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The detailed investigation of variation in functionally important regions of the human genome is expected to
promote understanding of genetically complex diseases. We resequenced 65 candidate genes for CNS disorders in an
average of 85 European individuals. The minor allele frequency (MAF), an indicator of weak purifying selection, was
lowest in radical amino acid alterations, whereas similar MAF was observed for synonymous variants and
conservative amino acid alterations. In noncoding sequences, variants located in CpG islands tended to have a lower
MAF than those outside CpG islands. The transition/transversion ratio was increased among both synonymous and
conservative variants compared with noncoding variants. Conversely, the transition/transversion ratio was lowest
among radical amino acid alterations. Furthermore, among nonsynonymous variants, transversions displayed lower
MAF than did transitions. This suggests that transversions are associated with functionally important amino acid
alterations. By comparing our data with public SNP databases, we found that variants with lower allele frequency are
underrepresented in these databases. Therefore, radical variants obtain distinctively lower database coverage.
However, those variants appear to be under weak purifying selection and thus could play a role in the etiology of
genetically complex diseases.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to dbSNP under accession nos. ss12586678-ss12587076.]

Understanding the patterns and determinants of sequence varia-
tion that predispose to inherited disease has been an important
goal of medical genetics for many years (Vogel 1972; Vogel and
Kopun 1977). Recent technological progress and the availability
of a human genome reference sequence have facilitated studies
to systematically discover and analyze the genetic variation pres-
ent in human populations. Most of the variation can be attrib-
uted to the presence of single nucleotide polymorphisms (SNPs),
and >4 million SNPs have already been identified in the human
genome (Sherry et al. 2001). It is generally agreed that SNPs form
the basis for identifying susceptibility genes in genetically com-
plex diseases. To enable an efficient and systematic search for
disease-associated variants, a genome-wide haplotype map is
considered to be a valuable tool (Patil et al. 2001; Gabriel et al.
2002). However, a recent study (Carlson et al. 2003) predicts that
still ~1 million SNPs will be needed for a positional genome-wide
disease association scan. Alternatively, preferential assaying of
functionally relevant variants is suggested to reduce genotyping
load (Botstein and Risch 2003). Because particularly coding and
regulatory SNPs are expected to cause a phenotypic effect, it will
be important to understand variability in gene sequences. For
this reason, several large-scale studies focused on gene-based
analysis of sequence variability (Cambien et al. 1999; Cargill et al.
1999; Halushka et al. 1999; Stephens et al. 2001; Haga et al. 2002;
Tiret et al. 2002; Carlson et al. 2003; Zhu et al. 2003).

To identify and analyze complete single nucleotide se-
quence variation of 65 genes in the European population, we
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resequenced a sample of healthy unrelated European individuals
(on average 85). The selection of genes focused on candidates
that have been hypothesized to play a role in neuropsychiatric
diseases. In particular, genes coding for ion channels, neurotrans-
mitter receptors, and proteins located downstream in the intra-
cellular signaling pathways were investigated (Supplemental
Table 1, available online at www.genome.org).

Minor allele frequency (MAF) and transition/transversion
ratio were analyzed for different categories of SNPs to improve
understanding of the characteristics and origin of genetic varia-
tion. In addition, we compared our SNP data with public data-
bases to quantify database quality and completeness for coding
regions.

RESULTS

Variation of Coding and Noncoding Regions

The coding regions of 65 genes, including flanking regions, were
investigated. In total, we resequenced >150 kb of the human
genome in a representative population-based sample from Eu-
rope (average number of individuals sequenced per gene was 85
[57 to 96]; for details, see Methods). Three hundred eighty-eight
of 396 detected SNPs were located in sequences, which could be
unambiguously aligned to the human genome assembly (build
30).

According to both Ensembl (Hubbard et al. 2002) and NCBI
Mapview gene models (Wheeler et al. 2002), detected SNPs were
categorized with regard to their genomic position. Among the
388 SNPs, 173 were located in regions being annotated as coding.
When analyzing all coding SNPs, we found 79 to be nonsynony-
mous under the NCBI Mapview or the Ensembl gene models in at
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least one transcript, including a total of three premature stop
codons. However, some differences existed between the NCBI
Mapview (human genome build 30) and the Ensembl (version
9.30) gene models. In 22 cases, we found a SNP resulting in a
nonsynonymous amino acid substitution that did occur exclu-
sively under either Ensembl or NCBI Mapview gene models. In
nine out of these 22 cases, differences resulted from additional
alternative mRNA splicing products specified by only one of the
two databases, and in the other 13 cases resulted from gene an-
notations specified by only one of the databases.

To compare our results with data from previous studies, we
quantified variation of coding and noncoding regions by esti-
mating both the nucleotide heterozygosity = and the level of
nucleotide polymorphism 6 (Supplemental Table 2). The nucleo-
tide heterozygosity = is the average proportion of nucleotide dif-
ferences between all pairs of sequences in a population. The level
of nucleotide polymorphism 6 is the proportion of nucleotide
sites that are expected to be polymorphic in a population sample,
corrected for the sample size (Hartl and Clark 1997). For coding
regions, we estimated a nucleotide heterozygosity m of
4.2 X 10~* and a level of nucleotide polymorphism 6 of
4.5 x 10~ % for noncoding regions, a w of 5.0 X 10~ *and a 6 of
4.8 X 107 % These estimates are consistent with those reported
earlier (Cargill et al. 1999; Halushka et al. 1999; Stephens et al.
2001). In a next step, we compared MAF between different SNP
categories (Fig. 1) as an indicator of weak purifying selection on
a certain category of variant. Consistent with biological intuition
and earlier results (Tiret et al. 2002), nonsynonymous SNPs
showed a significantly lower MAF (9.8%) compared with that of
synonymous SNPs (12.8%; P = 0.021, one-sided Mann-Whitney
U test). MAF of noncoding SNPs located within CpG islands
(n = 31) was lower (9.5%) than was MAF of SNPs located in the

16%

remaining noncoding regions (n = 184; 13.8%), possibly reflect-
ing that mutations in CpG islands are subject to a selective pres-
sure. The statistical comparison, however, showed only a non-
significant trend (P = 0.08, one-sided Mann-Whitney U test).

To discriminate between conservative and radical amino
acid alteration, a measure of pairwise physicochemical amino
acid dissimilarity is needed, as given by Grantham’s distance
(Grantham 1974). Based on Grantham’s distance and data about
occurrences of polymorphisms in pseudogenes, a higher risk of
functional impact had been estimated for radical compared with
conservative variants (Stephens et al. 2001). We compared MAF
between synonymous variants (n = 94), conservative amino acid
alterations (Grantham'’s distance = 100; n = 58), and radical al-
terations (n = 18; Grantham’s distance > 100). Interestingly, MAF
of conservative alterations (11.6%) was not found to be signifi-
cantly different from that of synonymous variants (12.4%). In
contrast, a significant lower MAF was observed for radical alter-
ations (4%) than for conservative alterations (P =0.037, one-
sided Mann-Whitney U test). Furthermore, all observed prema-
ture stop codons (n = 3) were singletons (observed in only one
individual).

Transition/ Transversion Ratio

About 71% of all polymorphisms were transitions, which is
known to be typical for human genes (Stephens et al. 2001).
When analyzing the ratio of transitions to transversions (Table
1), the ratio was found to be greater in coding (3.02) than in
noncoding variants (1.99; x* = 3.43, P = 0.074, 1 df). Among cod-
ing SNPs, the transition/transversion ratio was found to be
greater in synonymous variants (4.1) than in nonsynonymous
variants (2.17; x* = 3.28, P = 0.078, 1df). In accordance with pre-
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Figure 1 Average minor allele frequency of SNPs according to their respective functional category. Noncoding variants are categorized according to
their location in CpG islands; coding variants are categorized according to their impact on the encoded amino acid.
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Table 1. Occurrence of SNPs According to Functional
Category and Type of Nucleotide Replacement

Transitions Transversions Ratio
Total 273 115 2.37
Noncoding 143 72 1.99
Noncoding non-CpG 123 61 2.02
Noncoding CpG 20 11 1.82
Coding 130 43 3.02
Synonymous 78 19 4.1
Nonsynonymous 52 24 2.17
Conservative 43 15 2.9
Radical 9 9 1

vious studies (Cargill et al. 1999; Halushka et al. 1999), we ob-
served a markedly increased diversity at degenerate sites
(m=10.3 X 107%, 8=9.9 X 10~ %) when the sequence length
was corrected for the fraction of those sites. This observation can
be explained by the selective analysis of transitions at degenerate
sites, where transitions occur with a higher a priori likelihood.
The comparison of transition/transversion ratios observed
in conservative substitutions (2.9) and radical substitutions (1.0;
x> = 3.7, P =0.081, 1 df) suggests that radical alterations are more
likely to result from transversions, whereas conservative alter-
ations are preferentially induced by transitions. We tested this
hypothesis by comparing MAF between transitions and transver-
sions in different categories of polymorphisms (Fig. 2). Most no-
tably, among nonsynonymous SNPs, transversions showed a sig-
nificantly lower MAF (5.0%) than did transitions (12.1%;
P =0.023, one-sided Mann-Whitney U test). These results show
that transversions are more likely to induce radical alterations,

whereas transitions preferentially account for synonymous and
conservative substitutions.

Database Representation
In a final step, we compared the 388 SNPs identified in the pre-
sent study to polymorphisms annotated to the human genome
reference sequence (Supplemental Table 3). Of all 388 SNPs, 41%
were known as polymorphic sites to dbSNP (build 112; Sherry et
al. 2001), 32% were known to HGVBAS (Fredman et al. 2002),
and 12% were known to the TSC database (Sachidanandam et al.
2001). Vice versa, in our sample of Europeans, representing only
part of the world population, the validation rate of SNPs was 38%
for dbSNP, 38% for HGVBAS, 49% for the TSC data set, and 60%
for the subset of dbSNP submitted more than once. A recent
analysis of variation in coding regions (Carlson et al. 2003) found
higher confirmation rates for both dbSNP (59%) and TSC SNPs
(65%). This difference in confirmation rate of TSC SNPs is likely
to result from their different population sample, which includes
both European and African Americans. The more substantial dif-
ference for dbSNPs might result both from the higher variety of
methods underlying data in dbSNP or the more recent dbSNP
version used in our study (build 112 versus build 104). Another
recent study (Reich et al. 2003) reported a validation rate of 89%
for TSC SNPs. This high validation rate observed by Reich et al.
(2003) could be further explained by the fact that mainly non-
coding genomic regions were investigated, whereas our study
and the study of Carlson et al. (2003) focused on coding regions.
As expected, diversity in genomic regions investigated by
Reich et al. (2003) was substantially higher (7.1 x 10~%) than
those reported for coding regions here and elsewhere (Cargill et
al. 1999; Halushka et al. 1999). Consistently, our observed MAF
distribution (Fig. 3) for coding regions appears to be skewed to-
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Figure 2 Minor allele frequency of SNPs according to their functional category and type of nucleotide replacement. Noncoding variants are
categorized according to their location in CpG islands; coding variants are categorized according to their impact on the encoded amino acid.
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consistent to that of Tiret et al. (2002)
whereas comparison of nucleotide diver-
sity was consistent to that of Cargill et al.
(1999). This can be explained by the fact
that BLOSUM scores are empirically de-
rived mutability scores reflecting a com-
bination of amino acid similarity, design
of the genetic code, and codon usage
bias. Therefore, the equal MAF of conser-
vative and nonconservative alterations
observed earlier (Tiret et al. 2002) is
likely to result from chemically con-
servative alterations, classified as
nonconservative by BLOSUM scores
(BLOSUM < 0). In contrast, the different
nucleotide diversity of conservative and
nonconservative alterations observed
earlier (Cargill et al. 1999) results from
more diversity produced by common al-
terations (BLOSUM = 0) and less diver-
sity produced by seldom alterations
(BLOSUM < 0). Unlike BLOSUM scores,
Grantham'’s distance (Grantham 1974)

% Minor allele frequency
Figure 3 Distributions of observed SNPs (black line) and SNPs described in dbSNP (build 112; gray

line) over their minor allele frequency.

ward low-frequency SNPs compared with the genome-wide dis-
tribution (Reich et al. 2003). On the other hand, because of the
lower MAF of SNPs being functionally more relevant, the rate of
SNPs missing in databases is increased for coding regions: We
found 41.8% of noncoding, 44.0% noncoding non-CpG, 29.0%
of noncoding CpG, 38.7% of coding, 42.3% of synonymous,
43.1% of conservative, and only 5.6% of radical variants repre-
sented in dbSNP.

DISCUSSION

We performed an extensive experimental and computational
analysis of single nucleotide sequence variation in a set of can-
didate genes for neuropsychiatric diseases. Overall diversity for
coding and noncoding regions was found in agreement with ear-
lier studies of candidate genes for blood pressure homeostasis
(Halushka et al. 1999) and a diverse set of genes (Cargill et al.
1999).

Under the assumption that a lower MAF indicates the pres-
ence of weak purifying selection, we found radical variants to
evolve clearly differently from conservative variants. On the
other hand, we found conservative variants close to synonymous
variants. Consequently, inferences about natural selection based
solely on nonsynonymous to synonymous substitution ratios
should be treated with caution. In contrast to our results, a pre-
vious study (Tiret et al. 2002) had reported a clear difference in
MATF between synonymous and conservative SNPs but, on the
other hand, did not find a different MAF of conservative and
nonconservative SNPs. In seeming contradiction, another study
(Cargill et al. 1999) reported a difference of nucleotide diversity
between conservative and nonconservative alterations. Both
these earlier studies (Cargill et al. 1999; Tiret et al. 2002) had used
BLOSUM scores (Henikoff and Henikoff 1992) to discriminate
between conservative and nonconservative variants. When we
applied BLOSUM scores to our data, we found similar MAF of
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50 is a measure of pairwise amino acid dis-
similarity solely based on physicochemi-
cal properties, which we believe is more
appropriate to discriminate between
conservative and radical alterations for
the purpose of disease association stud-
ies.

For outside coding regions, we ob-
served a trend toward a lower MAF for SNPs located within CpG
islands compared with those located outside CpG islands. This
result is not unexpected, because CpG islands are associated with
regulatory functions, and consequently, mutations in CpG is-
lands may be subject to weak purifying selection. However, this
result was statistically not significant, presumably due to poor
statistical power resulting from the relatively low number of such
variants in our data set. Future and more detailed studies of larger
data sets will shed more light on this issue.

The investigation of transition/transversion ratios has a
long history of scientific interest in interspecies comparisons
(Collins and Jukes 1994; Graur and Li 2000). Our data support
the previously formulated hypothesis, that among nonsynony-
mous polymorphisms radical amino acid alterations preferen-
tially result from transversions (Zhang 2000). This is sensible un-
der the assumption that conservative alterations are functionally
more similar to synonymous substitutions than to radical alter-
ations, as concluded above.

About 80% of the highly frequent variants (MAF > 20%)
that we identified in the course of our study were already depos-
ited in public databases. On the other hand, infrequent variants
were underrepresented in public SNP databases: Only 20% of rare
variants (MAF < 5% except singletons) and three out of 90 single-
ton SNPs were described before. Because variants of functional
impact are likely to belong to these low-frequency variants, they
might nevertheless be relevant for the development of common
complex diseases, as has been predicted from theoretical consid-
erations (Pritchard and Cox 2002). This emphasizes the impor-
tance of resequencing efforts in the search for disease-associated
genes.

In conclusion, we showed that in coding regions conserva-
tive alterations are more similar to synonymous variants than to
radical variants. In noncoding sequences, variants located in
CpG islands appear to be of higher functional relevance than are
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variants outside CpG islands. Our study further shows that non-
synonymous transversions are more likely to cause functional
consequences than are transitions, as is reflected by weak puri-
fying selection against these variants. As a result of purifying
selection, variants of phenotypic relevance display lower MAF,
which leads to their underrepresentation in databases. However,
the existence of many rare variants under weak selective pressure
indicates that those variants indeed could play a role in the eti-
ology of genetically complex diseases.

METHODS
Establishment of the DNA Bank

A DNA bank representative of the current European population
was established. After informed consent had been obtained, 150
blood samples were collected from healthy unrelated individuals,
originating from 30 European countries (Supplemental Table 4).
Gender and country of origin of participants were recorded. Only
those individuals were included whose grandparents were born
in the respective participant’s country of origin. Blood samples
were used for immediate isolation of DNA as well as for transfor-
mation of B lymphocytes to provide a permanent source of DNA
for future studies. For each country represented in the DNA bank,
at least 30% more samples than needed were gathered. For the
final establishment of the DNA bank, 96 samples were randomly
selected, with the number of individuals included from each
country corresponding to its population size.

The probability P to detect a certain variant, v, having a
minimal population frequency, f, follows as P(v) =1 —(1 — )N,
where N is the number of individuals. Thus, a variant having a
population frequency of 1% in the European population is de-
tected with a probability of ~85% in a sample of 96 individuals.

Selection of Candidate Genes

Candidate genes were chosen according to both positional and
functional criteria. Genes coding for ion channels, receptors of
neurotransmitters, proteins playing a possible role in neurode-
velopment, as well as proteins located downstream in the intra-
cellular signaling pathways are considered as functional candi-
dates. Positional candidates are those genes that are located in
genomic regions considered relevant for neuropsychiatric dis-
eases by means of linkage analysis studies.

Genomic sequences were obtained from the clone sequence
entries of the NCBI GenBank database (Wheeler et al. 2002). Ex-
pression information was obtained from UniGene Clusters. For
genes without contig annotations, gene models were identified
by aligning the respective mRNA or cDNA sequences to genomic
clones using BLAST (Altshul et al. 1997). Only candidate genes
were selected for which genomic sequence data upstream and
downstream of all exons were available.

PCR Amplification of Coding Regions
and DNA Sequencing

According to the respective annotation of coding sequence parts,
primers were designed manually or by using the Primer3 Program
(Rozen and Skaletsky 2000). PCR fragments contained at least 50
bases of the 5’ and 3’ flanking regions for each exon. To obtain
specific products, PCR conditions were optimized by using gra-
dient PCR Programs, DMSO, or special Tag-polymerase. The op-
timized PCRs were then performed to amplify DNA fragments on
96 samples in microtiterplates. Double-strand sequencing was
performed by multiple commercial institutions (AGOWA [Ber-
lin], BGI LifeScience [Beijing], Medigenomix [Munich], and
Seqlab [Gottingen]) using ABI3100, ABI377, and ABI3730 se-
quencers. Internal sequencing primers were used to increase re-
action specificity.

Data Analysis and Software

Primary evaluation of sequencing traces was performed by using
the software package consisting of the programs Phred (Ewing et

al. 1998), Phrap, Polyphred (Nickerson et al. 1997), and Consed
(Gordon et al. 1998) from Washington University. All SNPs de-
tected by Polyphred were checked by a human expert. Local stor-
age of results was implemented by using the relational database
management system MySQL. SNP information and genotype of
samples generated by Polyphred was parsed into the database
table format automatically. Inconsistencies between forward and
reverse reads in genotype outputs, indicating Polyphred errors,
were edited before genotypes were loaded into the database. Con-
sensus sequences of resequenced fragments were aligned to the
human genome by using Megablast (Zhang et al. 2000). Analysis
of experimentally obtained variation data with respect to human
genome annotations were performed by using a custom-made
software package.
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