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Abstract

Mutation Position Imaging Toolbox (MUPIT) Interactive is a browser-based application for single
nucleotide variants (SNVs), which automatically maps the genomic coordinates of SNVs onto the
coordinates of available three-dimensional protein structures. The application is designed for
interactive browser-based visualization of the putative functional relevance of SNVs by biologists
who are not necessarily experts either in bioinformatics or protein structure. Users may submit
batches of several thousand SNV s and review all protein structures that cover the SNV's, including
available functional annotations such as binding sites, mutagenesis experiments, and common
polymorphisms. Multiple SNVs may be mapped onto each structure, enabling 3D visualization of
SNV clusters and their relationship to functionally annotated positions. We illustrate the utility of
MUPIT Interactivein rationalizing the impact of selected polymorphismsin the PharmGKB
database, somatic mutations identified in the Cancer Genome Atlas study of invasive breast
carcinomas, and rare variants identified in the Exome Sequencing Project. MuPIT Interactiveis
freely available for non-profit use at http://mupit.icm.jhu.edu.
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Introduction

Modern genomics studies have identified a very large number of human single nucleotide
variants (SNV's), many of which reside in protein-coding exons and alter the protein product
of the gene viaamino acid substitution. Computational prediction of those amino acid
substitutions that impact on protein structure and/or function is a growing sub-speciaty in
bioinformatics (Sunyaev et al. 2001; Ng and Henikoff 2003; Ferrer-Costa et al. 2005; Mi et
al. 2005; Bromberg and Rost 2007; Karchin et al. 2007; Carter et a. 2009; Adzhubel et al.
2010; Schwarz et a. 2010). Most prediction methods generate a score for each SNV, which
is potentially useful for experimental prioritization. A major challengein thisfieldisto
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generate hypotheses to explain why specific SNV's predicted to impact protein structure and/
or function are biologically important. One approach is to assess an SNV within the context
of the three-dimensional structure of the protein in which it occurs.

Here we present a new web-based application designed to enable users who are neither
bioinformatics nor protein structure experts to explore mutation data through dynamic
visualization. This application represents a significant improvement on existing web tools
(Yueet al. 2006; Singh et al. 2008; Revaet a. 2011) designed to map and visualize SNV's
on protein structure in terms of (i) ease of use, (ii) interactive and customizable display, (iii)
ability to map multiple mutations onto a single structure in order to visualize clustering
patterns, and (iv) visualization of the three-dimensional distances between mutations and
position-specific annotations.

Methods and Implementation

Mapping between protein and genomic coordinates

Coverage

MuPIT isdriven by an underlying relational database, which contains mappings from
genomic positions to PDB structure coordinates, using methods developed in our LS-SNP/
PDB application (Ryan et al. 2009). Briefly, a software pipeline aligns protein sequences
from PDB structures to human protein sequences in UniProtK B (UniProt 2012), using
BLAT (Kent 2002). UniProtK B protein sequences are aligned to Ref Seq mRNA transcript
seguences with tBLASTn (Gertz et al. 2006), and mRNA transcript sequences are aligned to
human genomic DNA with BLAT. Currently, only the canonical isoform of each
UniProtKB protein sequence is supported. PDB sequence information is taken from alocal
mirror of the PDB database (Berman et a. 2000). The UniProt sequences and feature
annotations are taken from alocal mirror of the UniProt KnowledgeBase (UniProt 2012).
Alignments are cal culated on a high-performance computing (HPC) cluster, managed by the
Son of Grid Engine (SGE) batch-queuing system. The resulting annotations and alignments
are stored in aMySQL database, which is updated on a monthly basis to ensure synchrony
with its external sources.

MUuPIT currently provides at least one viewable PDB structure for 3,641 human proteins
(18% of the 20,226 SwissProt-curated proteinsin UniProtK B (UniProt 2012) and 924,857
codons in protein-coding exons (8.2% of the 11,291,814 total in SwissProt). Coverage of
cancer-related genes in particular is somewhat higher: 45% of 487 genesin the Cancer Gene
Census (Futreal et al. 2004)(March 2012 version) and 16% of the codonsin these genes are
covered in the current version of MuPIT.

User Interface

After input of alist of SNV's, by genomic coordinates, via text box or file upload, MuPI T
returnsalist of all PDB structures that contain at least one SNV. Queries take from one
second to one minute, depending on the number of variants submitted, up to a maximum of
2500. Users can preview a description of each PDB structure and all annotations available,
to enable prioritization of interesting hits (Figure 1). After selecting a PDB structure, the
user isled to an interactive visualization page (Figure 2). An enhanced Jmol applet displays
all mutations mapped onto the structure (Jmol is an open-source Java viewer for three-
dimensional chemical structures). A menu of Drawing options enables highlighting of
mutations and annotated positions with text, color maps, and space-fill display. The Drawing
options menu is designed to make interactive viewing substantially easier than if the user
had to work directly with the rather complex native menu system utilized by Jmol (Figure
2). Note that most operating systems will ask users for permission before allowing a Java
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applet to run. Users can export publication quality images from MuPIT using the native
Jmol menu (detailed instructions at http://mupit.icm.jhu.edu/Hel p.html).

Hardware/software requirements

MUPIT runs on Windows, Mac OS, and Unix operating systems within aweb browser. No
specialized hardware or software is required. To our knowledge, all current web browsers

are supported. A Java plug-in for the browser is necessary to run Jmol. Installing the latest
version of the plug-in is recommended.

Discussion

Rationalizing mutation impact

MuPIT visualization of mutations can be biologically informative. Here we provide several
examples of how MUPIT can elucidate the biochemical implications of variants found in the
database of pharmacogenomic variants, PharmGKB (McDonagh et al. 2011), Cancer
Genome Atlas studies of somatic mutations, and the ESP6500 [Exome Variant Server,
NHLBI GO Exome Sequencing Project, Seattle, URL http://evs.gs.washington.edu/EV S/
(15/12/2012 accessed)]. Table 1 listsall SNV positions described in the examples below, in
both genomic and protein structure coordinates. The datasets of variants from TCGA and
ESP6500 used in these worked examples are included in the Supplementary Materials.

PharmGKB

GSTP1: Severa common polymorphismsin this gene, encoding the enzyme glutathione &
transferase Pi (GST), have been associated with differential toxicity subsegquent to platinum
compound chemotherapy, a standard-of-care treatment for many solid tumors (Booton et al.
2006; Kim et al. 2009; Ruzzo et al. 2007; Stoehimacher et al. 2004). One mechanism of
resistance to platinum drugs involves their conjugation with glutathione by GST and
subsequent export from the cell viathe ABC transporter MRP2 (Dietel 2007). All GSTP1
variants in PharmGK B were mapped onto 53 unique PDB structures by MuPIT. We focused
our attention on PDB 3gss, in which GST is co-complexed with platinum and ethacrynic
acid conjugated with glutathione (Oakley et a. 1997). In this structure, the variant 1104V
(rs1695) is adjacent to the glutathione binding site, which could help to explain why
variation at this position could interfere with conjugation of glutathione to platinum, thereby
leading to resistance to platinum compound toxicity (Figure 3).

NAT 2: This gene encodes the enzyme N-acetyltransferase 2, which isinvolved in
detoxification of carcinogens and of hydrazine and arylamine drugs (Weber 1987). The
detoxification reaction involves removal of an acetyl group from the co-factor acetyl
coenzyme A, which is transferred to the toxic substrate. The polymorphic variant G286E
(rs1799931) is associated with a slow acetylator phenotype, which confersincreased risk of
bladder, breast, and esophageal cancers and increased toxicity for aromatic amine and
hydrazine drugs (Garcia-Closas et a. 2005; Marcus et a. 2000; van der Hel et a. 2003;
Sillanpaa et a. 2005; Moritaet a. 1998). MuPIT maps the variant onto the PDB structure of
the NAT2-CoA complex (2pfr)(SGX unpublished), revealing its close proximity to the CoA
binding site, and hence its potentia to interfere with cofactor binding (Suppl. Figure 1).

Cancer Genome Atlas—Mutations from The Cancer Genome Atlas breast invasive
carcinoma study (Cancer Genome Atlas 2012) were downloaded from the Firehose website
at the Broad Institute (Acknowledgments). The 20,333 mutations identified as “Missense”
by Firehose were scored with CHASM software (Carter et a., 2009). The top-ranked 2500
mutations were then submitted to MuPIT Interactive. MuPI T mapped these mutations onto
2929 PDB structures, representing 447 unique proteins. We filtered our results to include
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only 676 PDB structures (85 unique proteins) for which MuPI T reported position-specific
annotations about binding sites and mutagenesis experiments. We used MuPI T’ s structure
viewer to inspect these 85 proteins and describe three results of interest below.

RUNX1: Five somatic RFUNX/ mutations were mapped onto PDB structures of RUNX1:
1e50 (dimer of the RUNX1-CBFp heterodimer complex), 1h9d (RUNX1-CBF3-DNA
ternary complex), 1hjb (RUNX1 andC/EBPbeta bzip homodimer bound to DNA),
1lio4(RUNX1, CBFf, and C/EBPbeta bzip homodimer bound to DNA), and 1ljm (RUNX1
homo-dimer). RUNX1 structural rearrangements have previously been associated with
lymphoid carcinomas (Liu et a. 2005; Zhang et a. 2012). The superimposition of mutations
and annotations in the MuUPI T structure viewer suggests that two of the RUNX1 missense
mutations are likely to be functional: one occurs at a DNA-binding site and another at a
chloride-binding site (Figure 2). The importance of RUNX1 (and its binding partner CBFf3)
in breast cancer was only recently discovered (Cancer Genome Atlas 2012; Ellis et al.
2012).

ERBB2: Four somatic ERBB2 mutations were mapped onto the druggabl e tyrosine kinase
domain of ERBB2: PDB structure 3pp0 (Aertgeerts et al. 2011). The viewer shows that one
of the mutationsis adjacent to the ATP-binding site and another is adjacent to the active
(proton acceptor) site (Suppl. Figure 2). All four mutations are located close to somatic
mutations previously identified in either glioblastoma multiforme, ovarian cancer, lung
adenocarcinoma or gastric adenocarcinoma (UniProt 2012).

CHEK?2: A single somatic mutation mapped onto the kinase domain of CHEK 2 (found in
24 PDB structures, including 2cn5 and 2cn8) (Oliver et a. 2006). The viewer reveals that
the mutated amino acid residue is directly adjacent to the active (proton acceptor) site, and
that alanine mutagenesis at this site resulted in loss of kinase activity (UniProt 2012) (Suppl.
Figure 3). CHEK 2 is aknown breast cancer susceptibility gene (Bartek and Lukas 2003).

Exome sequencing project—The ESP6500 is a catal og of variants discovered in next-
generation, whole exome sequencing of 6503 individuals with heart, lung and blood
disorders. We used MuPIT to map al non-silent ESP6500 variants with MAF < 1% onto
PDB structures of al human G-protein coupled receptors (GPCRs) and ion channelslisted in
the IlUPhar database(Harmar et al. 2009) of pharmacologically interesting genes.

HRH21: Nine variants mapped onto the structure of the histamine H1 GPCR, in complex
with the antihistamine drug doxepin (PDB 1D 3rze)(Shimamuraet al. 2011) (Figure 4). Four
of the variants (at residue positions 76, 79, 194, 196) are clustered around the doxepin in 3D,
but not in one-dimensional space. These variants are interesting candidates for modulators of
doxepin response.

SCNB5A: Sixteen variants mapped onto a structure of this voltage-gated sodium channel, in
complex with fibroblast growth factor 13 (FGF13) and a calcium signaling protein,
calmodulin (CaM) (PDB ID 4dck)(Wang et al. 2012). Surprisingly, twelve of the variants
form adistinct cluster proximal to the three-way binding interface of the sodium channel,
the fibroblast growth factor and calmodulin. The positional annotations show that multiple
variants associated with both long QT and Brugada syndromes and with sodium channel
regulation, are also close to thisinterface (Figure 5). It is likely that mutations near the
interface alter the binding affinities of the three proteins for each other. In particular, two of
the variants (at positions 1897 and 1898) are close to position 1895, a amino acid residue
known to make a critical contact between the sodium channel and FGF13 (Wang et al.
2012). A possible explanation for this cluster of variants isthat many ESP6500 individuals
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have heart disorders, and would therefore as a group be more likely to harbor inherited
genetic variants relevant to an altered sodium channel current than the general population.
This example shows how MuPIT can be used to identify putative functionally important
variants, within alarge collection of variants from a cohort of interest, by their co-location in
three dimensions on protein structures.

Comparison to existing tools

Several excellent web tools are already available for mapping and viewing SNVs on 3D
protein structures (Y ue et al. 2006; Singh et a. 2008; Ryan et al. 2009; Reva et al. 2011).
However, MUPIT provides several unique features not found in other tools. It is able both to
handle large customized batches of SNV's from genomic positions and to visualize multiple
SNV's on the same structure. Thus, users can examine thousands of SNV's from a database or
cohort of interest (e.g., ESP6500, COSMIC, TCGA etc), and visualize the relationship
between SNVsin 3D (SNVslocated close to one another in three-dimensional space may in
fact be distant from each other in one-dimensional sequence space). By contrast, SNPs3D
(Yueet al. 2006) and mutDB (Singh et al. 2008) provide the user with a pre-determined list
of SNVsin astructure of interest that have been reported in public databases, e.g., NCBI’s
dbSNP (Sherry et a. 2001) or UniProtkKB’s Swiss Variant Pages (UniProt 2012). Similarly,
LS-SNP/PDB (Ryan et a. 2009) only supports SNVs reported in doSNP whilst LS-SNP/
PDB, Mutation Assessor, and mutDB do not permit viewing of multiple SNVs on aprotein
structure. To our knowledge, Mutation Assessor is the only other tool that allows large
custom batch inputs of SNV's. Mutation Assessor is a multi-purpose tool that provides
multiple sequence alignments, mutation scores, and positional annotations. However, its
interactive protein viewer is not integrated with its annotations and is not designed for easy
customization, such as that we provide with MuPI T’ s Drawing Options toolbar.

Summary and future plans

We have presented MUuPIT, a new and publicly available web tool designed to map alarge
number of SNV's from genomic coordinates to protein structure coordinates. MuPIT enables
usersto interactively visualize SNV'sin conjunction with position-specific annotations, such
as binding sites, experimental mutagenesis results, and locations of known polymorphisms
and somatic mutationsin cancer. Using MUPI T, aresearcher should be able to ascertain
whether or not agiven SNV of interest is likely to be of functional importance.

We plan to continually upgrade the capabilities of MUuPIT over time. We propose to add
support for alternative splicing isoforms and provide more detailed information about PDB
structure quality and evolutionary conservation. We also plan to improve the query
interface, so that users will have the option to search with UniProtKB, RefSeq or Ensembl
identifiers, to specify alleles at a position of interest, and to download Excel or flat file
summaries of results. We plan to integrate MuPIT into our CRAVAT web service (Douville
et al. 2013), thereby enabling users to combine visualization with predictive rankings of
SNVsaslikely cancer drivers (Carter et al. 2009), protein loss of function (Carter et al.
2013) etc.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Server-side Implementation Details

MUuPIT is aJava servlet, accessible to users via a web browser equipped with the Java
plugin. The servlet encapsulates a series of Django applications: A Jmol applet for PDB
visualization, a database (DB) interfacer, and an overview page constructor (Howard 2013).
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Javascript functions are used to allow for user interactions between the overview tables and
the 3D visualization.

The MuPIT servlet runs on a Dell PowerEdge C1100 server, with four six-core Intel Xeon
E5645 2.4GHz cpus (24 cores total), and 96GB of RAM.
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Help Credits Karchin Lab

INTERACH IVE % . . . .
ST LA MuPIT Interactive maps sequence variants from coordinates on the human genome to protein structures.
SRR
N G U
Enter chromosome, position (in hg19), and non-silent protein change in tab-delimited format (Don't have amino acid position? Get it here: http://www.cravat.us). For more details, please view the help page.

Example: chrl7 7577506 D259Y
chr10 123279680 R162Q

And/or select a file to upload (same tab-delimited format):

Choose File  No file chosen Clear
hg18()
Gene |PDBId ci _Position D
chr21_36252962, chr21_36231783, chr21_36231774,
RUNX1|{1e50 |chr21 36252865, chr21_36252866, chr21_36231773, AML1/CBF? complex VARIANT, MUTAGEN REGION, BINDING, SITE|

chr21_36259163, chr21_36231782, chr21_36231792
chr21_36252962, chr21_36231783, chr21_36231774,

RUNX1/1h9d |chr21_36252865, chr21_36252866, chr21_36231773, /AML1/CBF?/DNA complex IMUTAGEN,VARIANT,BINDING,REGION,SITE|
chr21 36259163, chr21 36231782, chr21_36231792
chr21_36252962, chr21_36231783, chr21_36231774, (CRYSTAL STRUCTURE OF RUNX-1/AML1/CBFALPHA RUNT DOMAIN AND

RUNX1(1hjb |chr21_36252865, chr21_36252866, chr21_36231773, \C/EBPBETA BZIP HOMODIMER BOUND TO A DNA FRAGMENT FROM THE CSF-1R|VARIANT , MUTAGEN,SITE,REGION,BINDING|
chr21_36259163, chr21_36231782, chr21_36231792 PROMOTER
chr21_36252962, chr21_36231783, chr21_36231774, ICRYSTAL STRUCTURE OF RUNX-1/AML1/CBFALPHA RUNT DOMAIN-CBFBETA

RUNX1|lio4 |chr21_36252865, chr21_36252866, chr21_36231773, \CORE DOMAIN HETERODIMER AND C/EBPBETA BZIP HOMODIMER BOUND TO A |BINDING,REGION,MUTAGEN,SITE,VARIANT|
chr21_36259163, chr21_36231782, chr21_36231792 DNA FRAGMENT FROM THE CSF-1R PROMOTER

chr21_36252962, chr21_36231783, chr21_36252865,
RUNX1/1lim |chr21_36252866, chr21_36259163, chr21_36231782,
chr21_ 36231792

DNA recognition is mediated by conformational transition and by DNA

bending MUTAGEN,BINDING, VARIANT,REGION

Fig 1. Input toy example of the genomic positions of six SNVson chromosome 21

MuPIT returns atable of SNV positions that could not be mapped to PDB structures and a
table of positions that were successfully mapped to PDB structures. For each PDB structure,
adescription and list of available annotations is included in the table.
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Mutations:

Mutation Residue in Structure|
chr21 36231773 177:C177:A
~ chr21 36231774 177:C177:A
—~e Interaction with DNA chr21 36231782 174:C 174:A

\ chr21 36231783 174:C174A

/ <¢\ Interaction with D! A) Do chr21 36231792 171:C171:A
chr21 36252865 139:C 139:A
chr21 36252866 139:C 139:A
chr21 36252962 107:C 107:A
chr21 36259163 83:C83:A

n with DNAK,

'ith DNA 139:C |MUTAGEN R->A: Strongly reduces DNA-binding
i:;‘c MUTAGEN|R->A: Strongly reduces DNA-binding
167- ) R
167:C MUTAGEN|K->A: Reduces DNA-binding
168-
177:C REGION |Interaction with DNA
oo |MUTAGEN|T->A: strongly reduces DNA-binding
JmOI_S, i;g’c BINDING [Chloride 2; via amide nitrogen
o = T =
Daswine i : EINHN . 171~ |MUTAGEN|D->A: Strongly reduces DNA-binding
Ormoxs || & v EAD 171:C
MUTAGEN REGION SITE VARIANT - i;:’c VARIANT [R -> Q (in FPDMM; impaired phosphorylation)
VAR VAR | DVAR |BVAR 17 IMUTAGEN|R->A: Strongly reduces DNA-binding
i;;—c MUTAGEN R->A: Strongly reduces DNA-binding
177- Breakpoint for translocation to form AML1-EMV-1 (or AML1-EAPO in CML
178:c |SITE and T- MDS, to form AML1-MTG8 (ETO) in AML-M2, to form AML1-CBFA2T3
. in therapy-related myeloid mali ies, to form AML1-MECOM in CML
and to form type | MACROD1-RUNX1 fusion protein

Fig 2. Interactive visualization page for a selected PDB structure

A “Mutations” tablelists all positions mapped to the structure. Clicking on arow of the table
produces a text label for that mutation on the protein display. A second table lists all
positional and region-based features. A protein viewer window running an enhanced Jmol
applet can be manipulated interactively by the user. The protein viewer includes a Drawing
Options menu to simplify display configuration.
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Fig 3. Glutathione S-transferase in complex with platinum and ethacrynic acid conjugated with
glutathione

A PharmGKB polymorphic variant known to be associated with resistance to platinum
compound toxicity (green) can be seen proximal to the binding site of glutathione (pink).
Glutathione, ethacrynic acid and platinum are shown as ball and stick.
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Fig 4. Histamine H1 receptor in complex with doxepin (antihistamine drug)

Nine variants from the ESP6500 (all with MAF < 1%) were mapped onto the PDB structure
3rze (Shimamuraet al. 2011). Four variants that clustered proximal to the doxepin binding
site are shown. Variant positions appear as green balls. Doxepin E-isomer is shown in dark
blue. Doxepin Z-isomer is shown in light blue. Phosphate ion is shown in violet.

Hum Genet. Author manuscript; availablein PMC 2014 November 01.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Niknafs et al. Page 14

Fig 5. Voltage-gated sodium channel in complex with fibroblast growth factor 13 and calmodulin
Twelve variants from ESP6500 (MAF<1%) were mapped onto PDB structure 4dck (Wang
et al. 2012). The variants are proximal to the interface of the three proteins and variants
previously observed in Brugada and long QT syndromes. ESP6500 variant positions appear
as green balls. Brugada and long QT variants appear as magenta balls.
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Table 1
Examples of genesand SNVsmapped by MuPIT onto protein structures

SNV s were taken from PharmGKB,

Source Gene Symbol | Genomic Coordinate (NCBI | Protein Structure Residue
GRCh37) Coordinate
PharmGKB GSTP1 | chrll: 67352689 | 3gss: 104
NAT2 | chr8: 18258370 | 2pfr: 286
Cancer Genome Atlas breast invasive cancer study | RUNX1 chr21: 36252860 1h9d: 141
chr21: 36252946 1hod: 112
chr21: 36252880 1hod: 134
chr21: 36231791 1h9d: 171
chr21: 36252958 1hod: 108
ERBB2 chr17: 37880220 3pp0: 755
chr17: 37881000 3pp0: 777
chrl7: 37881332 3pp0: 842
chr17: 37880261 3pp0: 769
CHEK?2 chr22: 29092948 2cn5: 346
ESP6500 with MAF<1% HRH1 chr3: 11300949 3rze:76
chr3: 11300958 3rze:79
chr3: 11301303 3rze:194
chr3: 11301309 3rze:196
SCN5A chr3: 38592152 4dck: 1904
chr3: 38592162 4dck: 1901
chr3: 38592170 4dck: 1898
chr3: 38592171 4dck: 1898
chr3: 38592174 4dck: 1897
chr3: 38592339 4dck: 1842
chr3: 38592356 4dck: 1836
chr3: 38592369 4dck: 1832
chr3: 38592386 4dck: 1826
chr3: 38592387 4dck: 1826
chr3: 38592428 4dck: 1812
chr3: 38592474 4dck: 1797
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