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Abstract:

Nonsynonymous single nucleotide polymorphisms (nsSNPs) in coding regions that can lead to amino acid changes may cause al-

teration of protein function and account for susceptibility to disease and altered drug/xenobiotic response. Abundant nsSNPs have

been found in genes coding for human ATP-binding cassette (ABC) transporters, but there is little known about the relationship be-

tween the genotype and phenotype of nsSNPs in these membrane proteins. In addition, it is unknown which prediction method is bet-

ter suited for the prediction of non-neutral nsSNPs of ABC transporters. We have identified 2,172 validated nsSNPs in 49 human

ABC transporter genes from the Ensembl genome database and the NCBI SNP database. Using six different algorithms, 41 to 52% of

nsSNPs in ABC transporter genes were predicted to have functional impacts on protein function. Predictions largely agreed with the

available experimental annotations. Overall, 78.5% of non-neutral nsSNPs were predicted correctly as damaging by SNAP, which

together with SIFT and PolyPhen, was superior to the prediction methods Pmut, PhD-SNP, and Panther. This study also identified

many amino acids that were likely to be functionally critical but have not yet been studied experimentally. There was significant con-

cordance between the predicted results of SIFT and PolyPhen. Evolutionarily non-neutral (destabilizing) amino acid substitutions

are predicted to be the basis for the pathogenic alteration of ABC transporter activity that is associated with disease susceptibility and

altered drug/xenobiotic response.
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Introduction

ATP-binding cassette (ABC) transporters are mem-

bers of a protein superfamily that is one of the largest

and most ancient families, with representatives in all

extant phyla from prokaryotes to humans [19]. ABC

transporters are transmembrane proteins that utilize

the energy of adenosine triphosphate (ATP) hydroly-

sis to carry out certain biological processes, including

translocation of substrates across membranes and

non-transport-related processes such as translation of

RNA and DNA repair [14, 42]. A wide variety of sub-

strates are transported across extra- and intracellular

membranes, including metabolic products, lipids and

sterols, and drugs. Proteins are classified as ABC

transporters based on the sequence and organization

of their ABC domain(s).
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There are 49 known ABC transporters in humans,

which are classified into seven families by the Human

Genome Organization (http://nutrigene.4t.com/human-

abc.htm). Nonsynonymous SNPs (nsSNPs) of the hu-

man ABC transporter genes may cause absent or re-

duced transport activity, and polymorphisms of ABC

transporters have been found to be closely related to al-

tered drug clearance and/or drug response, cystic fibro-

sis, and various eye diseases and syndromes [21]. For

example, nsSNPs of ABCB1 (P-glycoprotein) influ-

ence highly active antiretroviral therapy (HAART) ef-

ficacy and AIDS-free survival [17].

Human genetic variation may directly or indirectly

influence responses to modern antiretroviral therapies

for HIV. It is already known that some immunoge-

netic and other human genetic variations affect the

natural history of HIV disease progression where in-

dividuals are untreated, but less information is avail-

able as to whether these differences are still relevant

in the context of HAART [3]. Antiretroviral therapy

adds additional opportunities for human genetic con-

tributions to affect variable prognosis, in particular for

those genes that influence pharmacokinetics and/or

adverse events (e.g., ABC transporter genes). To date,

the majority of studies investigating the influence of

human genetic variation on HIV disease and treat-

ment outcome have focused on a small number of

SNPs, not including most of the ABC transporters.

The functional impact of most nsSNPs in human ABC

transporter genes is still unknown. However, computa-

tional technologies aid the experimental exploration of

nsSNPs and are indispensable in predicting the response

to HAART in HIV-infected subjects. For example, Hao et

al. [15] identified 923 nsSNPs from human phase II xe-

nobiotic metabolizing enzyme genes and used SNAP,

Panther, and PolyPhen to predict the impact of these

nsSNPs on enzyme function. In addition, Wang et al. [41]

predicted the phenotype of 1,632 nsSNPs of human ABC

transporters using SIFT and PolyPhen. However, the

numbers of nsSNPs in ABC transporter genes collected

in public databases and publications are rapidly increas-

ing, and new algorithms with better predictive power are

becoming available. The present assessment of the pre-

sumably functionally essential residues of drug/xenobi-

otic transporters remains far less complete. In this study,

we therefore investigated the potential effect of known

human ABC transporter nsSNPs on protein function us-

ing six algorithms. The data set we compiled is the largest

and most diverse one to date for the evaluation of predic-

tion methods that require similar types of inputs.

Materials and Methods

Nonsynonymous SNP datasets

The data on human ABC transporter genes were col-

lected from Ensembl (http://www.ensembl.org/Homo_

sapiens/Search/) and Entrez Gene on the NCBI web-

site (http://www.ncbi.nlm.nih.gov/sites/entrez). Expired

and merged gene names were excluded from the

study. The majority of the variants included in this

analysis were identified during the screening of 12

human ABCA, 11 ABCB, 13 ABCC, 4 ABCD, 1 ABCE,

3 ABCF, and 5 ABCG genes from Ensembl (http://

www.ensembl.org/Homo_sapiens/Gene/Variation_ Gene/).

Ensembl integrates genetic variants from dbSNP, Uni-

prot, the personal genomes of Watson and Venter, and

Illumina human genome sequencing results and links

to information such as transcripts, population genet-

ics, individual genotype, genomic context, phenotype

data, and phylogenetic context. Information including

gene symbol, gene name, mRNA accession number

(ENST or NM), protein accession number (ENSP or

NP), SNP ID, amino acid residue 1 (wild-type, wt),

amino acid position, and amino acid residue 2 (mis-

sense) were collected. Supplementary variants were

identified from Entrez Gene on NCBI and through

PubMed literature searching and added to the dataset

after cross-examination. The information on the effect

of the nsSNPs on enzyme activity and the correlation

between the nsSNPs and disease/adverse drug reac-

tion/toxicant intake were extracted from in vivo and in

vitro experiments (e.g., recombinant protein analysis)

according to the literature.

Prediction of the phenotypes of nsSNPs

in human ABC transporter genes

The effect of the variant amino acid substitution on

protein function was predicted using PolyPhen

(http://genetics.bwh.harvard.edu/pph/), Panther (http://

www.pantherdb.org/tools/csnpScoreForm.jsp), SNAP

(http://cubic.bioc.columbia.edu/services/SNAP/submit.

html), SIFT (http://sift.jcvi.org/#), Pmut (http://mmb2.

pcb.ub.es:8080/PMut/), and PhD-SNP (http://gpcr2.

biocomp.unibo.it/cgi/predictors/PhD-SNP/PhD-SNP.cgi).

The table with the above information is available

upon request.

PolyPhen uses empirically derived rules based on

previous research in protein structure, interaction, and
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evolution that automatically predict whether a re-

placement is likely to be deleterious for the protein on

the basis of three-dimensional structure and multiple

alignments of homologous sequences [30]. In this

study, PolyPhen input is a protein amino acid se-

quence together with sequence position and two

amino acid variants characterizing the polymorphism.

Generally, PolyPhen scores of 0–1.49 are classified as

benign, 1.50–1.99 as possibly damaging, and � 2 as

probably damaging. In concordance analysis, scores of

0–0.99 are classified as benign, 1–1.24 as borderline,

and 1.25–1.49 as potentially damaging. However,

some predictions were presented as benign, possibly

damaging, or probably damaging, but without scores.

In addition, some prediction scores were below zero.

These prediction results were excluded in concordance

analysis between the functional consequences for

nsSNPs predicted by two different algorithms.

The Panther program analyzes variants and pro-

vides subPSEC (position-specific evolutionary con-

servation) scores that range from –10 (most severe) to

0 (least severe) [36, 37]. It then uses a hidden Markov

model (HMM) based on position specific independent

counts to convert this data into a probability score that

the particular amino acid substitution is damaging. To

convert the Panther results, a score of 0 to –3 is con-

sidered to be tolerated and a score of –3 to –10 is not

tolerated. The value of –3 was chosen because it rep-

resents a probability of 0.5 of being damaging.

SNAP combines many sequence analysis tools in

a battery of neural networks to predict the functional

effects of nsSNPs [2]. For example, SNAP uses func-

tional effects from SIFT [24] and conservation infor-

mation from position-specific independent counts

(PSIC) [33]. For each mutant, SNAP returns three val-

ues: the binary prediction (neutral/non-neutral), the RI

(Reliability Index, range 0–9) and the expected accu-

racy that estimates accuracy on a large dataset at the

given RI (i.e., accuracy of test set predictions calcu-

lated for each neutral and non-neutral RI). The latter

two values correlate; when both are provided, the

server chooses the one yielding better predictions.

SIFT predicts whether an amino acid substitution af-

fects protein function based on sequence homology

and the physical properties of amino acids. SIFT can be

applied to naturally occurring nonsynonymous poly-

morphisms and laboratory-induced missense muta-

tions. Generally, SIFT scores of 0–0.05 are classified

as “AFFECT PROTEIN FUNCTION” and 0.05–1 as

“TOLERATED”. Pmut uses different kinds of se-

quence information to label mutations and neural net-

works to process this information [12]. It provides

a very simple output: a yes/no answer and a reliability

index. PhD-SNP, a support vector machine (SVM)-

based classifier, is optimized to predict if a given sin-

gle point protein mutation can be classified as

disease-related or as a neutral polymorphism [6].

Validation of the prediction results

We first searched PubMed by keyword (i.e., the re-

spective gene name), then downloaded the search re-

sults that had been recorded before November 2010

from the National Center for Biotechnology Informa-

tion (NCBI). From this search, we obtained approxi-

mately 3,000 papers that contained the gene names.

Next, we curated the data manually and retrieved phe-

notype data related to the nsSNPs. The criteria for in-

clusion were that there was evidence of altered trans-

porting activity or disease association shown in the

references. Different researchers double-checked all

articles collected. nsSNPs with experimental evi-

dences of altered transport activity or disease associa-

tion were regarded as deleterious. The phenotypic

data were from both in vivo and in vitro studies, in

which the analysis of site-directed mutagenesis or en-

zymatic/transport changes often provided direct evi-

dence indicating the functional impact of nsSNPs. Pre-

diction accuracy was analyzed according to the positive

findings from these experiments. As a test for the ability

of six algorithms to identify substitutions impacting en-

zymatic activity, scores were obtained and compared for

the collected nsSNPs of human ABC transporter genes

related to the loss of transport/enzyme activity and dis-

ease based on experimental and clinical studies.

Statistical analysis

The Pearson’s �
� test and Fisher’s exact test were used

to compare the percentages. Given that the six algo-

rithms employ different approaches and also different

data sets as foundations for their analyses, it is impor-

tant to find the concordance of the six prediction tools

on functional consequences of each nsSNP prediction.

Concordance analysis of each nsSNP predicted by six

methods were assessed using the linear correlation co-

efficient R. Prediction scores of each nsSNP were

plotted on scatter graphs and analyzed using linear

trend lines; p values below 0.05 were considered sta-

tistically significant.
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Results

Validated nsSNPs of human ABC transporter

genes

Two thousand one hundred and seventy two amino

acid substitution variants were identified in the sys-

temic screening of 49 human ABC transporter genes

for the analysis of the potential impact of all nsSNPs

in human ABC transporter genes. Among seven sub-

families, ABCC had the most nsSNPs (901), followed

by ABCB (603), ABCA (538), ABCG (61), ABCF (38),

and ABCD (29). ABCE had only two nsSNPs. We

cross-examined the databases and removed invalid

SNPs. No nsSNPs were identified in the screening of

ABCD2; therefore, it was not included in this study.

Among the other 48 genes, ABCC6 (MRP6) had the

most nsSNPs (269; table available upon request), fol-

lowed by ABCA4 (222), ABCB3 (TAP2; 170), ABCB2

(TAP1; 143), and ABCC7 (CFTR; 142).

Prediction of functional effects of nsSNPs

of human ABC transporter genes

As shown in Figure 1, there was significant difference

in the distribution of prediction results by the six algo-

rithms (x� = 2193.2, df = 10, p < 0.0001). More dele-

terious predictions were made by Panther (52.3%)

and SIFT (52.1%) than by SNAP (41.1%) and Pmut

(37.2%), with PolyPhen (45.4%) and PhD-SNP

(42.7%) in between. Notably, there were no Panther

predictions for 508 (23.4%) nsSNPs. Similarly, there

were no Panther predictions for 101 (23.5%) UGT

(UDP-glucuronosyltransferase) nsSNPs [15]. The

common reason for this result was that they failed to

align to an HMM. For comparison, Thomas et al. [36]

found that 100/115 missense SNPs (not predicted,

13.0%) aligned to a position in an HMM from Panther

and could be given sub-PSEC scores. For the neuro-

degenerative disease-associated genes SOD1 and

PARK2, 18.3% (17/93) and 45.4% (15/33) of nsSNPs

failed to align to the HMM employed by Panther, re-

spectively, and could not be analyzed [38].

Potential effect of nsSNPs of ABC transporters

on amino acid changes

Four hundred ninety four, 439, and 402 ABCC

nsSNPs were predicted as non-neutral by SIFT, Poly-

Phen, and SNAP, respectively (Fig. 2). As many as

286 (31.7%) ABCC nsSNPs were predicted as delete-

rious by SNAP, PolyPhen and SIFT, followed by

ABCA (170) and ABCB (96). In comparison, the

overlap between predictions of Pmut, PhD-SNP, and

Panther was low. Although 55.5% (1205/2172) of

nsSNPs were predicted as non-neutral by Pmut or

PhD-SNP, only 15.8% (344/2172) of predictions were

shared across all three methods, which was signifi-

cantly lower than for SNAP, PolyPhen, and SIFT

(27.1% or 588; p < 0.0001). As many as 147 ABCC6

nsSNPs and 120 ABCA4 nsSNPs were predicted as

deleterious by SNAP, PolyPhen, and SIFT, respec-

tively, followed by ABCC7 (47), ABCC8 (SUR1; 27),
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and ABCB3 (22). In contrast, only 76 ABCA4 nsSNPs

and 57 ABCC6 nsSNPs were predicted as deleterious

by Pmut, PhD-SNP, and Panther, followed by ABCC7

(30), ABCC8 (24), and ABCB2 (18). Personalized

medicine is about making the treatment as individual-

ized as the disease. It involves identifying genetic, ge-

nomic, and clinical information that allows accurate

predictions to be made about a person’s susceptibility

of developing disease, the course of disease, and its

response to treatment. Individuals with deleterious

nsSNPs should be provided with the individualized

therapeutic regimen [16]. It seemed that only a small

subset of deleterious mutations could be reliably iden-

tified but that this subset provided the raw material for

personalized medicine. Because there was only a

small amount of overlap among the six methods, mul-

tiple methods should be used when trying to identify

deleterious mutations in humans.

Table 1 shows common amino acid changes of

non-neutral nsSNPs in human ABC transporter genes

predicted by PolyPhen and SIFT. Arg was the most

common amino acid of contig reference (wild-type),

followed by Leu and Gly. Cys was the most common

amino acid of missense, followed by Pro and Arg.

Arg�Cys was the most frequent substitution caused

by nsSNPs in ABC transporter genes, followed by

Leu�Pro and Arg�Trp. Interestingly, Arg was also

the most common amino acid of cytochrome P450 (CYP)

contig reference [40], and Arg�Cys was the most fre-

quent substitution caused by nsSNPs in CYP genes.

According to the PolyPhen algorithm, potential ef-

fects of some selected amino acid substitutions might

result from nsSNPs in human ABC transporter genes.

These predictions included the disruption of an anno-

tated functional site (e.g., S753R in ABCC7), disrup-

tion of a ligand binding site (e.g., K461E and T463I in

ABCB11 or Q698P in ABCC6), disruption of an an-

notated bond formation site (e.g., C75G, C1488R, and

C1488F in ABCA4), and improper substitution in the

transmembrane region (e.g., C764Y in ABCA4,

T1980K in ABCA12, and G982R in ABCB11).

Forty-six of these predictions were confirmed by in

vitro, in vivo, and/or epidemiological studies (Tab. 2).

Concordance analysis of predicted results by

PolyPhen and SIFT

Figure 3 and Table 3 show the concordance analysis

between the functional consequences for 2,129 nsSNPs

predicted by PolyPhen and SIFT. Raw scores of Poly-

Phen and SIFT were used for the correlation analysis.

The scatter graph was plotted using prediction scores

of PolyPhen and SIFT, and it showed negative corre-

lation (Fig. 3). The correlation coefficient r = –0.502

(ANOVA, p < 0.0001) illustrated the significant con-

cordance between the prediction scores from these

two algorithms.

Validation of the prediction results

The confirmed phenotypes of nsSNPs manifest as al-

terations in transport/enzyme activity, susceptibility to
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Contig
reference

Number Missense Number Common
amino

acid change

Number

Arg 185 Cys 94 Arg�Cys 58

Leu 104 Pro 85 Leu�Pro 53

Gly 91 Arg 67 Arg�Trp 36

Ser 49 Ser 55 Arg�Gln 29

Val 36 Gly 44 Gly�Arg 26

Thr 33 Trp 44 Arg�His 20

Ala 32 Gln 42 Leu�Arg 18

Asp 29 Leu 40 Arg�Gly 14

Ile 26 Phe 39 Gly�Val 13

Pro 26 His 39 Pro�Leu 13

Glu 21 Thr 32 Asp�Asn 13

Lys 20 Glu 31 Glu�Lys 12

Asn 20 Lys 31 Ala�Pro 11

Phe 20 Met 29 Arg�Leu 11

Tyr 19 Val 27 Tyr�Cys 11

Cys 19 Asp 25 Val�Met 10

Met 15 Asn 21 Thr�Ile 10

Gln 14 Ile 18 Val�Gly 10

Trp 11 Tyr 9 Gly�Asp 10

His 11 Ala 9 Leu�Gln 9

TOTAL 781 TOTAL 781
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Gene Allelic
variant

Substitution Effect
(According to PolyPhen)

SIFT
prediction

SNAP
prediction

Phenotype Reference

ABCA4 C75G
C764Y
V767D
G851D
E1087K
P1380L
C1488R
C1488 F
L1729P
S1736P
V1884E
G1886E

Disruption of annotated bond formation site
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Disruption of annotated bond formation site
Disruption of annotated bond formation site
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region

TOLERATED
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
TOLERATED
AFFECT
AFFECT

Non-neutral
Non-neutral
Non-neutral
Neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral

STGD
STGD
STGD
STGD
STGD
STGD
STGD
STGD
STGD
STGD
STGD
STGD

[42]
[42]
[42]
[42]
[42]
[42]
[42]
[42]
[42]
[42]
[42]
[42]

ABCA12 T1980K Improper substitution in the TM region TOLERATED Non-neutral Non-Bullous congenital ichthyosiform
erythroderma

[30]

ABCB11 K461E
T463I
G982R

Disruption of ligand binding site
Disruption of ligand binding site
Improper substitution in the TM region

AFFECT
AFFECT
AFFECT

Non-neutral
Non-neutral
Non-neutral

Immature protein
Mild exon skipping
Immature protein

[5]
[5]
[5]

ABCC6 W38S
S317R
L355R
T364R
C440G
A455P
L463H
S535P
F551S
Q698P
T944I
L1063R
G1203D

Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Disruption of ligand binding site
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region

AFFECT
TOLERATED
AFFECT
AFFECT
TOLERATED
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
TOLERATED
AFFECT
AFFECT

Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Neutral
Non-neutral
Non-neutral

PXE
PXE
PXE
PXE
PXE
PXE
PXE
PXE
PXE
PXE
PXE
PXE
PXE

[28]
[28]
[28]
[28]
[28]
[28]
[28]
[28]
[28]
[28]
[28]
[28]
[28]

ABCC7

G85E
G85V
Y89C
E92K
K95S
Q98R
I125T
H199R
R334W
L346P
R347H
S753R
S1141K

Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region
Disruption of annotated functional site
Improper substitution in the TM region

AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
AFFECT
TOLERATED

Non-neutral
Non-neutral
Neutral
Non-neutral
Non-neutral
Non-neutral
Neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral
Non-neutral

produced only core-glycosylated protein
produced only core-glycosylated protein
abnormal gating
produced only core-glycosylated protein
charge neutralizing
cystic fibrosis
chronic pulmonary disease
cystic fibrosis
cystic fibrosis
significant loss of segment hydropathy
cystic fibrosis
CBAVD
increased susceptibility to channel
block by cytoplasmic anions

[13]
[13]
[13]
[13]
[44]
[17]
[25]
[10]
[38]
[9]
[17]
[27]
[44]

ABCD1 R104C
P143S
S342P

Improper substitution in the TM region
Improper substitution in the TM region
Improper substitution in the TM region

AFFECT
AFFECT
TOLERATED

Non-neutral
Non-neutral
Neutral

X-ALD
X-ALD
X-ALD

[34]
[26]
[34]

ABCG8 G575R Improper substitution in the TM region AFFECT Non-neutral Sitosterolaemia [31]
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diseases (e.g., cystic fibrosis, Dubin-Johnson syn-

drome, intrahepatic cholestasis of pregnancy, perma-

nent neonatal diabetes mellitus, and Stargardt disease

1), drug/xenobiotic toxicity (e.g., drugs that are sub-

strates of ABC transporters in the placenta) and resis-

tance. To date, 548 nsSNPs (ABCC6: 114, ABCA4:

113, ABCC7: 62, others: 259) of human ABC trans-

porters have been identified in relation to decreased

activity, loss of transport activity, susceptibility to dis-

eases or altered drug/xenobiotic response based on

experimental and clinical studies. Using positive find-

ings from these experiments, if the variants were pre-

dicted to be deleterious in this study, they were con-

sidered correct predictions (true positive, TP). An in-

correct prediction was assumed when these nsSNPs

were predicted as tolerant (false negative, FN). In ad-

dition, 17 neutral nsSNPs (ABCB1: 9, ABCC3: 8)

were collected to determine the prediction specificity

of the six methods.

The confirmed variants were collected from results

derived from site-directed mutagenesis studies of the

enzyme using biochemical characterization or clinical

data from family-based and association studies (table

available upon request). The distribution of prediction

results made by six algorithms was significantly dif-

ferent (x� = 1201.8, p < 0.0001; Fig. 4A). SNAP made

the most TP predictions (78.5%), followed by SIFT

(77.4%) and PolyPhen (72.6%). The prediction accu-

racy of the theoretical RPLS model for the testing set

was 80.4% [21], but this method was only tested in
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SIFT prediction Total

Tolerant
1.000~0.201

Borderline
0.200~0.101

Potentially
intolerant

0.100~0.050

Intolerant
0.049~0.000

Not scored

PolyPhen prediction

Benign N/A 7 0 3 40 9 59

Benign 0.00~0.99 455 98 66 149 3 771

Borderline 1.00~1.24 58 15 19 49 0 141

Potentially damaging 1.25~1.49 57 25 27 76 1 186

Possibly damaging 1.50~1.99 59 36 56 250 0 401

Probably damaging � 2.00 22 21 22 506 0 571

Total 658 195 193 1,070 13 2,129

Fig. 3. %����
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nsSNPs of ABCB transporters. Panther made the least

TP predictions (29.6%), followed by Pmut (52.2%)

and PhD-SNP (54.9%). The latter two were deter-

mined to be the most insensitive prediction methods

for nsSNPs of ABC transporters, with 44.7% and

45.1% false negative rates, respectively. Furthermore,

the prediction accuracy of Panther varied greatly

across different protein families. For example, Pan-

ther correctly predicted the functional impact of

greater than 94% of the naturally occurring ABCA1

variants, superior to PolyPhen [4]. In our previous

study [15], however, Panther made 98.4% and 60.6%

TP predictions for nsSNPs of UGT and other phase II

metabolizing enzymes, respectively. Finally, the

cross-validated performance of Pmut was an 84%

overall success rate [12] and a 67% improvement over

random. However, Pmut might not be suitable for

nsSNP prediction of human ABC transporters.

Approximately 76.5%, 70.6%, and 58.8% of char-

acterized non-deleterious nsSNPs were correctly pre-

dicted as neutral and “TN predictions” by PolyPhen,

SNAP and SIFT, respectively (Fig. 4B). In addition,

there was no significant difference in the results of

TN and FP predictions made by the six algorithms

(Fisher’s exact test, p = 0.60). The numbers of TN and

FP predictions made by the six methods were not re-

ported previously; thus, this study represents the first re-

port on the prediction specificity of the six methods of

interest. Taken together, SNAP, PolyPhen, and SIFT are

superior to Pmut, Panther, and PhD-SNP in the predic-

tion of non-neutral nsSNPs of ABC transporter genes.

Discussion

Two thousand one hundred seventy two validated

nsSNPs were obtained from 49 validated ABC trans-

porter genes from Ensembl and NCBI dbSNP. Each

ABCA, ABCB, ABCC, ABCD, ABCF, and ABCG gene

had an average of 45, 55, 69, 7, 13, and 12 nsSNPs,

respectively. However, only 25.2% (548 of 2172) of

the nsSNPs in the data set of validated nsSNPs in

ABC transporter genes were found to contribute to the

alteration of transport/enzyme activity or correlate

with disease according to published in vivo and in vi-

tro studies. This result was significantly lower than

the 33% found in phase I metabolizing enzyme CYP

genes (p < 0.0001) [40]. These confirmed phenotypes

of nsSNPs related to alteration in transport/enzyme

activity were then connected to susceptibility to vari-

ous diseases and poor transport of drugs/xenobiotics.

Although many sophisticated in silico approaches

have been used to predict the impact of nsSNPs on

protein structure and activity, the foundations for

these algorithms are protein sequence alignment,

physicochemical differences, mapping to known pro-

tein 3-D structures, or combinations thereof. Different

in silico algorithms focus on different aspects of this

information, among which the PolyPhen, SIFT, and

SNAP algorithms are the main representatives in this

field. Significant agreement was observed between

the functional consequences of nsSNP predicted by

the SIFT and PolyPhen algorithms (Fig. 3). In CYPs,

38.94% and 42.73% of the amino acid substitutions

were predicted by SIFT and PolyPhen, respectively,

to have functional effects on enzymatic activity [40].
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However, we found significant differences in the dis-

tribution of PolyPhen prediction results for ABC

transporters, CYPs, UGTs, and other phase II enzymes

(x� = 72.6, p < 0.0001) [15, 40]. For example, more

deleterious predictions (54.4%) were made for UGTs

than for ABC transporters (45.4%), CYPs (42.7%)

and other phase II enzymes (34.5%). In SNAP predic-

tion, less non-neutral predictions (41.1%) were made

for ABC transporters and other phase II enzymes

(44%) than for UGTs (57.2%; p < 0.0001). Further-

more, more non-neutral predictions (52.1%) were

made for ABC transporters in SIFT prediction than

for CYPs (38.9%; p < 0.0001). These results were

consistent with results from Xi et al. [44], who re-

ported that 20 to 50% of the large number of amino

acid substitutions observed in DNA repair genes af-

fected function. Additionally, Doss and Sethumadha-

van [11] reported that PolyPhen classified 40 of 125

amino acid substitutions (32%) in hereditary nonpoly-

posis colorectal cancer (HNPCC) genes as “probably

or possibly damaging”.

A number of in vivo and in vitro experiments have

provided evidence for the functional effects of

nsSNPs on transport/enzyme activity and metabolic

dysfunction or their correlations with diseases. Pre-

diction accuracy can then be analyzed based on this

evidence. As such, 63 to 75% of amino acid substitu-

tions were previously predicted correctly by the SIFT

and PolyPhen algorithms [7, 23, 34], which was com-

parable to our results for ABC transporters. Specifi-

cally, PolyPhen correctly designated 60% of disease-

associated mutations (DAMs) to be probably damag-

ing [20]. However, 21% of DAMs were identified to

be benign, which provided a lower limit on the false

negative rate of inference and was comparable to our

false negative rates (24.5%). Similar accuracies were

also reported in other studies [8, 22, 25].

In this study, SNAP proved to be at least as good as

PolyPhen and SIFT in predicting non-neutral nsSNPs

of ABC transporters, and its prediction specificity

was comparable to PolyPhen and SIFT. SNAP was

therefore used to assess the functional necessity of all

possible nonnative point mutants in the entire hMC4R

protein, and the predictions largely agreed with the

available experimental annotations [1]. In this study,

although the data for evaluation were obtained from

benchmarking studies, there might have been a bias

because of the small sample set of only 548 substitu-

tions, so one should be cautious to extrapolate these

data to another gene family or genome.

Conclusion

In conclusion, the present study identified 41 to 52%

of nsSNPs of human ABC transporter genes to be

non-neutral using in silico methods. A prediction ac-

curacy analysis found that 78.5% (SNAP) of non-

neutral nsSNPs were predicted correctly as damaging.

In predicting the non-neutral nsSNPs, the number of

true positive predictions and the prediction accuracy

of SNAP, PolyPhen, and SIFT were significantly

higher than Pmut, PhD-SNP, and Panther. In contrast,

no one single algorithm was superior to the others in

prediction specificity. Of nsSNPs predicted as non-

neutral, the prediction results of PolyPhen, SIFT, and

SNAP cross-validated and complemented each other

and particularly identified nsSNPs with phenotypes

confirmed by disease association studies and bio-

chemical analyses. These amino acid substitutions

were thus postulated to be the pathogenetic basis for

increased susceptibility to certain diseases, adverse

drug reactions, and altered drug/xenobiotic response.

Developing new algorithms for integrating heteroge-

neous data types is now essential to take advantage of

the available information, which can then be used to

infer the biological impact of SNPs. Detailed analyses

of nsSNPs aid in the identification of key residues in

ABC transporters. The prediction of nsSNPs in hu-

man ABC transporter genes is then helpful for further

genotype-phenotype studies on individual differences

in drug/xenobiotic transport and clinically unfavor-

able responses.
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