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The effect of genetic mutation on phenotype is of significant interest in genetics. The type of genetic mutation that causes a single
amino acid substitution (AAS) in a protein sequence is called a non-synonymous single nucleotide polymorphism (nsSNP). An nsSNP
could potentially affect the function of the protein, subsequently altering the carrier's phenotype. This protocol describes the use of
the ‘Sorting Tolerant From Intolerant’ (SIFT) algorithm in predicting whether an AAS affects protein function. To assess the effect of a
substitution, SIFT assumes that important positions in a protein sequence have been conserved throughout evolution and therefore
substitutions at these positions may affect protein function. Thus, by using sequence homology, SIFT predicts the effects of all
possible substitutions at each position in the protein sequence. The protocol typically takes 5-20 min, depending on the input.

SIFT is available as an online tool (http://sift.jcvi.org).

INTRODUCTION

A non-synonymous single nucleotide polymorphism (nsSNP)
occurring in a coding gene may cause an amino acid substitution
in the corresponding protein product, thus affecting the phenotype
of the host organism. Non-synonymous variants constitute more
than 50% of the mutations known to be involved in human
inherited diseases!. This demonstrates the important role of the
non-synonymous variation in human health and the strong effects
it can have on an organism’s phenotype. With ~ 122,000 human
nsSNPs in single nucleotide polymorphism database (dbSNP), a
database of genetic variation hosted by the National Center for
Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/
projects/SNP/), there is a significant need to characterize nsSNPs,
with respect to their effect on the corresponding protein function.
Prioritization of amino acid substitutions is also useful in con-
ducting mutagenesis experiments and targeted gene re-sequencing
studies. Although ‘Sorting Tolerant From Intolerant’ (SIFT) has
been primarily applied to human polymorphisms, it can be applied
to any organism because it is based on the principles of protein
evolution. It has been applied to bacteria, plants and other
animals>®. We have also noticed that SIFT and other similar
prediction tools have been used for clinical diagnosis. This is not
recommended?; SIFT is intended to guide future experiments and
not intended for direct use in a clinical setting, because in silico
predictions are not a substitute for laboratory experiments.

SIFT is a multi-step algorithm that uses a sequence homology-
based approach to classify amino acid substitutions (AASs)>>. The
SIFT algorithm was developed by our group at the Fred Hutchinson
Cancer Center, and the SIFT server was recently transferred to the
J. Craig Venter Institute. The underlying premise for this technique
is based on the evolutionary conservation of the amino acids within
protein families. Highly conserved positions tend to be intolerant
to substitution, whereas those with a low degree of conservation
tolerate most substitutions.

Algorithm
For a given protein sequence, SIFT compiles a dataset of functionally
related protein sequences by searching a protein database using the

PSI-BLAST algorithm®. It then builds an alignment from the homo-
logous sequences with the query sequence. In the second step of the
algorithm, SIFT scans each position in the alignment and calculates the
probabilities for all possible 20 amino acids at that position. These
probabilities are normalized by the probability of the most frequent
amino acid and are recorded in a scaled probability matrix. SIFT
predicts a substitution to affect protein function if the scaled prob-
ability, also termed the SIFT score, lies below a certain threshold value.
Generally, a highly conserved position is intolerant to most substitu-
tions, whereas a poorly conserved position can tolerate most substitu-
tions. A schematic for the SIFT algorithm is depicted in Figure 1.

SIFT also provides a measure of confidence in the prediction.
There can be cases in which there is too little sequence diversity in
the set of aligned sequences to derive a good substitution model.
For example, in the case of a viral protein that has been sequenced
many times over, the top hits returned by a BLAST search are likely
to be nearly identical to each other. This might lead to many
positions in the alignment appearing as highly conserved. In such a
case, the algorithm may predict neutral substitutions as deleterious,
thereby increasing the false positive error’. To assess confidence in
the prediction, SIFT calculates a conservation value at each position
in the alignment. The conservation value for a position ranges from
zero, when all 20 amino acids are observed at that position, to
log,20 (=4.32), when only one amino acid is observed at that
position®. To maintain the optimum diversity within the selected
sequences, SIFT ensures that the final set of aligned sequences has a
median conservation value of ~ 3.0. If the set of sequences used for
prediction are too conserved (median conservation value >3.25),
then a low-confidence warning is issued.

One limitation of the SIFT algorithm is that it does not use the
protein structure to assess the effect of an AAS. However, addition
of a protein structure marginally improves the performance of AAS
prediction algorithms®.

Accuracy of prediction

When applied to a dataset of mutations found in affected individ-
uals with disease, SIFT correctly predicted 69% of the substitutions
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Figure 1 | ‘Sorting Tolerant From Intolerant’ (SIFT) algorithm flowchart for
scoring individual amino acid substitutions (AASs). The process flow is
described for the amino acid sequence ‘IRRLRPMD".

associated with the disease to affect protein function®. When
applied to a second dataset consisting of nsSNPs in healthy
humans®, SIFT predicted only 19% of variants to affect protein
function. Thus, most of the variants in normal individuals are
predicted to be tolerated. The performance of SIFT was also
analyzed for nsSNPs in the dbSNP database. Table 1 summarizes
some SIFT predictions for substitutions that were found to be
associated with the disease®. One of the proteins shown in Table 1 is
the melanocyte-stimulating hormone receptor (MSHR), which is
associated with an increased risk of cutaneous malignant melano-
ma (CMM)!0, All three AASs in the MSHR gene are known to
increase the risk of CMM, and were correctly predicted by SIFT to
affect protein function as they were found to be at highly conserved
positions (R151C, R160W and D294H). SIFT also predicted the
substitutions of L60V and R163Q to be neutral, and this is
supported by experimental evidence!®. Thus, the ability of SIFT
to distinguish between neutral and deleterious substitutions sup-
ports the use of SIFT as a prediction tool.

Alternative methodologies

There are alternative prediction tools that use a combination of
methods based on sequence homology, protein structure informa-
tion and physicochemical properties of amino acids for predic-
tion!!. Prediction methods based on protein structure alone are
limited in scope to proteins with known structural homologs; thus,
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structure-based prediction is often an added feature of a sequence-
based method. For methods that rely on sequence homology, it is
important to select the optimal set of related sequences, which are
distantly related orthologs'!. Table 2 summarizes the attributes of

TABLE 1 | A sample of SIFT predictions for nonsysnonymous variants from dbSNP

Prediction supported

Protein by evidence? Substitution  SIFT Prediction Evidence
Melanocyte stimulating  Yes R151C Damaging Increased risk of cutaneous malignant melanoma (CMM)?0
hormone receptor
R160W Damaging Doubles risk of CMM10
D294H Damaging Doubles risk of CMM10
No D84E Damaging Not associated with CMM10.16
Fibrillin Yes D11136 Damaging In Marfan patient?”
C2038Y Damaging In Marfan patient (P. Oefner, personal communication)
C2053F Damaging In Marfan patient (P. Oefner, personal communication)
€2500S Damaging In Marfan patient (P. Oefner, personal communication)
G2514R Damaging In Marfan patient (P. Oefner, personal communication)
C2170F Damaging In Marfan patient (P. Oefner, personal communication)
P1148A Tolerated In control individual’
V20181 Tolerated In control individual (P. Oefner, personal communication)
Y2113F Tolerated In control individual (P. Oefner, personal communication)
D2329E Tolerated In control individual (P. Oefner, personal communication)
P2278S Tolerated In control individual (P. Oefner, personal communication)
No S1077P Tolerated In Marfan patient!’
V16671 Tolerated In Marfan patient!”
N1341S Tolerated In Marfan patient!’
N1282S Tolerated In Marfan patient!’

CMM, cutaneous malignant melanoma; dbSNP, single nucleotide polymorphism database; SIFT, sorting tolerant from intolerant. Many of the substitutions predicted to be damaging were shown to be involved in
disease or found in disease patients. This is a partial list reproduced with permission from Genome Research (2002) (ref. 5).
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TABLE 2 | Some alternative methodologies available as online tools

PROTOCOL |

Method

Algorithm

SIFT (http://sift.jcvi.org)

Polyphen?? (http://genetics.bwh.harvard.edu/pph/)

PMUT®3 (http://mmb2.pcb.ub.es:8080,/PMut/)

SNPs3D'8 (http://www.snps3d.org/)

PantherPSEC'® (http://www.pantherdb.org/tools/csnpScoreForm.jsp)

MAPP14 (http://mendel.stanford.edu/SidowLab/downloads/MAPP/
index.html)

Align-GVGD®® (http://agvgd.iarc.fr/agvgd_input.php)

SIFT uses sequence homology; scores are calculated using position-
specific scoring matrices with Dirichlet priors

Polyphen uses sequence conservation, structure and SWISS-PROT
annotation

PMUT provides prediction by neural networks, which use internal
databases, secondary structure prediction and sequence conservation

SNPs3D is based on support vector machine that uses structural or
sequence conservation features

Panther PSEC uses sequence homology; scores are calculated using
PANTHER Hidden Markov model families

MAPP considers the physicochemical variation present in a column of a
protein sequence alignment to predict the effect of all possible amino
acid substitutions on protein function

Align-GVGD combines the biophysical characteristics of amino acids and
protein multiple sequence alignments

some of the alternative methodologies used for predicting the
effects of AASs. Among the methods listed in Table 2, prediction
of functional effect of human nsSNPs (Polyphen)!? and PMUT!?
use a combination of structural and sequence homology, whereas
MAPP! and Align-GVGD'> use sequence homology along with
the physicochemical properties of amino acids for AAS prediction.
The user is advised to choose the tool suitable for the type and size
of input data. In the absence of a standardized performance test to
measure the accuracy of these tools, we do not recommend any one
tool based on accuracy of prediction.

SIFT toolbox

Before describing the different options in the SIFT toolbox,

it is important to describe some of the standard identifiers

and representations that will be referred to throughout this
protocol.

(1) NCBI protein identifiers: There are two types of protein
identifiers supported by SIFT: NCBI Reference protein
sequence (RefSeq) identifiers and NCBI GI numbers. RefSeq
identifiers are alphanumeric and start with the prefix NP for
known proteins or XP for predicted proteins, whereas NCBI GI
numbers are numeric identifiers that are serially assigned to
sequences processed by NCBI. To obtain these identifiers, the
user can visit the NCBI website and search the protein database
for their protein of choice. For example, the user may enter
‘BRCA2 human’ as a protein of interest at the NCBI protein
search page. From the results, the user may choose the RefSeq
tab on the top filter menu to obtain RefSeq hits. The final line
of each hit returned is an identifier string. For ‘BRCA2 human),
NCBI returns gi|119395734|ref|NP_000050.2|[119395734], in
which the numeric sub-string following ‘gi’ is the GI number
(119395734) and the alphanumeric substring following ‘ref’ is
the versioned RefSeq identifier (NP_000050.2). Unversioned
RefSeq identifiers are required as an input to SIFT, i.e.,
NP_000050 instead of NP_000050.2. Please note that a single
protein sequence may be denoted by both the GI number and
the RefSeq identifier and either of these identifiers may be used
as an input.

(2) Amino acid substitutions: The standard format for specifying an
AAS is (original amino acid)(position)(substituted amino
acid). For example, a substitution at position 10 from alanine
to cysteine should be represented as A10C.

dbSNP reference SNP identifiers (rs ID or RefSNP): These
identifiers represent a SNP in the NCBI dbSNP database.
They have a prefix ‘rs’ followed by a number, e.g., rs1098. To
obtain these identifiers, the user can visit the dbSNP database
at http://www.ncbi.nlm.nih.gov/projects/SNP/.

(3)

The SIFT toolbox offers six separate functionalities for users to
submit their input data. Two of them are batch tools that allow
predictions for multiple proteins and their substitutions and the
remaining four offer detailed predictions for a single protein for all
or selected substitutions. To avoid repetition, we describe five user
input options. The omitted option is similar to the Tool E described
below, except that the omitted option allows users to input related
homologs without aligning them first.

The choice of the suitable functionality depends on the kind of
analysis required and the type of input data. These functionalities
are depicted in Figure 2. For its batch tools, SIFT uses a database of
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Figure 2 | Basic functionalities and flow of ‘Sorting Tolerant From Intolerant’
(SIFT).
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TABLE 3 | Functionality, input and output of each of the tools in SIFT toolbox

Tool

Type of analysis

Input data type

Expected output

Tool A protein identifiers

Tool B dbSNP identifiers

Tool C GI number

Tool D protein sequence

Tool E query sequence with
aligned sequences

Batch analysis of multiple
proteins and their amino
acid substitutions

Batch analysis of multiple
nsSNPs (rs IDs) in NCBI's
dbSNP database

Detailed analysis for all
substitutions in the
user-specified protein

Detailed analysis for all
substitutions in the
user-specified protein

Detailed analysis for all
substitutions in the
user-specified protein

List of protein identifiers
(RefSeq identifiers or NCBI
GI numbers) and list of
amino acid substitutions

List of dbSNP rs IDs

NCBI GI number or RefSeq
identifier, selected amino
acid substitutions

Protein sequence in FASTA
format, selected amino
acid substitutions

Multiple protein sequence
alignment in FASTA format,
selected amino acid
substitutions

Predictions for user-specified
substitutions in tabular
format. If no substitutions
are specified, predictions

are returned for dbSNP
substitutions for that protein

Predictions for user-specified
nsSNPs (rs IDs) in tabular
format

All predictions file, scaled
probability matrix file and
predictions file for selected
amino acid substitutions

All predictions file, scaled
probability matrix file and
predictions file for selected
amino acid substitutions

All predictions file, scaled
probability matrix file and
predictions file for selected
amino acid substitutions

5-10 min for a list of
1,000 protein identifiers

2-3 min for a list of
1,000 rs Ids

2-3 min

Up to 20 min

Less than a minute

pre-computed results for all nsSNPs in the current version of
dbSNP database (Build 129). Table 3 briefly describes the function-
ality, input and output of each of the tools in the SIFT toolbox. The
user can supply input by either uploading text files or by pasting
data into the suitable text boxes provided. For each of the tools, the
user may obtain result files via email by providing the email address
in the suitable textbox.

Tool A: Protein IDs with substitutions.
This is a batch protein tool that should be
used if the user wants a batch analysis of
multiple proteins with predictions of
nsSNPs from dbSNP or AASs of their
choice. This tool may take 5-10 min to
run for an input list of 1,000 protein iden-
tifiers. A screenshot of this functionality is
shown in Figure 3. When using this tool it
is possible for the user to set two para-
meters.

Protein IDs

[Sample format]
‘NP_DDIDDS498,V352 T
|NP_001008499, dbsnp

|nP_o01008501

82934505
82934725

-or-

Paste in RefSeq accessions or gi numbers

|NP_001008502, Q554P, $190C, S588C

100 hits ordered by their score after running BLAST with
default parameters. This option should be chosen if the BEST
HITS option yields a selection of sequences not diverse
enough for prediction. In such a case, SIFT gives a warning
about low confidence in the prediction, which is discussed in
the TROUBLESHOOTING section of this protocol.

Identity percentage: This parameter allows the user to mask
out sequences that are highly identical to the query sequence.

One RefSeq accession (starting with XP / NP) or gi number per line (Limit 1000 proteins )

~

Paste input here

Upload file containing RefSeq accessions or gi numbers

(1) Sequences to include (BEST HITS or

[ Browse... ]

ALL HITS): This parameter deter-

. } o
mines the properties of the set of reclors

Select BEST HITS
to obtain functional
orthologs
Select sequences to include: : best BLAST hitto each organisn’ilf

related sequences that SIFT obtains
through a BLAST search. The default
choice for this parameter is BEST
HITS. The BEST HITS option aims

Remaove sequences mare than |90

If you receive a warning that tiall BLAST hits for prediction on your substitution, try "all BLAST hits". If that fails,

B R g g e h e st BLAST hitta each organism

percent identical to query

This cleans out any polymorphic alleles (sequences in the database that are nearly identical to your protein but already containing the su.
sequences may cause the substitution to be predicted as tolerated.

for functional similarity among the
sequences. These sequences are the
top hits from each organism repre-
sented in the BLAST results and are
assumed to be orthologs. The ALL
HITS option simply fetches the top
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Figure 3 | Input screen for the ‘Sorting Tolerant From Intolerant’ (SIFT) batch tool that takes as

an input a list of protein identifiers with corresponding amino acid substitutions (AASs). Shown here
are the input text boxes and the optional parameters section. http://sift.jcvi.org/www/
SIFT_pid_subst_all_submit.html.
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These sequences may already contain the nsSNP to be
analyzed because of the sequencing of polymorphic alleles.
The default value for this parameter is 90%. We have rarely
needed to change this parameter and recommend using the
default value.

Tool B: dbSNP identifiers. This is a batch protein tool that should
be used if the user is interested in predictions for known SNPs
contained in the dbSNP database. This tool may take 2—-3 min to
run for an input list of 1,000 rs IDs.

Tool C: GI number. This is a single protein tool that accepts a GI
number or a RefSeq identifier as an input and allows the user to
obtain detailed predictions for the corresponding protein. SIFT
obtains related proteins by using NCBI’s pre-computed BLAST Link
tool, which makes this option much faster than using a protein
sequence as input (Tool D described in the following section). The
user should choose this option if he/she is interested in obtaining
predictions for all of the possible AASs at every position in the
protein sequence. It is also possible to specify AASs of interest and to
modify the parameters as described in Tool A.

Tool D: Protein sequence. This is a single protein tool that should
be used if the user wishes to analyze a specific protein sequence.
However, this is a time-consuming option and may take up to 20
min to run as it requires a BLAST search to compile a set of related
proteins. It is advisable to use Tool C if the GI number or the RefSeq
identifier of the protein is known. A screenshot of this functionality
is shown in Figure 4. In this option the FASTA format of the
protein sequence is required. To obtain this the user may search
either the UniProt protein database (http://www.uniprot.org/) or
NCBI’s protein database (http://www.ncbi.nlm.nih.gov/). The
FASTA sequence requires a header line and an amino acid sequence.
An example of the FASTA format is shown below.
>gi|440979|gb|AAB28880.1| Oct-1B [Homo sapiens]
SPILAIFPSPTSLALQTPPPTTQQP
The header is the first line that starts with the character ‘>’ and
contains the relevant sequence identifier and name. The amino-
acid sequence starts on the second line. For further information
about the FASTA format, please visit the NCBI website. SIFT runs a
BLAST search for the input query sequence to obtain related
homologs. When using this tool a user can set three parameters.
(i) Database to search (UniProt SwissProt, UniProt TrEMBL or
NCBI nr): The default choice of database is UniProt-TrEMBL;
this is a large high-quality database. Additional options

>QUERY

PROTOCOL |

include the UniProt-SwissProt, which is a small but high-
quality database and the NCBI’s non-redundant (nr) data-
base, which is the largest database. Although the selection of a
smaller database would decrease the time taken for the BLAST
search, in some cases, it may be appropriate to choose a larger
database such as NCBI’s ‘nr’ database to ensure sufficient
diversity among the set of related sequences. A larger database
should be chosen when SIFT finds the median sequence
information value to be above 3.25 and displays a warning
message as discussed in the TROUBLESHOOTING section of
this protocol.

(ii) Median conservation of sequences: The conservation value for a
position in the alignment ranges from zero, when all 20
substitutions are observed at that position, to log;20
(=4.32), when only one amino acid is observed at that
position®. Thus, the median of the conservation values at all
positions in the alignment is a measure of the diversity of the
set of sequences. The default value for this parameter is 3.0.
We have optimized this parameter and recommend keeping
the default value.

(iii) Identity percentage: Please refer to the parameters section of
Tool A for information on setting this parameter.

Tool E: Protein sequence alignment. This is a single protein tool
and should be used when the user has a multiple alignment of the
query sequence with homologous sequences. As the quality of the
substitution model depends on the quality of the related ortholo-
gous sequences obtained, this tool can be used by a more advanced
user who may want to use a manually refined set of related
sequences. This tool typically takes less than 1 min to run. A
manually refined alignment of orthologous sequences that
share the same function usually yields the best results. The aligned
sequences can be obtained either by searching the NCBI
protein database using BLAST or by using BLink (if you have the
protein identifier in addition to the sequence) to obtain
NCBI’s pre-computed BLAST results for your protein. To use
BLink, the user should place the protein identifier (GI number or
RefSeq identifier) at the end of the URL (in place of proteinID)
http://www.ncbinlm.nih.gov/sutils/blink.cgi?pid=proteinID and
get the results. Once homologous sequences have been
retrieved by either BLAST or BLink, the user can use online tools
such as ClustalW2  (http://www.ebi.ac.uk/Tools/clustalw?2/
index.html) to align the sequences. The final input to SIFT is a
list of sequences in the multi-FASTA format, a sample of which is
shown below.

ELRLRYCAPAGFALLKCNDADYDGFKTNCSNVSVVHCTNLMNTTVTTGLLLNGSYSENRT

>P27757 Envelope glycoprotein gpl60 OS=Simian
ELRLRYCAPAGYALLKCNDWDYAGFKPECSNVSVVHCTTLMNTTVTTGLLLNGSY SENRT

>P27977 Envelope glycoprotein gpl60 OS=Simian
ELRLRYCAPAGFALLKCNDYDYAGFKTNCSNVSVVHCTNLINTTVTTGLLLNGSYSENRT

>P32536 Envelope glycoprotein gpl60 OS=Human
XMRFRYCAPPGFALLRCNDTNYSGFEPNCSKVVAATCTRMMETQTSTWFGEFNGTRAENRT

>P20872 Envelope glycoprotein gpl60 OS=Human
XMRFRYCAPPGFALLRCNDTNYSGFEPNCSKVVAATCTRMMETQTSTWEFGFNGTRAENRT
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MATERIALS Protein sequence

EQUIPMENT X . Mame of file containing protein query sequence {fasta format).
Software: Internet browser (such as Mozilla Firefox, ‘ Biewen

Internet Explorer, etc.) and a text editor for creating
list files and/or comma-separated files.

Files: A text file of one of the following: a list of ) )
protein IDs, a protein sequence alignment, a pro- Pas?e in your protein query sequence (fasta foratl‘ :
. . ; >gi| 144922640 ref|NP_001008502.2| Fardet-Biedl syndm.12 [Mus musculus] a |
tein sequence in FASTA format or a list of NCBI MEMACRVINRRRHVGLQQLLSF LQTGRSFLGPVEATKF ITDAECHESVLISSTVRLLEGLDLTCAVGHLL |
SNP IDs (rs IDs). For the first three files listed NEAVQAQNNTYKIGTSTLLFLVGAWSRAVEDCLHLGIPTTVIVSVMSEGLNSCIEAVVSLQVP IHNVFDH
MDNTSTVYKLETVNATLCPFLODPSGSGLLOEKRDFKDATSPLLSTYSLSGRHAESPKFFKPOUNLETER |
. . . NTLQVLKNNLYTDSFCKKS AL AHSRHFNRTDNSHWISRHDGFLEQLESTPRKVLRCNDF GELAVGLSHGDH |
corresponding protein can also be submitted. SSMALAKAAVRLOWOSLCLOOANWMAPFMFD ISRLLTCCIPGLPETFSRVGLGYVTFVTHSSITLIKELD |
DQPFRVILIEGDLTESYRHLGFNKSVNIKTKLDSGELSEDSAEELVTNHVLOVL IQFNVTLILVQGSVSE |
|
|
|
|
|

Enter sequence
in FASTA format

above, a list of substitutions of interest in the

HLTEKCHHSKRLVIGAVNGSVLOAF AEATRAVPVAYVTQVNEDCVGSGVSVTF WHSPHD INRSNRIAILL

PROCEDU RE TAEGINLITAVLTSPASAQMETKEDRFWSCVYRLYHALKEERKVFLGGGAVEFLCLSHLQILAEQSLNRGN |
Accessing the SIFI' Web applicat-ion |HACLGWLPDSSSWMASSLSVYRPTVLKSLAGGUHEFLSAIMCNTATHPS AVEARTF IQQHVONAIDSGSP

1| Mak ter i 1SSYILSEYSKLSSGVFHSGISDNLELVPRVYD’I’VTPKIEAIJRRALDWLLVLQTDSEIITGLVHTEHNSQ v
dKe sure your computer 1s ==

connected to the Internet and has an
Internet browser installed and running.

Substitutions to be predicted on (can be left blank)

Visit the SIFT website (http:// Enter the name of file containing substitutions of interest [format]:
sift.jcvi.org). The homepage consists of i
the SIFT toolbox in the left column with

. . ape Enter the substitutions of interest [format]:
six functionalities to choose from. The [csu

Enter substitutions
of interest

right column contains basic introduction gssa®
about SIFT along with the link to

download the source code and links

referencing the literature about SIFT.

. eire . Parameters Choose database to
Preparing and submitting the input Search. Default:
data Select database to search: | UniProt-TrEMEBL 39.6 v UniProt-TrEMBL

. . Warnings for you prediction:UniProt-SwissProt 56.6
2| SIFT offers different user input UniProt-TrEMBL 336
: R : NCEI nonredundant 2008 Dec
0pt10ns inits tOOl.bOX. The 0pt10|’l Median conservation of sequences |3.00 |
selected depends on your choice of (between 0 and 4.32, we recommend between 2.75 and 3.25)
analys1s or the ava]lab]hty of Start]ng Remaove sequences maore than a0 percent identical to query
data. Use opti on A to an a[yze mu[tjpl_e This cleans out any polymorphic alleles (sequences in the database that are nearly identical to your protein but already cor

sequences may cause the substitution to be predicted as tolerated.

protein IDs with substitutions, option B
to analyze multiple dbSNP identifiers,
option C to analyze a single GI number
or RefSeq Identifier, option D to analyze
a protein sequence and option E to
analyze a query protein sequence along
with aligned sequences.

‘fy‘ (A) Protein IDs with substitutions

= (i) Obtain the list of identifiers belonging to the proteins that require prediction analysis, e.g., NCBI reference sequence
(RefSeq) identifiers or NCBI GI numbers. The input list may contain a combination of RefSeq identifiers and GI numbers.
Once compiled, the list may look like this:
NP_001008567
NP_001008589
82934725
82934691
A CRITICAL STEP Do not include version numbers in the RefSeq identifiers in the input data.

(ii) Obtain a list of AASs for each corresponding protein identifier chosen in Step 2 option A (i) above (optional).

(iii) Compile the final list for submission by appending each protein identifier in the list from Step 2 option A (i) with the
AASs obtained in Step 2 option A (ii). Add the reserved word ‘dbsnp’ or leave it blank to obtain SIFT predictions for all of
the AASs that are in NCBI's dbSNP database. An example of a final list for submission is shown below.
NP_001008499,dbsnp
NP_001008501
NP_001008502,Q554P,5190C,S588C
A CRITICAL STEP Make sure that the entries in the list are comma separated.

(iv) Copy and paste the input data into the relevant textbox or upload an input file. Sample input data may be obtained by
clicking the link ‘Sample Format’, which is above the input textbox for protein identifiers.

Figure 4 | Input screen for a single protein that takes as an input the protein sequence along with
corresponding amino acid substitutions (AASs). Shown here are the input text boxes and the optional
parameter selection. http://sift.jcvi.org/www/SIFT_seq_submit2.html.

© 2009 Nature Publishing Group http://www.nature.com/natureprotocols
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(v) In the drop down menu for the parameter ‘sequences to include’, choose between BEST HITS or ALL HITS. The
default choice for this parameter is ‘BEST HITS' (optional).
(vi) Choose a value for the parameter ‘identity percentage’; this allows the masking of sequences that are highly identical
to the query sequence. The recommended and default value for this parameter is 90% (optional).
(vii) Enter your email address on this page if you wish the results to be emailed to you. Click the ‘submit query” button
and wait for the results.
? TROUBLESHOOTING
(B) dbSNP Identifiers
(i) Prepare a list of dbSNP reference SNP ID (rsID or RefSNP) containing one entry per line. Refer to the SIFT Toolbox section
of the Introduction for how to obtain rsIDs.
rs1098
rs1258
rs1303
rs1320
rs1337
(i1) Copy and paste the Llist of nsSNPs into the relevant textbox or upload it as an input file. Sample input data may be
obtained by clicking the link ‘Sample Format’, which is above the textbox for dbSNP identifier input.
(iii) Enter your email address on this page if you wish the results to be emailed to you. Click the ‘submit query” button and
wait for the results.
(C) GI Number
(i) Obtain the NCBI GI number or the RefSeq identifier associated with the protein of interest. Refer to the SIFT Toolbox
section of the Introduction for how to obtain NCBI GI numbers or Refseq identifiers.
(i1) Obtain a list of AASs of interest (Optional).
(iii) Enter the GI number or the RefSeq identifier of the protein of interest in the text box titled ‘GI Number.
(iv) Paste a list of AASs prepared as described in Step 2 option A (ii) in the suitable textbox (optional). Alternatively, you may
upload the text file containing the list of AASs.
(v) Choose the parameters as described in Step 2 option A (v) and option A (vi) (optional).
(vi) Enter your email address on this page if you wish the results to be emailed to you. Click the ‘submit query” button and
wait for the results.
? TROUBLESHOOTING
(D) Protein sequence
(i) Obtain the FASTA sequence of the protein of interest from either the UniProt protein database or NCBI's protein database.
(i1) Obtain a list of AASs of interest (optional).
(iii) Paste the protein sequence in FASTA format into the suitable textbox. Alternatively, you may upload the FASTA file.
(iv) Paste the AASs of interest in the suitable text box or upload the text file containing substitutions (optional).
(v) Select the option for the parameter ‘Database to search’ from the drop down menu (default is UniProt-TrEMBL)
(optional).
o (vi) Choose a value for the parameter ‘Median conservation of sequences’ (the recommended and default value is 3.00)
@ (optional).
= (vii) Choose a value for the parameter “identity percentage” as explained in Step 2 option A (vi) (optional).
(viii) Enter your email address on this page if you wish the results to be emailed to you. Click the ‘submit query” button and
wait for the results.
? TROUBLESHOOTING
(E) Protein sequence along with aligned sequences
(i) Create a multi-FASTA file with your query sequence at the top of the file, followed by aligned homologous sequences.
For further instructions, refer to the SIFT Toolbox section in the Introduction.
(ii) Obtain a list of AASs of interest (optional).
(iii) Upload or paste the aligned multi-FASTA file prepared in Step 2 option E (i) in the suitable text box.
(iv) Upload or paste the amino acid substitutions list into the suitable text box (Optional).
(v) Enter your email address on this page if you wish the results to be e-mailed to you. Click the ‘submit query” button and
wait for the results.

© 2009 Nature Publishing Group http://www.nature.com/natureprotocols

Each of the six options described in Step 2 of the PROCEDURE section typically takes less than 20 min to run.

More specifically,
Step 2A: Submission of protein identifiers with their substitutions takes about 5-10 min for a list of 1,000 proteins.
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Protem ID | Substitution | dbSNP ID Prediction Score | Median Info | Number of Seqs at position
NP_001008498 | V3521 1527180025 | TOLERATED 1.00 |1.38 99
NP_001008499 | Y218C 1533644739 | DAMAGING 0.00 |1.90 98
NP_001008501 | C192Y 332419104 | TOLERATED 025 |146 84
82934505 Q23L 1513484479 | DAMAGING *Warning! Low confidence. |0.00 [4.32 1
82934725 K52E 526925385 | TOLERATED 1.00 |4.32 2
82934691 P52R rs26956085 | TOLERATED 1.00 |4.23 101

erved, an amino acid may incorrectly

* Low confidence means that the protein alignment does not have enough sequence diversity. Because the position artifically appears to be cor,

Click here to download the following table in tab separated format. You can open it using excel with delimiter set as TAB

If you received a warning that the sequences were not diverse enough, you can have SIFT choose more diverse sequences here.

Figure 5 | Output table of batch tool that uses the input type of protein identifiers with corresponding substitutions.

Step 2B: Submission of dbSNP RefSNP IDs takes 2-3 min for a list of 1,000 rsIDs.

Step 2C: Submission of GI number takes 2-3 min to run.

Step 2D: Submission of a protein sequence may take up to 20 min depending on the time it takes to run the BLAST search.
Longer protein sequences may take longer to process.

Step 2E: Submission of a protein sequence alignment takes less than 1 min to run.

? TROUBLESHOOTING
Step 2 option A and option C: If you receive the warning ‘the median sequence information is greater than 3.25 for your amino
substitution’, then this implies that there is too little diversity in the protein sequence alignment. Choose the ALL HITS option
in the parameters section. This option fetches the top 100 hits ordered by their score after running BLAST with default
parameters.

Step 2 option D: A prediction for an AAS may have a low-confidence warning. If you receive the warning that ‘the median
sequence information is greater than 3.25 for your amino substitution’, then this implies that there is too little diversity in the
protein sequence alignment. This might lead to many positions in the sequence appearing as highly conserved, which increases
the false-positive error where neutral substitutions are predicted to be deleterious®. In such a case, choose the largest (nr) data-
base in the parameters section of your submission page. This may remedy the problem of low diversity if additional homologous
sequences are found.

Step 2 option D: Processing of the protein sequence query as described in Step 2 option D may take about 20 min. A link is
provided that leads to the results page, which will be automatically refreshed once the results are available. If you get a time-
out message, then use a smaller
(UniProt-SwissProt) database to search from.

36 sequences were selected to be closely related to your query sequence.

PSIBLAST alignment of submitted sequences

Alignment in FASTA format (for modification)

The alignment taken from PSIBLAST is returned in msf format.

Note: Xes are placeholders at the beginning and end of sequences. While - means a gap in the alignment an 3 means a lack of information such
contribute to the prediction.

Please check the sequences that have been chosen. If the sequences are too diverged from your query or the alignment is questionable,

resubmit.

You may also refer to the SIFT help page:
http://sift.jcvi.org/www/
SIFT_help.html

Or contact us with your specific problem
at http://sift.jcvi.org/sift-bin/
contact.pl

Predictions for
all substitutions

SIFT amino acid predictions for:
Positions 1 to 100

Positions 101 to 200
Positions 201 to 300
Positions 301 to 400
Positions 401 to 500
Positions 501 to 600
Positions 601 to 700
Positions 701 to 800

ANTICIPATED RESULTS

As mentioned in the procedure, the results
of the analysis can either be obtained via
email or can be viewed online. The results
for batch tools are presented in tabular
format, whereas those for the single

Scaled probability
matrix

Scaled Probabilities for Entire Protein
May take same time to load!! Please be patient if you do not see the table immediately.
Amino acids with probabilities < .05 are predicted to be deleterious.

Predictions for
selected substitutions

protein tools are in the form of html
and tab-separated text files.

SIFT results table for batch tools: as
shown in Figure 5, the columns in this
table are described below.
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Predictions of substitutions entered
If you received a warning that the sequences were not diverse enough, you can have SIFT choose mare diverse sequences here.

Figure 6 | Results summary screen for a single protein. This page contains links to predictions for all
substitutions (Fig. 7), the scaled probability matrix (Fig. 8) and predictions for user-submitted
substitutions (Fig. 9).
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Predict not tolerated Position Predict tolerated

dcgwhnesprkgqyt 3M 0.60

w 4A 0.60

wmhf 5C 0.80

wemf 6R 0.80

wdhgpncergks 7V 0.80

wdhg 8/ 0.80

9N 0.80

cwmfid 10R 0.80

cwfmyi vdhpgl 11R 0.80 nst ae kQR

cwfmyi vdhpgl 12R 0.80 nstaekQR
ywvtsrqgpnml ki gfedca 13H 0.80 H

Seq Rep
afviML
cfmyi hvlprgqtnkse GDA
yiqrelkdpnvgtaSC
yihvpldgnget akSR
ytamFII V

ncr gqpey ksfmt AvLI
wchpf yMi qgrvgedtaksl N
pvygslt naeqHkKR

Figure 7 | Output prediction for all substitutions for a single protein.
Shown here are amino acid positions 3-13 of a protein. Capital letters
indicate amino acids appearing in the protein sequence alignment used for
prediction whereas lower case letters indicate amino acids not observed

in the protein alignment. The numbers in the ‘Seq Rep’ column represent the
fraction of sequences in the alignment that have an amino acid at the
corresponding position.

PROTOCOL |

pos A CDEFGHI KLMNPQRSTVWY

1M 0.25 0.000.000.000.000.000.000.000.000.000.001.000.000.000.000.000.000.000.000.000.00
2E0.25 0.000.000.001.000.000.000.000.000.000.000.000.000 00.000.0 )
3M0.50 0.070.020.020.030.120.0 0.240.031.000.630.0

4A 0.50 1.000.050.130.170.040.680.040.050.160.090.040.120.140.1

5C0.75 0.591.000.170.150.090.330.080.110.170.150.060.190.180.120.120.930.440.210.030.11
6R0.75 0.370040.240.360.060.230.110.100.580.170.060.260.150.291.000.630.330.150.020.0%
7V 0.75 0.100.030.020.030.220.040.030.990.040.480.100.030.030.030.040.050.091.000.020.09
810.75 0.440.070.070.130.210.070.070.860.131.000.210.080.030.100.100.130.240.850.040.12
9N 0.75 0.300.150.730.850.410.600.370.540.941.000.360.950.360.530.66 0.930.840.640.100.46

10R 0.75 0.140.020.080.160.070.100.380.060.460.120.040.130.080.191.000.130.130.090.020.11
11R0.75 0.100.010.060.130.020.060.050.030.330.070.020.080.050.46 1.000.090.080.050.010.03
12R 0.75 0.100.010.060.130.020.060.050.030.330.070.020.080.050.46 1.000.03 0.08 010.03

13H 0.75 0.000.000.000.000.000.001.000.000.000.000.000.000.000.000.000.000.000.000.000.00

Figure 8 | Output scaled probability matrix for a single protein. Shown here are
the results for amino acid positions 3-13 of a protein. The threshold score for
intolerance of a substitution is 0.05. Rows correspond to positions in the reference
protein and columns correspond to all possible 20 amino acids. The header column
on the left contains the position, reference amino acid and the fraction of
sequences in the alignment that have an amino acid at the corresponding position.

Each element of the matrix represents the scaled probability of substitution at
each position. Substitutions predicted to be intolerant are highlighted in red.

(a) Protein ID: Protein identifiers entered by the user.

(b) Substitution: Amino acid substitutions entered by the user. If substitutions are not specified by the user, then this column displays
substitutions from the NCBI dbSNP database for the corresponding protein.

(c) dbSNP ID: dbSNP rsID for the substitution entered by the user. If the user-specified substitution does not correspond to a SNP in the
dbSNP, then this column is left blank for the corresponding protein.

(d) SIFT prediction, which can be either 'DAMAGING’ or ‘TOLERATED".‘DAMAGING” means that the substitution is predicted to affect protein
function and ‘TOLERATED’ means that the substitution is predicted to be functionally neutral.

(e) Score: The SIFT prediction score ranges from 0 to 1, and is the scaled probability of an AAS being tolerated. AASs with scores that fall
below 0.05 are predicted to affect protein function.

(f) Median Info: The conservation value for a position ranges from zero, when all 20 amino acids are observed at a position in a

protein sequence alignment, to log,20(=4.32), when only one amino acid is observed at that position®. The ‘median info’ is the median

of conservation values in the alignment at the position of the substitution. If a substitution is predicted to be damaging with a

median conservation value greater than 3.25, SIFT warns about the lack of diversity of the chosen sequences. A low-confidence

warning can be seen in Figure 5. If this warning is displayed, then it is advisable to attempt the analysis again choosing a

larger database, such as the NCBI non-redundant database, as discussed in the TROUBLESHOOTING section.

Number of Sequences at position: The number of sequences used in the alignment that has an amino acid (not an insertion/deletion)

at the corresponding position. A sufficient number of sequences used in the alignment are typically greater than 10. A high

number of sequences represented at a position improve the confidence of the prediction at that position.

SIFT Results for single protein tools: There are three kinds of output files that are generated for single protein tools.
A summary results page is shown in Figure 6 and contains the links to the output files, which are described below.
(a) Predictions for all 20 possible amino-acid changes at each position of the protein, as shown in Figure 7. Capital letters indicate
amino acids appearing in the protein sequence alignment that was used for prediction, whereas lower case letters indicate amino
acids not observed in the protein alignment. The numbers in the ‘Seq Rep’ column correspond to the percentage of sequences
in the alignment, which have an amino acid (not an insertion/deletion) at the corresponding position. A higher fraction of
sequences in the alignment represented at a position improves the confidence of prediction at that position. In Figure 7, it
can be observed that (a) position 13 is highly conserved and tolerates only the amino acid H and (b) position 3 tolerates A, F, V, I, M
and L, all non-polar hydrophobic amino acids.
A scaled probability matrix for the query protein sequence as depicted in Figure 8. The rows of the matrix represent positions
of the protein sequence and the columns represent all 20 amino acids. The matrix contains the SIFT scores of all substitutions at
each position of the sequence.
The scores below 0.05 are predicted
to affect protein function.
(c) Predictions for the AASs submitted
by the user, as shown in Figure 9.
The predictions and quantitative scores
obtained may help investigators
in prioritizing AASs in targeted gene
re-sequencing or mutagenesis studies.

~

(9

(b

~

SIFT predictions for selected substitutions

Substitution at pos 5 from C to W is predicted to AFFECT PROTEIN FUNCTION with a score of 0.03.
Median sequence conservation: 2.39
Hequences represented at this position:3

Substitution at pos 554 from Q to P is predicted to be TOLERATED with a score of 0.33.
Median sequence conservation: 3.39
Hequences represented at this position:3

Figure 9 | Predictions on selected substitutions in a single protein.
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