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Figure 3. Some minimotif activities are more prone to selection than oth-
ers. (A) Histogram of fraction of rare SNPs for different types of minimo-
tifs. (B) Density plot showing the distribution of GERP scores (for dif-
ferent minimotif subactivities (see legends). A vertical line indicates the
GERP score threshold of 2 (B). (C) Pie graphs showing the percentages of
SNPs in different genomic regions and activity subgroups under neutral,
negative, and positive selection as measured by the SLR statistic in Fig-
ure 2. Lipidation, O-glcnac, dephosphoryation and crotnylation had small
numbers of minimotifs (n < 20).

Selection of minimotifs activity types

We investigated whether different types of minimotifs had
varying selective pressures using rare variant fractions,
GERP scores, and the SLR statistic. There were 16 dif-
ferent types of minimotifs present in the Minimotif Miner
Database that were analyzed. We did not look at traffick-
ing minimotifs because there were so few. The rare vari-
ant fraction analysis showed values from 0.3–0.7, with tri-
methylation and lipidation minimotifs having the highest
fraction of rare SNPs (Figure 3A). However, while trends
were observed, no minimotif activities significantly differed
from one another.

We examined density plots and quartile plots for GERP
scores segregated by different minimotif activities (Figure
3B, Supplementary Figure S3). Minimotifs have differing
binding or PTM activities. Most minimotifs subactivities
had GERP scores >2, indicating purifying selection consis-
tent with the negative selection and interspecies conserva-
tion of minimotif instances (Figure 2). Glycosylation min-
imotif activities had generally low GERP scores (Figure
3B, Supplementary Figure S3), suggesting that most gly-
cosylation sites may not be under strong purifying selec-
tion. However, glycosylation sites are necessarily position-
ally conserved, which would not be detected in our calcula-
tions.

As a separate confirmatory approach, we examined the
SLR statistic for different minimotif types. The major types
of minimotifs for binding and PTM sites had similar lev-
els of selection to minimotifs with most under purifying se-
lection and a ∼30% portion under neutral drift or weak
selection (Figure 3C, Supplementary Figure S4). Likewise,
most minimotif activities had similar proportions under pu-
rifying selection and neutral drift. Ubiquitination and tri-
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Figure 4. Most loss of function minimotifs have undergone purifying se-
lection and most newly derived minimotifs have not. (A) Grid showing
naming convention for SNPs that alter the modified residue of a minimo-
tif and the frequency of alleles in humans and chimpanzees. (B) Quartile
boxplots for GERP scores for LOFMs and DMs. The number of SNPs for
each category is shown on top. A horizontal line indicates the GERP score
threshold of 2. (C) Pie graphs showing the percentages of SNPs minimo-
tif groups under neutral, negative, and positive selection as measured by
the SLR statistic in Figure 2. (D) Ribbon diagram of the structure of the
Alcohol Dehydrogenase 1B protein (1HSZ) showing the NADH cofactor
(green), a � –strand for the last 5 amino acids in the protein (magneta) and
the polymorphic amino acid involved in alcoholism (R370, magenta)(89).

methylation had less neutral drift and crotonylation sites
were under negative selection, although this was only for
six sites. Lysine crotonylation is a type of histone PTM that
activates promoters similar to acetylation (37). As noted in
Figure 2D, very few minimotif instances were under posi-
tive selection; lipidation and O-glcnac modification subac-
tivities had 8–20% instances under positive selection.

We investigated the gain and loss of minimotif func-
tions in humans. The vast majority of minimotifs (94%)
are invariant in humans and designated ‘Fixed Minimotifs’
(FMs; Figures 1A and 4A). The remainder of minimotif in-
stances were polymorphic in the cohort. Derived Allele Fre-
quencies (DAF)s measure how quickly alleles that are new
to humans, as opposed to other primates, are approaching
fixation in the human population. We use the term Derived
Minimotif alleles (DMs) to describe those minimotifs with
SNPs that alter an amino acid in a PTM site and are not
present in chimpanzees. As expected, the majority of DMs
had GERP scores below two, which was supported by SLR
analysis with approximately half the minimotifs under neg-
ative selection (Figure 4B and C). Most of these DMs were
for phosphorylation sites (Table 2).

Most LOFMs, as defined previously, had GERP scores
that were >2 and greater than 60% had SLR scores that
suggested purifying selection (Figure 4B and C) (38). Most
of these minimotifs were present in a common primate an-
cestor, but a subset had variants in different individuals of
the human population. The majority of these LOFMs were
for phosphorylation sites, although a significant number of
acetylation, ubiquitination, and proteolysis sites were also
observed (Table 1). These results would be expected if new
minimotifs were acquired in humans and these alleles were
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actively spreading in the human population. Lost minimo-
tifs (LMs), those present in chimpanzees but not observed
in humans, could not be assessed given available data.

Since ∼70% of minimotifs in the MnM database are
for phosphorylation sites, we examined these sites alone.
Approximately 15% of the phosphorylation minimotif in-
stances had an SNP, of which half were non-synonymous
(Table 2). A higher proportion (0.5%) of all phosphoryla-
tion sites had LOFM mutations. Indeed, ∼0.05% had a pos-
sible functional transition between Ser and Thr at the phos-
phorylation sites.

Minimotif case studies

We identified ∼94% of human minimotifs as purified by
selection. This implies that they serve important func-
tions, and that mutation of DNA encoding minimotifs
should be associated with disease. However, our 2007 re-
view of minimotifs in disease revealed that few minimo-
tifs are involved (10,39). This discordance suggests that
many minimotifs involved in disease mechanisms remain to
be discovered. Therefore, we examined whether any of the
LOFMs could impact health. For each LOFM, we analyzed
whether its source protein was associated with a disease
as annotated in the OMIM database (40). This was cross-
referenced through the Human Reference Protein Database
(HPRD), an encyclopedia of human proteins (41). We ex-
amined the literature to determine if any minimotif-altering
SNPs could further our knowledge about human disease.
We identified the previously reported K751Q polymor-
phism (rs13181) that eliminates an ubiquitination site in
the ERCC2 protein and is associated with greater risk of
melanoma, acute myeloid leukemia, and Xeroderma Pig-
mentosum (42,43). Two other case studies, described herein,
show the value of this type of analysis.

One of the major alleles associated with alcoholism
(rs2066702) results in a R370C mutation in Alcohol Dehy-
drogenase 1B, which is under positive selection in the hu-
man population (44,45). Analysis of mice null for ADH1B
show that this gene plays a part in the detoxification of acute
exposure to alcohol (46). Individuals with this mutation do
not metabolize alcohol well and the mutation results in a
70-fold decrease in the affinity for NAD+ (47). Since R370
makes contact with the NAD+ cofactor in crystallographic
studies (Figure 4D), it is inferred that this interaction is
responsible for the low Km. However, our minimotif anal-
ysis has identified a proteolytic site introduced by a mis-
sense mutation encoding R370C that could affect the sta-
bility of the C-terminal fold, and could result in cleavage of
the last five amino acids off the ADH1B protein. This cleav-
age would not be observed as a change in molecular mass
on Western blots (47), but should drastically reduce enzyme
activity, as these residues are part of the active site.

Another example of a LOFM that may impact human
health, SNP rs3750050, is associated with an increased risk
for colon cancer (48). This allele results in a T573A mu-
tation in the PTPN12 protein. PTPN12 encodes a non-
receptor protein tyrosine phosphatase and the T573A muta-
tion decreases its phosphatase activity (48). Our minimotif
analysis identified T573 as a site of phosphorylation (49),
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Figure 5. SNPs present in histone minimotifs. (A) Surface plot of nucleo-
some showing locations of polymorphic minimotif residues. Histone H3 is
colored light blue and DNA is colored gold. The structure is from 1AOI
and accession number for the sequence is P02302. A portion of the N ter-
minal tail of histone H3 that resolved in the crystal structure is shown as a
stick figure with side chains colored red. The sequence of the portion of the
N-terminal tail that did not resolve (residues 1–20) is shown as a sequence
using single letter amino acid code. Labels in black or red bold font indi-
cate sites of covalent modification in minimotifs. Fonts colored black are
conserved and those colored red are polymorphic. Fonts colored cyan are
neither polymorphic nor post-translationally modified. No polymorphic
residues were located inside the core of histone H3. (B) Density plots for
GERP scores for minimotifs present in the 53 human histones. A vertical
line indicates the GERP score threshold of 2. (C) Pie graphs showing the
percentages of histone minimotif SNPs groups under neutral, negative and
positive selection as measured by the SLR statistic in Figure 2.

providing a link and potential mechanism for how this mu-
tation alters the phosphatase activity.

Minimotifs in histones

Several minimotif sites were for PTMs commonly found in
N-terminal histone tails, which play a role in nucleosome
assembly/disassembly, chromatin accessibility, epigenetics
and genomic imprinting. Thus, polymorphic histone mini-
motifs could potentially influence epigenetics.

The MnM3 database contains a total of 933 different
modifications (eight different activity types) for the 53 hu-
man histone genes. Histones have many minimotifs with an
average of 26 minimotif instances per histone gene and a
range of 1–113 minimotifs for the 53 histone genes. Most
histone minimotif instances (n = 895) were invariant in the
sample population; however, 38 histone minimotifs were
>1% polymorphic and five of the SNPs encoded LOFMs
in histones. Figure 5A shows the example of histone H3
with the locations of minimotifs with SNP in the N-terminal
tail. Histone minimotifs tended to have higher GERP scores
than the complete set of all minimotifs (Figure 5B). Approx-
imately half of histone minimotif instances with SNPs had
GERP scores >2 and a higher percentage were under pu-
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Figure 6. Minimotif alleles have a variable geographic distribution. Bin
plot showing the intracontinental (A) and intercontinental (B) variability
of DM and LOFM minimotif alleles. Continents are colored with primary
colors and intercontinental relationships with related secondary colors. (A
and B) Standard deviations were calculate from populations groups for the
continents indicated (African – ASW, YRI, LWK; European – CEU, FIN,
GBR, TSI; Asian – CHB, CHS, JPT). Abbreviations for populations are
from the 1000 Genomes Project (13). (C) A portion of the world atlas show-
ing different minimotifs with intercontinental �DAFs > 50%. The embed-
ded tables show the minimotifs, genes that contain the minimotif, minimo-
tif functions and amino acid changes encoded by missense mutation alleles
that have the highest differences between continental populations. Table
rows that start with a ‘+’ indicate a DM and those with a ‘–’ indicate a
LOFM. Continent and table colors are as in (A) and (B).

rifying selection. This was supported by the SLR statistic
(Figure 5C) Considering this subset and the invariant his-
tone minimotifs, most have been purified or are under pu-
rifying selection. However, there is a subset of polymorphic
minimotifs in histone tails that are a source of variation and
could affect differences in individual response to the envi-
ronment.

Minimotifs show a variable geographic distribution

To identify minimotifs possibly involved in adaptation of
human populations to different niches, we examined �DAF
scores. �DAF is a change in the frequency of derived al-
leles between two human subpopulations. We limited this
analysis to DMs and LOFMs (n = 1029). We looked at
the variability of these minimotifs among different ethnic
groups among and between continents, geographic groups
previously examined in the 1000 Genomes Project (13).
Within continents, a low variability for these minimotifs
was observed, with no minimotifs having pairwise �DAF
scores >21% (Figure 6A). There was slightly more variabil-
ity between African groups, as expected based upon early
segregation of these groups in human history (13). When
we examined the intercontinental variability in minimo-
tifs, �DAF were much higher, with some minimotif alleles
reaching as high as an 80% difference in DAF scores (Fig-
ure 6B). Notably, no minimotifs were completely fixed in
one population and under selection in another. If minimo-
tifs were under selective pressure, we would expect a spread

pattern with more intercontinental variability among mini-
motifs alleles than among regional populations as observed
here.

Since some minimotifs had very high intercontinental
�DAFs, we can identify those minimotifs under differential
selective pressure in the human population. The 13 minimo-
tifs with high �DAFs above 50% help to identify not only
those genes under selective pressure, but molecular mini-
motif functions. Minimotifs with high pairwise �DAF are
shown in Figure 6C. Several of the genes are related to in-
teraction with the environment and reproduction, includ-
ing transcription factors, skin keratinization and wound
healing, spermatogenesis, mitochondrial function and im-
mune function. Most of the molecular functions were for
phosphorylation sites and were LOFMs. Several were more
common to both Europeans and Asians, when compared
to Africans. Many other minimotifs had high �DAFs, al-
though not as high as those shown in Figure 6C (Supple-
mental Table S1). Thus, our minimotif analysis provides in-
sight into a large set of molecular functions that, based on
geographical distribution, appear to be currently under se-
lection in the human population.

DISCUSSION

The ability to rapidly sequence human genomes and exomes
has allowed us to explore the variability in sequence and
the encoded structure and function among individuals. No-
table variability has been observed in gene copy number,
transcription factor binding sites, mRNA splicing sites and
DNA methylation (50,51). Several studies have predicted
the effects of nonsynonymous SNPs on protein function.
The majority assess effects upon the function of the gene,
the molecular pathways of the gene, the structure or bio-
physical characteristics of the protein, pre-mRNA splice
sites or the phenotypes (52–66). For example, Polyphen,
SIFT and SNPeffect provide predictions for effects of SNP
on protein functions and structures (67,61,68,55). Predic-
tions have limitations, however, as evidenced by a bench-
mark study of four different SNP-function predictors where
only 11% of the predictions were consistent among the ap-
plications (69).

Selection of minimotifs

Other studies have suggested that minimotifs are targeted
by evolution, but this has not been rigorously tested at
the population and genomic levels (70–73,42,74,75). We
thought that minimotifs could be targets of evolution be-
cause a single missense point mutation can generate a new
derived minimotif, or alternatively create a loss of function
for an existing minimotif. Given that our MnM database
has ∼300 000 minimotifs in the human proteome, minimo-
tif annotations provide a wide diversity of molecular func-
tions that might be variable in the human population.

Several of our findings support minimotifs as a target of
evolution. There are two distinct populations of minimotifs
in the human genome. One is highly invariant with com-
pletely conservation of 94% of the ∼300 000 human min-
imotifs previously purified by selection. A portion of the
previously identified millions of conserved small islands in
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the genome may be minimotifs (76). A second population
is variable, with relatively low substitution rates (with the
vast majority of these having MAFs of <10%) yet a higher
proportion of common elements when compared to most,
if not all other genomic elements tested so far (30). We have
focused on this subset.

We investigated selection in this second population of
minimotifs. For assessing previous selection, we examined
interspecies selection and conservation metrics. The mini-
motif analysis of GERP scores suggests that most minimo-
tifs are under purifying selection (Figure 2C). This is sup-
ported by the positive PhyloP scores of most minimotifs,
reflecting conservation among vertebrates (Figure 2A).

Several metrics were used to assess the role of selection
in adaptive evolution within humans. SLR analysis sup-
ports that most minimotifs are under negative selection with
∼27% under weak selection or neutral drift. However, the
rare variant fraction for minimotifs was lower when com-
pared to any other genomic element. This pattern is sup-
ported by a significantly lower substitution rate and a very
low percentage of newly derived minimotif alleles (only 47
total). The accepted interpretation of the low rare variant
fraction would be that minimotifs are not under negative
selection, which is in discordance with the other selection
metrics we tested. Furthermore, the low MAF for most min-
imotifs implies that these alleles may have been recently in-
troduced into the human population, but this is not sup-
ported by postive PhyloP scores supporting conservation.

An explanation for the discordant observations is that
minimotifs fit a peculiar selective niche. Even though mini-
motifs have a higher fraction of common variants, the MAF
for the vast majority of minimotifs is <10%. Therefore,
we favor the hypothesis that most variable minimotifs are
under negative selective pressure, but favor low frequency
common variants. Minimotifs are often found in groups in
proteins such as multiple phosphorylation sites or multiple
PxxP sequences for SH3 binding sites (77). In this situa-
tion, one of the minimotifs can be mutated and result in
a tolerated loss-of-function, as long as the majority of the
other minimotifs in that protein are conserved. This situa-
tion has likely evolved to maintain connectivity in the net-
work, but at the same time provide robustness for that con-
nectivity. This could explain why we observe negative selec-
tion of common variants with low MAFs. This could also
give rise to minimotif haplogroup coadaptation in adaptive
evolution. The coevolution of minimotif hypothesis would
need to be further tested.

Very few minimotifs were under positive selection as is
generally observed for the entire genome (n = 214; 18 of
were also LOFMs). However, protein modification and sig-
nal transduction Gene Ontology (GO) terms, enriched in
positively selected sites, had the highest P values (78). Most
sites were for phosphorylation (n = 164) and the remainder
reflected many different types of minimotif activities. Five
genes had three or more minimotifs under positive selec-
tion. Many of the minimotifs were in genes associated with
human disease and we observed some specific processes,
such as DNA repair and neuronal development that were
well represented in the positively selected minimotifs.

Of the ∼170 000 phosphorylation site minimotifs, there
were only 41 derived alleles. This is similar to the 37 newly

derived phosphorylation sites previously reported (73). This
suggests that the phosphoproteome network is generally
stable in primates.

Minimotifs in epigenetics

Additional support consistent with minimotifs as evolu-
tionary targets comes from our analysis of histone mini-
motifs. The N-termini of histones are accessible in nucle-
osomes, and several different types of minimotifs are part
of the histone code. These minimotifs affect DNA packag-
ing and accessibility to the DNA, and normal and disease
epigenetic phenotypes (79–82). DNA methylation was pre-
viously identified as a source of human variation (51). Al-
though most histone minimotifs are invariant, 38 are poly-
morphic in the human population and 5 are LOFMs. We
therefore conclude that there are 2038 possible haplogroups
of histone minimotifs. Since many of these histone mini-
motifs are involved in DNA packaging, some haplogroups
could vary in DNA packaging and gene expression; how-
ever, this hypothesis will require experimental testing.

We have observed several patterns of minimotif diversity
in the human population, but we must consider that there
are likely many more minimotifs yet to be discovered (83).
The minimotifs in the MnM database used for this analysis
are present in ∼21 000 of the 70 000 human RefSeq records,
and only 9788 distinct protein sequences with minimotifs
had any SNPs included in our study. As new minimotifs
are discovered, we expect to find many more that are poly-
morphic or rare variants. Sequencing of human genomes
to identify new epitypes at the population level is only a few
years old, and sequence data is growing faster than Moore’s
law (84). Furthermore, the Minimotifs Miner database has
been rapidly growing (6,24,85).

Pseudogenes in adaptive evolution

We analyzed pseudogenes as a control for a genomic el-
ement generally not under constraint based on previous
studies (35,36). Our GERP score analysis agreed with this
previous conclusion of neutral genetic drift over a long time
scale. However, our SLR analysis suggests that most pseu-
dogenes are under negative selection in evolutionary adap-
tation. Our source for the SLR statistic scores was the db-
NSFP database (20). There are two likely explanations for
this discrepancy: (i) the previous conclusions could differ
because of a sampling error. Previous studies only looked
at ∼200 pseudogenes from a small section of the genome,
whereas our analysis here examined ∼8900 pseudogenes
from the Gencode database (86); (ii) The observed con-
straint on pseudogenes for a shorter time scale may re-
flect newly identified functions for pseudogenes in esiR-
NAs, small interfering RNAs and decoys for microRNAs
(87,36,88). Thus, it appears that selection of pseudogenes
should be revisited.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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