can identify conserved surface exposed
residues that could not be detected using Solvent Accessible Surface Area
measurements alone.

5. Case Study — Lysozyme from Bacteriophage T4

In the second case study, we evaluate whether rigidity analysis can identify desta-
bilizing mutations. From the literature*?°~27 we retrieved stability data for 163
different point mutations in lysozyme from bacteriophage T4 (PDB ID 2lzm for
Wild-type, Fig. 1). The experimentally derived value AAG, the free energy of
unfolding, measures the stability of a variant against a reference protein (nearly
always the wild-type protein). The lower the AAG value, the more unstable is the
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variant. From the available AAG dataset, we selected the eight mutations that
involved a substitution to a glycine. We compared AAG values of these mutations
that had been performed in the physical protein to the rigidity calculation predic-
tions of KINARI-Mutagen.

Table 1 lists for each lysozyme mutant several rigidity measures, that we eval-
uated as predictors of protein stability. For the amino acid which was mutated at a
particular sequence location, we list its Solvent Accessible Surface Area, the
volume of the wild-type amino acid, the change of the volume of the residue when
mutated to glycine, as well as the stability data from the literature (AAG), which we
consider the “ground truth” stability measurement. The loss in the number of
hydrogen bonds and hydrophobic interactions that were caused by the mutation
to glycine are listed, as well as the change of the largest rigid body relative to the
wild-type.

When KINARI-Mutagen was used to mutate residues 96, 105, 157 and 124, the
size of the largest rigid body decreased in size in parallel to a decrease in the AAG
value. For example, residue 96, an arginine, when mutated to a glycine, caused the
largest rigid body of the mutant to decrease by 130 atoms relative to the largest rigid
body in the wild-type protein. When residue 96 was mutated to a glycine in the
physical lysozyme, the stability of the protein decreased significantly, as indicated by
the low AAG value. Similarly, for residues 105, 157 and 124, the size of the largest
rigid body decreased in size relative to the wild-type protein. The AAG values
for mutations at residues 105, 157 and 124, indicate that their destabilizing
effect is not as great as when a mutation is performed on residue 96. In these
cases KINARI-Mutagen was able to predict a change in the protein’s stability.

KINARI-Mutagen was not able in all instances to predict the effect of a mutation
on the protein’s stability. For residues 99, 3, 59 and 55, the lack of loss of hydrogen
bonds and/or hydrophobic interactions when these residues were mutated to a
glycine explains why KINARI-Mutagen’s could not be used as a discerning measure
of protein stability. For these mutations, the loss of hydrogen bonds and hydrophobic
interactions were not as great as when mutations were performed on residues 96,
105, 157 and 124. The predictive ability of KINARI-Mutagen relies on the change
in the molecular model due to a loss of these interactions. For these mutation
instances, the change in the protein’s stability is caused by phenomena that
KINARI-Mutagen does not currently capture. We suspect that the change in volume
of the wild-type amino acid to a glycine causes a large-enough collapse or reorientation
of the protein’s structure in the vicinity of the substitution, which affects the protein’s
stability.

Lastly, we compared KINARI-Mutagen’s predictions to the Cluster Configur-
ation Entropy (CCE) measurement.”® CCE is a function of the probability that a
vertex in the mechanical model is part of a cluster of size s. To compute CCE, a
normalized cluster number, n, is defined as the number of clusters of size s divided by
the total number of vertices in the mechanical model. The probability that a vertex
belongs to an s-cluster, w,, and the CCE value of the entire mechanical model are
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given as the following:

sn

ans
CCE = — Zwslnws

For two conformations of a protein, the one with the higher CCE value is more
disordered, and hence is more unstable. The CCE values for several variants corre-
lated well with the largest rigid body metrics for those mutants. For mutants that
had residue substitutions at amino acids 105, 124, 157 and 96, the CCE values
were 0.43, 0.44, 0.49 and 0.61, respectively, while the change in the size of the largest
rigid body for those variants were 11, 15, 63 and 130.

To investigate why we did not predict the T59G mutant to be destabilizing,
we referred to the Distribution of Rigid Bodies, By Residue (DRBR) plot (Fig. 7).
It was used to distinguish between mutations that have only a local effect on
the rigidity of a protein and mutations that drastically affect a protein’s stability.
The row 2lzm.A.0059 indicates that a mutant was generated by excising resi-
due 59 of chain A of protein 2lzm. For the residue 59 mutation, the change of the
protein’s rigidity is not localized to the largest rigid cluster, which explains why
using the size of the largest rigid cluster was not a good predictor of protein
stability.

Wg =

(1)

Distribution of Rigid Bodies, By Residue

2 2lzm.A.NONE
= 800
& 2lzm.A0157
[+ 700
T 2zmA0124
= 600
S 2lzm.A0105
= 500
1 21zm.A.0099
8 400
2 21zm.A.0096
@] 300
. 21zm.A.0059
=1 200
= 2lzm.A 0055
= 100
2 21zm.A.0003
1]

20 40 60 80 100 120 140 160
Residue Number

Fig. 7. Distribution of Rigid Bodies, By Residue: The left axis lists mutants that were analyzed.
The vertical color legend on the right-hand side assigns colors to the rigid body sizes found among the
mutants. The color at each z-y position in the plot indicates the size of the largest cluster that residue x
belongs to for the mutant in row y.
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6. Validation — 48 Mutants

To further determine if KINARI-Mutagen could correctly identify destabilizing
mutations in a wider range of proteins, we searched the ProTherm Database,?® which
catalogues AAG values for substitutions that have been performed in the physical
protein. A total of 167 entries had mutations to glycine. Of those, 48 mutants among
14 proteins had single-point substitutions. We also chose PDB files that had all core
residues resolved.

We used KINARI-Mutagen to generate the 48 in silico mutants and analyze
their rigidity. Along with the SASA value for each wild-type residue at the
location where the mutation was performed, we tallied the change to the largest
rigid body of the protein caused by the point mutation, and the degree of
hydrophobicity of each wild-type residue, using the Kyte and Doolite hydro-
phobicity scale.*’ The output of KINARI was also used to tally how many
hydrogen bonds and hydrophobic interactions were lost due to the mutation. To
facilitate analysis, the 48 mutants were grouped according to whether the sub-
stituted residue engaged in hydrogen bonds and hydrophobic interactions
(Table 2). Detailed rigidity results for the 48 mutants are shown in Tables S1—S4,
in the Supplementary file which is available from the journal website.

KINARI-Mutagen relies on the loss of hydrogen bonds and hydrophobic inter-
actions upon a residue’s change to glycine, to predict the effects of a mutation. Thus
we did not expect to accurately predict a substitution as destabilizing, if KINARI
found that in the wild-type protein the amino acid engaged in neither hydrogen
bonds nor hydrophobic interactions (Group 1). Group 2 has entries for which the
residue of the wild-type protein was solvent exposed (more than 50% of the residue
was exposed). Because these residues are on the periphery of the protein, their being
mutated to glycine would not be expected to have a large effect on the size of the
largest rigid cluster, especially if the side chain of the residue was protruding fully
into the solvent [Fig. 8(a)].

In Group 3, four mutants had wild-type amino acids (Valine, Leucine, Meth-
ionine, Phenylalanine) that do form hydrophobic interactions that can be observed
by visual inspection. However, because of the packing of these core residues in this
structure which were slightly less tight than in many protein cores, the algorithm in
KINARI to detect hydrophobic interactions detected far too few of them. Figure 8(b)

Table 2. The rigidity results for the 48 mutants was grouped based on whether the mutated residue
engaged in stabilizing interactions.

Group  Description of wild Type AA at mutation point # mutants  Identified as destabilizing

1 No hydrogen bonds or hydrophobics detected 13 0
2 Solvent exposed (>50%) 8 0
3 Too few hydrophobic 4 0
4 Stabilizing interactions found 23 22
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(a) In the Streptomyces Subtilisin (b) In Staphylococcal Nuclease,
Protease inhibitor, (PDB ID 3ssi), (PDB 1stn) Penylalalanine 61
Valine 13 (spheres) is 56% exposed, (green spheres) lies in a hydrophobic
so only 1 hydrophobic was detected, pocket (orange), but no hydrophobics
precluding KINARI analysis. were detected.

Fig. 8. Some amino acids that are highly solvent exposed were not identified as destabilizing, because
they did not engage in stabilizing interactions [Fig. 8(a)]. Some residues like those that are completely or
largely solvent inaccessible lie more than 3.5 A from the nearest heavy atom, so hydrophobic interactions
[orange sticks, Fig. 8(b)] in the range of 3.6 A to 4.5A are not found by the hydrophobic detection
algorithm in KINARI, preventing quantitative analysis of the impact of the mutation to glycine.

shows a phenylalanine that upon visual inspected should have been stabilized via
several hydrophobic interactions, but no atoms in the residue were within 3.5 A of a
heavy neighbor atom, so no hydrophobic interacts were detected. Had the atoms of
that part of the structure been oriented slightly differently to allow closer packing,
KINARI’s hydrophobic detection algorithm would have placed more hydrophobic
interactions there, which could have caused that residue to be labeled as critical
when it was mutated.

Group 4 contains 23 mutants that had more reasonable numbers of hydrophobic
interactions which were identified by KINARI, and many of them have hydrogen
bonds. Of the these, 22 were identified as critical, based on the fact that these
mutants had largest rigid clusters that were smaller than the largest rigid cluster of
the wild-type protein.

From the analysis of these 48 mutants, this first implementation of KINARI-
Mutagen is able to make qualitative stability predictions. In the cases when residues are
highly solvent exposed, KINARI-Mutagen is not as accurate, because such residues do
not engage in as many stabilizing interactions as would be expected of them. Similarly,
the pre-existing algorithm to detect hydrophobic interactions is not always accurate,
when compared to the predicted hydrophobic interactions from a visual inspection. In
future work, we plan to address this hydrophobic interaction algorithm.

7. Conclusions and Future Work

We have presented KINARI-Mutagen, which simulates mutating a residue to a
glycine, and computes the mutant’s rigidity. This first release of our software
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performs the simplest kind of mutation. For future releases, we plan to include
analysis of mutations that do not lead to major backbone conformational changes.
The full range of mutations appears at this time to be a challenging task.

The results of this paper are already an indication that rigidity analysis provides
valuable information about the stability of a mutated protein, that could not have
been inferred by other methods, such as SASA measurements, or by ranking of
contributions to stabilizing interactions.
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