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Popular summary in Swedish 

 
Cellmembranproteiner spelar en viktig roll i hormonell och neural signale-
ring. Transmembranproteiner utgör cirka 27% av den mänskliga proteomen. 
Dessutom är 44% av de mänskliga läkemedelsmålen receptorer, och 19% av 
dessa har en gemensam struktur med sju transmembranhelixar (s.k. G prote-
in kopplade receptorer). Andra viktiga receptor typer är nukleära receptorer 
(t.ex. testosteron receptorn), och tyrosin-kinas receptorer inklusive t.ex. insu-
lin receptorn. Många receptorer använder dessutom membran-associerade 
proteiner, t.ex. SH2B1. Efter receptorerna utgör ”solute carriers” (SLC) den 
näst största superfamiljen av transmembranproteiner. Tre av dom största 
SLC familjerna innehåller proteiner som är medlemmar av klanen 
drog/metabolit transportörer (DMT). 

Det finns omstridda teorier om melanokortinreceptorernas evolution, me-
dan endast ett fåtal artiklar har handlat om de så kallade ”Agouti ligander-
na”. Vi har hittat i elefanthaj (spökhaj), den troligtvis äldsta Agouti protei-
net. Vi hittade dock inga Agouti peptider i nejonöga, som tyder på att dessa 
receptorer saknar antagonist i denna art. Ytterligare fynd är att rockor inne-
håller Agouti peptider som är ungefär lika gamla som spökhaj, och våra sök-
ningar i fläckig bengädda och Europeisk ål visar att Agouti-relaterad peptid 
2 kan ha duplicerats i helgenomsduplicering i äkta benfiskar. 

Vi har hittat en likhet mellan en peptid i en ökenspindelgift som räknas 
som en levande fossil, P. tristis, som har samma cysteinknutsstruktur som 
Agouti-relaterad peptid 2 i t.ex. torsk. I vårt arbete med Agouti peptid evolu-
tionen har vi introducerat ett nytt verktyg för synteni (gen ordnings) analys, 
s.k. Hough transform. 

Vi presenterar bevis att drog/metabolit familjer har evolverat från en do-
män-duplikation i en familj kallad EamA (tidigare känd som Domän Okänd 
Funktion 6) som divergerade före uppkomsten av gröna växter. Troligtvis 
har detta skett genom så kallad Tandem Omvänd Duplicering i bakterier. Vi 
har utvärderat klanen DMT i databasen Pfam, och kommit fram till att famil-
jen EamA borde delas upp, eftersom den korsar prokaryot-eukaryot gränsen, 
trots att ingen av de ursprungliga drog/metabolit familjerna gjorde det. Som 
ett resultat av vårt arbete har den Humana Genom Nomenklatur Komitten 
döpt om flera proteiner, och skapat en ny grupp kallad SLC35Gn. 

Vi har undersökt fetma-relaterade fenotyper och genetiska skillnader i en 
inavlad kohort i norra Sverige, i Karesuando socken. Vi har funnit en stark 
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association mellan en genetisk polymorfi i ett intron i en domän-duplicerad 
transportör gen, SPNS1, och triglyceridnivåer i blod, någonting som kan leda 
till åderförkalkning. Flera polymorfier i ett område på kromosom 16 uppträ-
der med lågt antal heterozygoter och bryter mot Hardy Weinberg jämvikt, 
och populationen innehåller ett antal instanser av ingifte (snarare än inavel). 
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Introduction 

Structure, function and nomenclature of membrane 
bound proteins and their ligands 
The concept membrane bound proteins include both integral transmembrane 
(TM) proteins, such as receptors and transporters which form about 27% of 
the human proteome (Almen et al. 2009), and membrane-associated proteins, 
such as G-proteins and other signal transduction mediators. The “ligands” 
include hormones and other signaling molecules, and in this case, transporter 
substrates. The receptor category of membrane proteins can be subdivided 
by type of receptor, structure, and function. In this introduction, we contrast 
two examples: the G protein-coupled receptors, (such as the melanocortin 
(MC) receptors) and the insulin receptor. These receptors differ in their de-
sign. The insulin receptor is a tyrosine kinase receptor. A third, important 
category (not discussed here) is “nuclear receptors”, such as the intracellular 
androgen receptor (AR (Vastermark et al. 2011b); NR3C4). The aromatic 
substrate of AR, testosterone, can diffuse through the cell membrane, and 
bind to a pocket located between five alpha helices, causing the activated 
receptor to migrate to the nucleus, and initiate transcription events at direct 
repeat response elements. 

G protein-coupled receptors (GPCRs) 
GPCRs consist of seven transmembrane helices, that circulate a central pore. 
The receptor can adopt two different configurations, inactive and active. The 
Rhodopsin type of receptors contain a D-R-Y motif (at the distal end of 
TM3), which functions as an “ionic lock”, holding the receptor in the inac-
tive conformation. The receptors are energetically balanced to be semi-
unstable (Bywater 2010). The biochemical forces that push the receptor to 
the active conformation are weak protein interactions, such as hydrogen 
bonds and salt bridges. 

The active conformation interacts with an intracellular protein, the G-
protein. The G-protein consists of three subunits: alpha (α), beta (β) and 
gamma (γ). Beta and gamma are permanently associated with the receptor. 
When the receptor is inactive, alpha is associated with beta and gamma, and 
a GDP molecule. When the receptor is activated by its ligand, the GDP 
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molecule is released and replaced by a GTP molecule. The alpha subunit can 
slide in the membrane, and react with a membrane-bound enzyme. This trig-
gers an enzymatic reaction, which “transduces” the signal from the receptor. 
To reset the system, the GTP is hydrolyzed to GDP, and the alpha subunit 
can slide back to the receptor. The ligand can dissociate from the receptor 
spontaneously. For some GPCRs, such as gamma-aminobutyric acid 
(GABA) receptors, receptor dimerization or oligomerization plays a role in 
signaling (George, O'Dowd, Lee 2002). Other GPCRs use additional mem-
brane-associated proteins, such as receptor activity-modifying proteins 
(RAMPs) (Hay, Poyner, Sexton 2006) or MC receptor accessory proteins 
(MRAPs) (Agulleiro et al. 2010). 

The seven transmembrane helices of GPCRs are connected with loops. 
GPCRs can contain a functionally important N-terminal chain. Most of the 
structural diversity, however, is found in the transmembrane helices. In gen-
eral, it is difficult to determine the structure of transmembrane proteins, be-
cause they cannot be crystallized or stabilized outside the membrane. One 
exception is rhodopsin, which is possible to model because it is permanently 
bound to its substrate, retinal. Because of their many roles in signaling, 
GPCRs are important drug targets (Rask-Andersen, Almen, Schioth 2011). 
A sequence similarity based classification system for GPCRs, “GRAFS”, is 
in use (Fredriksson et al. 2003). The melanocortin receptors are classified as 
“Rhodopsin”, and “α”. GPCR genes are single-exon genes. 

GPCR agonists and antagonists (or “inverse agonists”) can be sorted by 
chemical composition and size, ranging from small aliphatic compounds, to 
small aromatic compounds such as histamine, to nucleosides such as adeno-
sine, to small peptide ligands and fatty signaling molecules, such as pros-
taglandins. There are many examples of short peptide ligands, including the 
neurotransmitter glutamate (a single amino acid), to tyrothropin releasing 
hormone (3 amino acids), to oxytocin and bradykinin (9 amino acids), to 
bombesin (14 amino acids), to somatostatin (14 or 28 amino acids), to se-
cretin (Cardoso et al. 2010) (27 amino acids). Some small peptide ligands act 
as bundles, such as tachykinin. Large peptide hormones include follicle-
stimulating hormone (FSH), which is 92 amino acids long, the interleukin-8 
chemokine (100 amino acids), and uncleaved pro-opiomelanocortin, which 
is 260 amino acids long. 

The insulin receptor, a tyrosine kinase receptor  
The insulin receptor is a tyrosine kinase receptor. Other important examples 
include the epidermal growth factor receptor, the platelet derived growth 
factor receptor, and the fibroblast growth factor receptor. The insulin recep-
tor contains an “ectodomain”, which is a large structure composed of two 
leucine-rich bundles of secondary structure elements (receptor L domains). 
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The leucine-rich domains are connected by a long Furin-like arm, which is 
reinforced by many disulphide bridges. The ectodomain is held by a single 
disulphide bond to a transmembrane fragment, which is cleaved off from the 
same pro-peptide. Dimerization between two tyrosine kinase receptors is 
necessary for function. The insulin molecule is held between two copies of 
the ectodomains. The signal is conveyed to intracellular signaling molecules. 
In particular, Src homology 2 (SH2) B adaptor protein 1 (SH2B1) can recruit 
specific proteins to activated insulin receptors (Maures, Kurzer, Carter-Su 
2007). SH2B1 can enhance the kinase activity of Janus kinase 2 (Jak 2). 
SH2B1 inhibits tyrosine dephosphorylation of insulin signal transduction 
mediators (Morris et al. 2009). SH2B1 can shuttle between the cell mem-
brane and the nucleus. SH2B1 knock out mouse display insulin resistance 
and infertility. 

Drug/metabolite transporters, a group of solute carriers 
After receptors, transporters are the most important membrane proteins. 
Transporters can be divided into ABC transporters, pumps, ion channels, 
water channels and solute carriers (Sreedharan et al. 2011). Many of the 
transporters are so called solute carriers (SLCs), a flexible name used to 
describe a wide range of transporters. These are classified in 51 families 
(SLC1...SLC51), transporting substrates including ions, amino acids, and 
other small molecules. There are at least 384 human SLC sequences, that can 
be placed in four groups: alpha (α), beta (β), gamma (γ), and delta (δ) 
(Fredriksson et al. 2008). One important category of transporters, encom-
passing the SLC30, 35 and 39 transporters, contain one or two copies of 
“Drug Metabolite Transporter” (DMT) domains (Vastermark et al. 2011a). 
These primarily transport nucleotide sugars across the Golgi membrane. The 
nucleotide sugars are used as building blocks of proteoglycans, displayed on 
the cell surface. DMT proteins contain a paired structure of 2 x 5 TM do-
mains. TM helices in DMT proteins contain amino acid motifs, notably a 
flexible G-X(6)-G motif that enables helix tilting. The 2 x 5 TM domains 
form a pore. The transport is ion gradient dependent. 

In 1994, Saier Jr., published a review (Saier 1994), making a case for bio-
informatics use in analysis of membrane protein evolution. At this time, 
bioinformatics was still an emerging discipline. There were no complete 
large genomes, not a developed internet, and computer resources were lim-
ited. It was the year Windows 3.11 was released and Netscape v. 1. Many 
basic tools in bioinformatics used today, were in their infancy in 1994. Most 
of these programs had a very limited capacity in terms of the number of se-
quences they could process. Today, bioinformatics is widely used by "non 
bioinformaticians", but in 1994, it happened that new sequences were pub-
lished and sometimes incorrectly annotated due to lack of database searches. 
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In his 1994 paper, Saier is trying to promote the use of bioinformatics. It is 
of course so that the types of analyses carried out in bioinformatics at this 
time and during the early 90s, was influenced by the types of tools and data 
available. An important theory that we can say stems from this time, with the 
tools and data available then, is the concept of domain duplication in mem-
brane proteins. In his paper, Saier reviews recent findings and evidence from 
sequence comparisons. At this time, whole papers could be reporting simply 
"homology" (as opposed to the lack thereof), of proteins. Some of the protein 
families he goes through lack firm evidence for homology between domain 
halves. Of the ones that do, he reports the following families: Major intrinsic 
protein (MIP) had gone through a 3+3 = 6 TM duplication. Homology was 
determined between sequence halves in some sequences in a sequence set of 
18 sequences (Reizer, Reizer, Saier 1993). In the MIP reference, the author 
claims the first half is more "general" and the second half more "special-
ized". The next case is "resistance/nodulation/cell division" (RND) proteins, 
which are supposed to have duplicated as 6+6=12. The firm evidence is a 
single sequence, CzcA, and the homology is reported in a reference (Saier et 
al. 1994). The third clear example is voltage gated ion channels (VIC), hav-
ing gone through 4 x 6 = 24 TMs. In addition, he goes through some other 
families were a duplication may have occurred, but homology has not been 
established, e.g. the mitochondrial carrier family, and major facilitator pro-
teins. 

In 2001, Jack, Yang and Saier (Jack, Yang, Saier 2001), defined and in-
troduced the concept of the drug/metabolite transporter (DMT) superfamily. 
They did so, by taking as starting point the small "SMR" multidrug resis-
tance proteins, as well as a selection of known metabolite transporters. To be 
critical, the exact conditions for inclusion in his starting set are not extremely 
clearly explained in his paper. It seems he is excluding several known cate-
gories of known multidrug resistance proteins (such as ATP-binding cassette 
proteins), but including possibly all metabolite transporters based on their 
annotation. He includes proteins that have a known role in nucleotide sugar 
transport, such as members of the TPT and UAA families. Then he performs 
mining, where he reaches a point of his finished protein set. After building 
up his data set, he subdivides it into 14 DMT families, the largest being 
called "DME" (drug/metabolite exporter). In these families, he then "discov-
ers" that there is inherent symmetry in the families containing ca. 10 TM 
helices, indicating a domain duplication, and that some families are "un-
duplicated", which contain 4-5 TM helices. The evidence for this is some 
limited alignments between halves of proteins, and halves and "un-
duplicated" proteins, involving the BAT family and DME1 and DME2 
halves. In these critical alignments, the G-x(6)-G motif can be spotted, but 
this is not commented on. He characterizes DMT function as encompassing 
export of drugs, nutrient uptake, efflux of nutrients, and exchange of me-
tabolites. He notes that of his 14 families, 6 are exclusively prokaryotic, and 
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8 exclusively eukaryotic and that none of the families cross this border. In 
our results (see below), we conclude that EamA is the only family that is 
well represented on both sides of this divide. He hypothesizes that the dupli-
cation may have occurred as either 2x(4+1) = 10 TMs, or as 2x4 + (1 or 2) = 
9-10 TMs. Some of the family names he introduced live on in Pfam today: 
RhaT, TPT, and UAA.  

During DNA replication of circular bacterial genomes, multiple proteins 
are involved in synthesizing the leading strand, and the Okazaki fragments 
on the lagging strand. If a sequence contains an inverted repeat (a palin-
drome) longer than 10 bp, and a spacer/insert of less than 75-150 basepairs, 
the sequence could be accessible to SbcCD (Leach, Lloyd, Coulson 1992), a 
protein which inhibits the propagation of replicons containing long palin-
dromic DNA sequences. Watson-Crick basepairing of the palindrome, and a 
break in the sequence may occur, creating an opportunity for priming DNA 
synthesis in the opposite direction. This may be followed by spontaneous 
strand switching and continuation of normal replication. This phenomenon is 
referred to as Tandem Inversion Duplication (TID) (Kugelberg et al. 2010). 
Then there may have been degradation of the third (inverted) copy which 
would be in the middle. Strand slippage deletion (illegitimate recombination) 
may be responsible. The presence of two palindromes in the regional dupli-
cation may increase the probability of degradation. A concrete bioinformatic 
example could be a DUF606 protein, known to exist in both paired and fused 
copies in bacterial genomes (Lolkema, Dobrowolski, Slotboom 2008), where 
a DUF606 protein (Accession: ACL39356.1) from Arthrobacter chlorophe-
nolicus A6, has a 5+5 TM structure and matches 2 x DUF606 HMM in 
Pfam, and thus appears to be duplicated. Interestingly, when we obtain the 
genomic sequence (1530600 – 1531700) of the protein from Arthrobacter, 
we find that it contains a palindrome (cgtggcggcg and gcaccgccgc) in the 
middle of the domain halves, although it may be too short and have too long 
a spacer to be able to initiate a new TID. 

Our study(Vastermark et al. 2011a) is an examination of the Pfam entry 
of drug/metabolite transporters in 25.0 (the current version is 26.0). The 
oldest Pfam reference is from 1998 of Sean Eddy, Sonnhammer, Bateman 
and others, presenting the original idea of making alignments of protein do-
mains and training HMMs on these. Pfam 2.0 contained 527 manually veri-
fied families using a semi-automatic method. In addition to manually curated 
Pfam (Pfam-A), there is Pfam-B with annotations taken from a program 
called ADDA (Automatic Domain Decomposition Algorithm), in which 
sequences are split into domains and domains are grouped into protein do-
main families in a completely automated process (Heger et al. 2005). In 
ADDA, entirely new domain families that have no overlap with Pfam, SCOP 
or InterPro are created (Heger et al. 2005). 
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Evolution of membrane bound proteins and their ligands 
The evolution of membrane bound proteins and their ligands constitute a 
central evolutionary process in the emergence of multicellularity, and higher 
functions in the immune and nervous systems. There are seven transmem-
brane proteins in bacteria that do not interact with G-proteins. In fungi and 
protozoa, G-protein interacting 7 TM receptors, displaying low sequence 
similarity to metazoan GPCRs, are found. Representatives of the main 
GPCR families are present in D. discoideum (Lagerstrom, Schioth 2008). In 
the case of non-peptide ligands, the “evolution” of these falls outside the 
domain of biology. The peptide GPCR ligands, on the other hand, especially 
the long ones have evolved their structure, just as other proteins. One exam-
ple is kisspeptin, which has coevolved with its GPCR from fish to mammals 
(Um et al. 2010). The evolution of peptide ligands is very interesting from a 
drug discovery perspective, because the presence of known ligands in ani-
mals gives researchers a view of the relation between sequence, structure 
and receptor specificity. The Phosphotyrosine (pTyr) signaling system, con-
sisting of tyrosine kinase, tyrosine substrate, and SH2 or equivalent “reader” 
is found in S. cerevisiae, M. brevicollis, and N. vectensis (Li et al. 2011). The 
kinase system underwent expansions in bilateria. SH2 is found in unicellular 
eukaryotes. Phosphotyrosine signaling emerged in the early Unikonta (Liu et 
al. 2011). SH2 expanded in the choanoflagellate lineage. Gene duplication 
and domain gain and loss created new SH2 proteins. The insulin receptor is 
found in cnidarians, but not in Placozoa, Ascomycota, Mycetozoa, or Em-
bryophyta (Steele et al. 1996). Insulin-like receptors have large expansions 
in insects. Epidermal growth factor receptor (ERBB) contains double copies 
of the Furin-like domains. The majority of human SLC families present be-
fore bilateria. 43 of the 46 SLC families found in H. sapiens were also found 
in C. elegans, whereas 42 of them were also found in insects (Hoglund et al. 
2011). Drug metabolite transport domains function in pairs, either assembled 
in the membrane from dual topology subunits (Jack, Yang, Saier 2001), or 
fused together in the same gene. The domains have duplicated from each 
other before the phylogenetic radiation of green plants (Vastermark et al. 
2011a). An increase in the functional specialization of DMT transporters 
have can be observed in basal organisms representative of developments in 
multicellularity (e.g. D. discoideum, T. adhaerens) and in the development 
of fixed morphology and the nervous system (N. vectensis) over the last 
1000 million years of evolution. The membrane orientation differs between 
different subclasses of DMTs originating from different duplication events. 
Considering the timescale, and evolutionary mechanisms, some comparisons 
can be seen between the GPCRs, Phosphotyrosine (pTyr) signaling system, 
and SLC. The Phosphotyrosine (pTyr) signaling system has a shorter evolu-
tionary history (from Fungi; 1368 Mya) compared to GPCRs (from Amoe-
bozoa; 1628 Mya). 
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The melanocortin (MC) receptor inverse agonists 
Here we address the evolution of the melanocortin receptor inverse agonists. 
Because of the scope of paper 1, some additional results concerning the 
melanocortin receptors and the melanocortin receptor accessory proteins will 
be presented. 

Agouti signaling peptide (ASIP) was discovered in 1993 (Lu et al. 1994). 
The word Agouti, from the Guaraní language of South America, refers to 
rodents noted for prominent-banded pigment patterns in individual hair 
shafts. The protein product, which is approximately 130 amino acids long 
and made from three coding exons, contains a cysteine knot (receptor bind-
ing domain) in the third coding exon. The cysteine knot mediates the func-
tion of ASIP as an inverse agonist of MC1 receptors (Craik, Daly, Waine 
2001). The effect of ASIP on hair follicle melanocytes is an increased pro-
duction of pheomelanin (yellow) and a decreased production of eumelanin 
(brown/black). It helps to establish the dorsal-ventral pigmentation in gold-
fish, by being mainly expressed in ventral skin, where it drives chromato-
blast differentiation to light reflecting iridophores (Cerda-Reverter et al. 
2005). 

Agouti-related peptide (AgRP) was discovered by two teams in 1997 
(Ollmann et al. 1997; Shutter et al. 1997). It has a similar length and gene 
structure as ASIP, but a different specificity which mediates its function as 
an inverse agonist at MC3 and MC4 receptors. These receptors are activated 
by α-MSH, a pro-opiomelanocortin derivative. The primary effect of AgRP, 
which is enhanced by ghrelin and inhibited by leptin, is as an appetite stimu-
lant. 

In 2005, a bioinformatics study of ASIP and AgRP sequences in fish and 
chicken discovered a third category of Agouti-like proteins, which have a 
cysteine knot that has been shortened by one amino acid to give a C-x(6)-C-
x(5)-C structure, rather than the usual C-x(6)-C-x(6)-C structure (Klovins J 
2005). This new type of sequence was originally named "A2" but is now 
called AgRP2. The authors presented a maximum parsimony (MP) analysis 
where AgRP2 did not cluster with either AgRP or ASIP. 

Introduction paper IV: “Polymorphisms in the loci of 
sh2b1 and spns1 are associated with triglyceride levels 
in a healthy population in northern Sweden” 
The topic of this PhD is the evolution of membrane bound proteins and their 
ligands. However, this part of the PhD is a population genetics study of a 
potentially inbred locus on chromosome 16, which contains both an impor-
tant signal transduction protein (SH2B1) and a sphingolipid transporter re-
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lated to the Major Facilitator Superfamily (MFS1). The term “evolution” can 
be viewed in wider terms also including "ongoing" evolution on a shorter 
timescale stretching over 5 – 10 generations. The polymorphism we discover 
is located in an intron of a protein which has likely undergone domain dupli-
cation in bacteria, in a manner similar to DUF6. 

This project used data from 720 healthy individuals in the Karesuando 
parish in northern Sweden. The conclusion of the study was that a SNP 
(rs8045689) in an intron of SPNS1, a sphingolipid transporter, was associ-
ated with triglyceride levels. High triglyceride levels (hypertriglyceridemia), 
can be caused by obesity, diabetes or alcoholism, and can promote athero-
sclerosis (Messerschmidt 2012). 

It was found that individuals who had the AA genotype1 had on average 
228 mg/dL in triglycerides, and the GT genotype had only 173 mg/dL. It 
should be noted that this population has unusually high triglyceride levels 
compared to other study populations (Teslovich et al. 2010), where the nor-
mal level is perhaps 100-150 mg/dL. It should also be noted that triglyceride 
levels is a variable that depends on age and sex, typically being much higher 
in males and in adults. We found that for each copy of the effect allele ‘A’, 
the average triglyceride level increased by (β=) +25 mg/dL. The p-value for 
this association was p=0.00092, after including sex, age, and BMI as covari-
ates, and also normalizing for the “pedigree”. 

In regression analysis, we are trying to optimize a coefficient (a β value) 
so that when it is multiplied with the covariate, it gives the highest correla-
tion with the variable we want to predict. The significance of a covariate can 
be visualized by plotting the correlation coefficient when the coefficient is 
perturbed from its optimal value. If large perturbations do not influence the 
correlation, the covariate is less significant. 

                               
1 Using the (-) strand. 
 
2 Since triglyceride levels vary dramatically with age and gender, as a caution, we tried to 
subdivide the dataset by age (at 40 years) and by gender, into 4 groups. We tried to replicate 
the associations, not using any additional covariates except the genotype in the four groups. 
We found that the SNP is a significant predictor in the groups men under 40, and women over 
40. In the group men over 40, the individual variation was higher, where the direction of the 
effect was preserved but not reaching significance (the AA genotype had 265 mg/dL), the AG 
genotype had 240 mg/dL, and the GG genotype had 233 mg/dL. In women under 40, the 
average triglyceride level for all genotypes was only approximately 130 mg/dL. 
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Aims 

Aims paper I 
• Identify the “end points” in the evolution of the MC receptors, in-

verse agonist peptides (AgRP and ASIP), and receptor accessory 
proteins (MRAPs) 

• Annotate important sequences using third party annotation (TPA) 
of genomes 

Aims paper II 
• To create a coherent theory about the evolution of agouti like pep-

tides including the AgRP2 and ASIP2 (A2).  
• Search for A2-like sequences in arthropods and fungi 
• Introduce a new synteny detection method, sinusoidal Hough 

transform 

Aims paper III 
• Study the overall evolution of the DMT clans using the Pfam’s 

DMT clan as well as other models for the original drug/metabolite 
transporters 

• To evaluate and propose changes to nomenclature in Pfam’s DMT 
clan 

Aims paper IV 
• To investigate known obesity SNPs in an inbred population in 

Sweden 
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Methods 

Third party annotation in GenBank/EMBL/DDBJ 
Our TPA data is covered by §10, §12, §16 of INSDC TPA policy. Pre-
existing entries by same submission group for receptors include: 
NP_851301.1, NP_851303.1, NP_775385.1, NP_775386.1, NP_775387.1, 
AAQ55176.1, AAQ55177.1, AAQ55178.1, AAQ55179.1, AAO65548.1, 
AAO65550.1, AAO65549.1, AAO65551.1, AAO65553.1, AAO65552.1, 
AAS66720.1, AAS67890.1, ABB36647.1, ABB36648.1, and ABB36649.1. 
Pre-existing antagonist entries by same submission group include: 
NP_001026628.1, NP_001129.1, CAH60801.1, CAH60803.1, and 
CAH60802.1. MRAP TPA data is covered by INSDC TPA policy §12, §16. 
In the case of sea lamprey, sequences are mapped to the NCBI trace archive 
using Mega BLAST (http://www.ncbi.nlm.nih.gov/blast/mmtrace.shtml). 

Phylogenetic trees 
In paper 1, alignments have been produced using MAFFT-EINSI (Katoh, 
Asimenos, Toh 2009). Phylogenetic trees have been made using RAxML 
‘fast & easy’ bootstrap maximum likelihood protocol (Stamatakis, Ludwig, 
Meier 2005), using the WAG model, estimating proportion of invariable 
sites, using empirical base frequencies, and generating 100 BS trees. The 
standard script ‘easyrax.pl’ was used as interface. The bootstrap forests were 
edited using two tools, Summary Tree Explorer (STE), an open-source Java 
application for interactively exploring sets of phylogenetic trees developed 
by Mark Derthick, Carnegie Mellon University, Pittsburgh 
(http://cityscape.inf.cs.cmu.edu/phylogeny/) and “P4”, a Python package for 
Phylogenetics developed by Peter G. Foster, The Natural History Museum, 
London (http://bmnh.org/~pf/p4.html). The averaged bootstrap forests were 
viewed as single trees in FigTree, a graphical viewer of phylogenetic trees at 
Edinburgh University (http://tree.bio.ed.ac.uk/software/figtree/). 

In paper 2, the phylogenetic analysis was performed using a Bayesian ap-
proach as implemented in MrBayes version 3.1.2. Markov Chain Monte 
Carlo (MCMC) analysis was used to approximate the posterior probabilities 
of the trees. Analysis was run using a gamma shaped model for the variation 
of evolutionary rates across sites (rates=gamma) and the mixed option 
(aamodelpr=mixed) was used to estimate the best amino acid substitution 
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model. Each analysis was set to run for 3,000,000 generations and every 
hundredth tree was sampled. A stop rule was applied to determine when to 
terminate the MCMC generations as recommended in the MrBayes manual 
(standard deviation of split frequencies < 0.01). If the MCMC analysis does 
not hit the stop value within the default number of generations, additional 
generations were run for it to reach the minimum split frequencies. The first 
25% of the sampled trees were discarded (burnin=0.25) to reassure a good 
sample from the posterior probability distribution. A consensus tree was 
built from the remaining 75% of the sampled trees with the MrBayes sumt 
command using the 50% majority rule method. The sump command was 
used to control so that an adequate sample of the posterior probability distri-
bution was reached during the MCMC procedure. The phylogenetic tree was 
drawn in FigTree 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/). 

Sinusoidal Hough transform, a new synteny detection 
method 
In paper 2, we introduce a new method for synteny detection, a sinusoidal 
Hough transform. This method is used to evaluate the statistical significance 
of the ancestral A2 area, proposed by Braasch et al. (Braasch, Postlethwait 
2011). 
Data was obtained from BioMart (http://www.biomart.org), using the EN-
SEMBL Genes Sanger 63 (Sanger UK) datasource, selecting as organism 
either H. sapiens (Hsa GRCh37.p3) or O. latipes (Ola HdrR). For human, 
only chromosome 8, region 60Mb – 100Mb is selected. For medaka, chro-
mosomes 17 and 20 are selected. From each organism, the following Bio-
Mart datafields are selected: chromosome name, gene start (bp), and "associ-
ated gene name". 

A Perl script is used to parse these data, simplifying the "associated gene 
name" to the first word, and excluding certain classes of genes that are likely 
to have ambiguous names (the source code is available upon request). Then, 
we define orthologues as genes that have the same name between Hsa 8 and 
Ola 17 or Ola 20. We create two scatterplot diagrams, one for orthologues 
between Hsa 8, region 60 – 100 Mb, and Ola 17 or Ola 20, respectively. In 
the scatterplots, the x and y coordinates of each point represents the gene 
start location in human and medaka. 

Each point in the scatterplots can be transformed into a sinusoidal curve 
in a new system of polar coordinates (ϑ, ρ), where ϑ represents an angle and 
ρ represents a radius from the origin, using Duda and Hart’s version of the 
Hough transform (Duda, Hart 1972). The corresponding formula is: 

 x cos ϑ y sin ϑ ρ 
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The transformation has the property that any collection of collinear points 
in the scatterplot will be transformed into sinusoidal curves that intersect at a 
common point in the polar coordinate space. Near collinearities in the scat-
terplot can be detected by finding regions in the polar coordinate space 
through which many sinusoidal curves pass. 

We employ a simple sliding window approach to detect such regions. We 
divide the range of angles ϑ ϵ [0,180) into 180 bins of width 1 degree, and 
identify each bin with the angle at the midpoint of the range it spans. Since 
the values of the radius ρ are roughly of the same order of magnitude as the 
original gene start locations x and y, we divide the ρ dimension into bins of 
width 100,000. Given that 100,000 base pairs is a reasonable distance be-
tween a pair of genes in a linear synteny block, it is used here as our default 
setting for this parameter. 

Given the sizes of the chromosomal regions being compared, we have 
found empirically that a range from ρ ϵ [–40 Mb, +100 Mb) is sufficient to 
cover the values of ρ at which sinusoidal curves intersect. We will divide 
this range into 1400 bins of width 0.1 Mb, and identify each bin with its 
midpoint value of ρ. We partition the transform space into cells, where (ϑ, ρ) ϵ [0,180) × [-40,100) into cells of the form Ci,j = [i,i+1) × [-40+0.1j,-
39.9+0.1j), for all 0 ≤ i < 180 and 0 ≤ j < 1400. Each cell Ci,j corresponds to 
a potential collinearity along the line: x cos ϑi + y sin ϑi = ρj, where ϑ i = 
i+0.5 and ρj =-39.95+0.1j. 

In order to determine collinearities within the original scatterplot diagram, 
for each sinusoidal curve we identify those cells that are intersected by the 
curve and increment a counter for each of these cells. All combinations of all 
cells and all sinusoidal curves are evaluated leading to final intersection 
count of Oi,j for each cell Ci,j. 

Given the large evolutionary distance between human and medaka (diver-
gence time = 454.9 Mya), and the relatively small region considered on the 
human chromosome (40 Mb), it is presumed that in many cases, the largest 
amount of linear synteny (denoted “S”) will give a clear indication of the 
total amount of linear synteny in the regions being compared. While the 
count of orthologues in the largest linear synteny block returned by our 
script would mask a potential second best area of linear synteny, it would 
clearly recognize the difference between a case where there is no linear 
synteny and a case where there is some (or a large amount of) linear synteny. 
Another caveat is that it does not analyze the degree of clustering along the 
line that goes through the cluster, but given the small angle increments and 
the limited region considered in human, the problem of detecting linearly 
placed but not closely clustered points appears very limited. Thus, we have 
defined a simple procedure to diagnose scatterplots showing locations of 
orthologues in organisms, that uses as few parameters as possible. 

We apply the above method to compare human chromosome 8, region 60 
– 100 Mb, and medaka chromosomes 17 or 20. As a comparison, we also 
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compare human chromosome 8, region 60 – 100 Mb, with medaka chromo-
somes 11 and 16 in the same way (data is obtained and preprocessed as de-
scribed for medaka chromosome 17 or 20). For each comparison, we also 
report the number of orthologues. 

Genomic windows of size 40 Mb are randomly placed on the human ge-
nome, using a Perl script. The windows are not allowed to overlap with hu-
man chromosome 8, region 60 – 100 Mb, or to overshoot chromosome ends. 
Each window is characterized as a positive hit to either chromosome 17 or 
20 in medaka, if the number of orthologues exceeds the level compared with 
Human chromosome 8, region 60 – 100 Mb. 

After sampling (N) windows, we can calculate a frequency (f) of observ-
ing “positive” windows for either chromosome 17 or 20 in medaka. We can 
calculate a 95% confidence interval that depends on the sample size, resting 
on the normal approximation of the binomial distribution, using the standard 
formula: 

 1.96	 	 	 	 1
 

 
Given the number (24) and size range (50 – 250 Mb) of human chromo-

somes, 100 – 250 randomly placed windows of size 40 Mb would appear to 
give an excellent sampling of the genome. However, we continue the sam-
pling process and follow the behavior of the 95% confidence interval until it 
stabilizes, at which point we terminate the process. The sampling process is 
visualized using GraphPad Prism 5. The use of the normal distribution as-
sumes that the proportions of positive and negative windows are not exceed-
ingly close to zero. 

Use of SOLAR in paper IV 
For the vast majority of association studies that are published, no pedigree 
information is available. However, in our data set, we have a pedigree in-
formation for the 720 individuals in the data set, covering the approximately 
three currently living generations, to the extent they have participated in the 
study (Igl, Johansson, Gyllensten 2010). Because of the history of the Kare-
suando community, which got its first buildings in 1670, and was influenced 
by a conservative Lutheran revival movement (Laestadianism) in the 1800s, 
and its geographic isolation, there is reason to believe that the community 
has a higher degree of kinship in its family structure than the general popula-
tion in Sweden. This population structure would have developed over the 
last 5 – 10 generations. Population genetics models of inbreeding show that 
in theory, such populations have an underrepresentation of heterozygotes, 
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and may significantly deviate from Hardy-Weingberg equilibrium (Crow, 
Kimura 1970). Many different population structures can constitute inbreed-
ing, for example parents that are related (such as being cousins). However, 
even though an individual’s parents would be related, it does not guarantee 
that this individual is “inbred”, because the parents could have transmitted 
their unrelated genetic material, or to a large extent done so. In Crow and 
Kimura’s book (Crow, Kimura 1970), on page 72, Figure 3.4.3, an example 
is shown of a probabilistic assessment of the likely degree of inbreeding in 
an individual whose parents are related (Figure not reproduced due to copy-
rights). Furthermore, there are family structures that may seem highly con-
nected, or may suggest a risk of inbreeding, but that constitute “inter mar-
riage” rather than “inbreeding” (Please see Figure 1, 2, and 3). Examples of 
such population structures could be that an individual is married to a woman 
who is the same individual’s brother’s wife’s sister. Or, it could be an indi-
vidual, whose cousin’s husband’s brother is married to the sister of the indi-
vidual’s wife’s sister’s husband. 

SOLAR (Sequential Oligogenic Linkage Analysis Routines) is a software 
package with multiple functions, including quantitative trait loci analysis 
functions, developed by Drs. Almasy and Blangero in San Antonio, Texas. 
Associations can be “normalized” for inbreeding using SOLAR, the theory 
being that if individuals are related, they may share phenotypic traits and 
genetic markers to a high degree, even if there is no connection between the 
associations. Even though SOLAR can be applied to normalize our data, the 
program will not normalize for inbreeding that is not represented in the 
pedigree. In the Karesuando pedigree, there are not many cases of individu-
als who have parents who are related within the ca. three generations shown 
in the pedigree. But there is evidence that the population could be considera-
bly more inbred, as we have noted that many markers in a region on chromo-
some 16 deviate from Hardy Weinberg equilibrium. Furthermore, the high 
prevalence of “inter married” family structures may indicate that over more 
generations, a significant degree of inbreeding has occurred over the last 5 – 
10 generations. 

For these reasons, it is not possible to completely assess to what extent 
our unusual finding could be an artifact created by inbreeding. Nevertheless, 
we used SOLAR to normalize associations we found, using the “polygenic –
screen” command, and treating genotypes as phenotypes. In all cases except 
one, we achieved a slight weakening of the associations as a result of this 
normalization. In one case, the association was strengthened. We consider 
this to be the result of a case where the association was contained in a rela-
tively “out bred” family structure, thus resulting in the opposite effect. 
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Results and discussion 

Results/discussion paper I 
Pro-opiomelanocortin, the melanocortin receptor agonist pro-peptide, was 
previously identified in lamprey (Takahashi et al. 1995). We could identify 
the “end points” in the evolution of melanocortin receptors, melanocortin 
inverse agonist peptides (AgRP and ASIP), and melanocortin receptor acces-
sory proteins (MRAPs). 

The melanocortin MCA and MCB receptors had previously been cloned in 
river lamprey (Haitina et al. 2007). MCA and MCB are similar to MC1-2 
(ASIP-binding) and MC3-5 (AgRP-binding), respectively. We could identify 
the orthologues of the MCA and MCB sequences in sea lamprey. Baron et al. 
(Baron et al. 2009) had made the case that MC2 and MC5 were shared a 
recent common evolutionary origin, due to the fact that they both contained a 
shared intron and were genomically colocalized in Heterondotus francisci. 
However, another study had already suggested that the shared intron had 
been inserted by a mechanism known as “reverse splicing” in a proto-splice 
site located inside the D-R-Y motif (Schioth et al. 2005). In our study, we 
used a phylogenetic tree to show that MC1-2 and MC3-5 form two separate 
subtrees. We could find a melanocortin receptor-like GPCR cluster in lance-
let, but the sequence similarity was considered too low. These single exon 
sequences lacked the D-R-Y motif, needed for melanocortin MC4 receptor 
activation. They had the following annotation: hypothetical protein, mRNA. 
A GPCR sequence from C. intestinalis that was annotated as a melanocortin 
receptor-like sequence was found in a public database; this sequence was 
rejected as a possible candidate due to low sequence similarity. 

AgRP and ASIP had previously been identified in fish (teleosts) (Klovins, 
Schioth 2005; Kurokawa, Murashita, Uji 2006). The genomic sequence en-
coding the receptor binding domains of AgRP and ASIP was located in ele-
phant shark (C. milii), a sparsely annotated cartilaginous fish genome be-
longing to the subclass of Elasmobranchii. Due to the conserved cysteine 
knot structure of these sequences, this finding is considered reliable com-
pared to other sequence searches. Because of the evolutionary position of C. 
milii, these sequences constitute the oldest at that time known MC receptor 
antagonists. A sequence motif, S-I-V, previously known to be located in the 
second most conserved region outside the receptor binding domain in verte-
brate and mammalian ASIP sequences (Jackson et al. 2006), was found to 
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have a conserved position in relation to the splice site between coding exon 1 
and 2. A tendency for convergence between the AgRP and ASIP peptides in 
some residue positions in the receptor binding domain, as well as an in-
creased similarity with the mammalian peptides, was noted. Sequence simi-
larity searches in lamprey and lancelet were performed to locate any receptor 
antagonist peptides in these genomes, but no peptides were found. This re-
sult suggests, interestingly, that the functional MCA and MCB receptors in 
lamprey operate without any known antagonists. A large number of cysteine 
rich, putative peptides were found in lancelet. This sequence set was 
searched using a regular expression search method, to identify cysteine con-
stellations similar to the ones found in the antagonist peptides. One cysteine 
repeat (C-X(3)-C-X(24)-C-X(18)-C-X(12)-C-X(12)-C-X(24)-C-X(3)-C) was 
found in 611 copies. However, none of the found constellations matched 
AgRP or ASIP. It was observed that the Agouti domain in Pfam is present in 
some wolf spider toxin sequences. 

With regard to MRAP1 and MRAP2, both genes are found in Fugu, but 
only MRAP2 is present in elephant shark and lamprey. The MRAP2 se-
quences were examined for conserved motifs. A previously unknown cluster 
of sequence features was noted, including a D-R-Y like motif, a splice site 
followed by an S-I-V motif (opposite order compared to ASIP), and the be-
ginning of a transmembrane helix necessary for translocation of receptors to 
the cell membrane. 

Results/discussion paper II 
The Agouti-like peptides including AgRP, ASIP and the teleost-specific A2 
(ASIP2 and AgRP2) peptides have potent and diverse functional roles in 
feeding, pigmentation and background adaptation mechanisms. Teleost-
specific A2 peptides, AgRP2 and ASIP2, were discovered in 2005 and 2006 
(Klovins, Schiöth 2005; Kurokawa, Murashita, Uji 2006), which have a cys-
teine knot that has been shortened by one amino acid to give a C-x(6)-C-
x(5)-C structure, rather than the usual C-x(6)-C-x(6)-C structure. In 2010, it 
was shown that white background adaptation in zebrafish is mediated by 
AgRP2 through direct optical sensing in the pineal gland (Zhang et al. 2010). 
The evolutionary role of A2 has been subject of recent controversy (Braasch, 
Postlethwait 2011; Schiöth, Västermark, Cone 2011). 

A special effort was made to improve and provide transparent annotation 
of AgRP sequences used in a recent publication (Braasch, Postlethwait 
2011). The sequences from T. rubripes, T. nigroviridis, and D. rerio could 
not be improved. The sequences from G. aculeatus and O. latipes were re-
ceptor binding domain only. An EST sequence was found encoding the 
medaka AgRP sequence. The G. aculeatus ASIP sequence was annotated by 
TPA. For ASIP2, an aberrant fourth exon found in the ENSEMBL annota-
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tion was removed. The sequence was re-annotated using TPA. For AgRP2, 
no improvements could be made. To expand the sequence set of Braasch et 
al., EST sequences were imported from publications of Kurokawa et al. 
These sequences included a trout AgRP1 (previously misclassified as trout 
AgRP2). The actual trout AgRP2 EST, as well as a duplicate sequence, was 
found. AgRP2 from salmon, and ASIP2 from African cichlid (“redtail 
sheller”) was imported from Kurokawa. New genomes were mined for A2 
sequences: cod, tilapia, and coelacanth. The tilapia ASIP2 sequence matched 
the cichlid EST from Kurokawa. In coelacanth, the ASIP2 cysteine knot was 
found (AFYH01237232.1), but appears to lack the L-F-A-R motif. Noting 
that the likeliest area approximately 4,000 basepairs upstream was affected 
by a large clustering of assembly ambiguities, we re-examined and found the 
area 22,422-22,439, where we accepted the following six sequence ambigui-
ties: 22428 a=>c; 22429 c=>t; 22432 c=>t; 22433 a=>c; 22434 a=>g; 22439 
a=>t. This would result in K-K-L-F-A-H. 

The following sequences were experimentally determined: European Sea 
Bass (D. labrax) AgRP1, AgRP2, ASIP1; Turbot (S. maximus) ASIP1; Solea 
(S. senegalesis) ASIP1. 3' RACE generated unique bands for all three spe-
cies and provided information about the coding region of the exon 4 and the 
3' untranslated region. 5' RACE experiments also generated unique se-
quences and provided information about the first exons as well as the 5' un-
translated region. Similar to mammalian ASIP molecules fish ASIP1 se-
quences do not exhibit a short amino acid extension following the tenth cys-
teine residue as sbAgRP1 and sbAgRP2 do. 

Seabass AgRP2 sequence matched these ESTs: AM983668.1, 
FM011395.1, FM008100.1, FM018657.1. Sea Bass ASIP1 exactly matches 
FM021895.1. Five more sequences were found in the “EST other” database: 
Sparus aurata AgRP2 (AM960492.1), the Antarctic toothfish Dissostichus 
mawsoni AgRP2 (FE193792.1), rainbow smelt AgRP2 (Osmerus mordax ; 
EL530902.1), Cyprinus carpio AgRP2 (DW723129.1), Ictalurus punctatus 
ASIP2 (FD261964.1). 

For these reasons, we have assembled the hitherto largest dataset of A2 
sequences. This dataset enabled us to do two things: identify motifs, and 
perform HMM searches in arthropod genomes. The most important A2-
specific motif found is L-F-A-R, constituting the most conserved feature 
outside the receptor binding domain. A functional motif (Tota et al. 1999) in 
the receptor binding domain was found in two forms: R-F-F (ASIP2 and 
AgRP1) and R-L-F (AgRP2 and ASIP1). Two mosquito sequences contain 
AgRP2 and ASIP2-like motifs, including C-[VI]-P, and had three exons. A 
PHI-BLAST search in spiders revealed that Mojave Desert spider contains a 
venom peptide that has a cysteine knot which matched AgRP2 in fish, C-
x(6)-C-x(5)-C-C-x(2)-C-x(2)-C-x-C-x(6)-C-x-C-x(6,8)-C. Wolf spider con-
tained ASIP2 like venom peptide cysteine knots matching C-x(6)-C-x(5)-C-
C-x(4,5)-C-x-C-x(6)-C-x-C. These findings may suggest an ancient origin of 
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A2 sequences, or could be an example of horizontal gene transfer. In the Plt-
VI sequence or in AgRP2, there is a strong preference for coding cysteines, 
for example, with TGC, not TGT. However, in bacteria, there is approximate 
equal preference between these two codons (Dong, Nilsson, Kurland 1996). 

A phylogenetic tree rooted on a consensus sequence of arthropod se-
quences suggests that the A2 cluster branched off from ASIP1. Protein struc-
ture prediction is generally not considered an alternative to resolving phy-
logenetic problems (Saunders, Deane 2010). In this case, however, because 
the cysteine knot structure is highly conserved and structurally constrained 
by the disulfide bonds, the influence the interspersed residues have can be 
modeled with a higher accuracy than many other structures. Structure model-
ing of Agouti sequences showed that AgRP2 and ASIP2 are fairly similar, 
while the AgRP and ASIP clusters are most dissimilar. Interestingly the 
Agouti-like sequence from the Mojave Desert spider fell within the distances 
of the structures from the vertebrate Agouti-like peptides, providing further 
support to the conclusion that the arthropod sequences share a common ori-
gin with the vertebrate ones 

Furthermore, the structure modeling of Plt-VI revealed important struc-
tural differences arising from the A2-like shortening of the cysteine struc-
ture: a shortening of the beta sheets in the active site loop, possible a result 
from strain in the loop pulling the sheets apart. On the other hand, in ASIP2, 
we noted the possibility of a third beta sheet in the affected first loop, show-
ing hydrogen bonding potential between the beta sheets in the active site 
loop and the first loop. 

The gene structure of A2 sequences is slightly more similar to ASIP than 
AgRP (which is more compact). A short peptide tail after the cysteine knot is 
shared between A2 and AgRP sequences. A recent publication (Braasch, 
Postlethwait 2011), takes as its starting point the functional evidence from 
zebrafish (Zhang et al. 2010). The authors use a method called synteny data-
base dotplots (Catchen, Conery, Postlethwait 2009). We have discovered 
that this method has some problems that influence the interpretation of re-
sults about A2. The problem is that the method plots chromosomal locations 
of orthologues, using gene coordinates from only one of the two organisms 
being compared. The method does not provide any statistical comparison of 
the results, and relies on visual inspection of 1-dimensional tracks. The result 
is that there is clear evidence that the clusters actually represent closely 
spaced orthologues in both organisms. For example, taking the region on 
Hsa 8 identified by Braasch et al., but reversing the query and target chro-
mosomes in the comparison, the result we obtained was that only Ola 20 (not 
Ola 17) contained a dense clustering of orthologues, located at 14 – 15.5 Mb 
in Ola 20. Using the synteny database dotplots method, the authors (Braasch 
et al.) claim to find an area in the human genome on chromosome 8 that they 
claim is an ancient area related to both AgRP2 and ASIP2 in fish. Further-
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more, the authors use this new area as evidence to support a theory that the 
A2 genes derived from ASIP1. 

To evaluate their result, we introduced a new synteny detection technique, 
a sinusoidal Hough transform. For a large sample of 40 Mb-sized human 
genomic windows, we report the frequency of cases where either medaka 
chromosomes 17 (AgRP2) or 20 (ASIP2) exhibits more synteny as com-
pared with than Hsa VIII (region 60 – 100 Mb). The frequency range widely, 
from 10% for the comparison with medaka chromosome 17 to only 2% for 
the comparison with medaka chromosome 20. This result contradicts the 
conclusion of Braasch et al., in that the proposed region would not constitute 
an ancestral Agouti 2 area in the human genome displaying an equal, and 
significant amount of synteny to both the medaka chromosomes. 

Furthermore, we discover other areas related to the AgRP2 and ASIP2 in 
the human genome, including a region on Hsa 10 (3-43 Mb) which contains 
48 and 26 orthologues with Ola 20 and 17 (cf. 44 and 25 orthologues for the 
Hsa 8 region). In addition, Hsa 19 (1 – 41 Mb), has 58 orthologues with Ola 
17 and Hsa 3 (110 – 150 Mb) has 30 genes placed in linear synteny block 
with Ola 20. As a comparison, the Hsa 8 area had only 28 genes in linear 
synteny with Ola 20. 

Braasch et al. reported that the synteny imprint of AgRP2 is not similar to 
AgRP1 in zebrafish, and that the ASIP area in the human genome is more 
similar to the Hsa 8 area than AgRP. However, we report that AgRP2 is not 
syntenic with the ASIP1 region in zebrafish either, and that the AgRP area in 
human is more A2-like than ASIP-like. 

Braasch et al. claim that the proposed A2 region on Hsa 8 is related to 
vertebrate proto-chromosome B. It is true that both Ola 17 and Ola 20 con-
tain ancestral gnathostome elements 10, 3b, 7b, and 7c. In addition, Ola 17 
contains gnathostome elements 1a, 1c, 19a, and 19c. Ola 17 and Ola 20 con-
tain some dense islands of linear synteny (one of them centered around the 
gene EMILIN1), but AgRP2 and ASIP2 are not located inside these islands, 
but rather on the border between the gnathostome areas. This, as well as the 
presence of ASIP2 in a lobe-finned fish (Coelacanth), brings into question 
whether A2 was duplicated in teleost-specific genome duplication (TSGD; 
a.k.a. 3R). Because we know that A2 genes existed in Sarcopterygii, they are 
not only teleost-specific. 

The recent move of the draft sea lamprey genome from "Pre ENSEMBL" 
to ENSEMBL (on September 16, 2011), now having been assembled into 
contigs up to >1 Mb, presents a new opportunity for us to trace the conserva-
tion of the synteny pattern prior to the teleosts (i.e. after 1R but before 2R). 
In lamprey, there are 15 contigs that exclusively link AgRP2 and ASIP2 (e.g. 
GL483536 or GL476773), but only 7 contigs that exclusively link AgRP1 
and AgRP2. This can be taken as evidence of a common origin of A2 re-
gions in lamprey, contradicting the view proposed by Braasch et al. How-
ever, the likeliest explanation is that the region is much older and has a sepa-
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rate history from the emergence of melanocortin antagonists, first found in 
sharks. 

The Hsa 10 region we found is related to gnathostome region 10, and the 
Hsa 19 region, to gnathostome elements 19a, 19b, and 19c. AgRP1 in 
medaka, however, is related to a completely different gnathostome element 
(15). Apparently, only the regions on Hsa 8 and Hsa 16 (where AgRP1 is 
located in the human genome) are related to the protochromosome B found 
in the amniote and ostecian ancestor. The other regions in the human ge-
nome we report are more likely to be related to protochromosomes J, E, D, 
and A. 

Results/discussion paper III 
Our study is an examination of the Pfam entry of drug/metabolite transport-
ers in 25.0 (the current version is 26.0). In the 25.0 clan entry, there were 19 
families, the current clan has 22 families. The newly introduced families are: 
EmrE (presumably split from MDR), HupE_UreJ, HupE_UreJ_23. Two 
name changes have been introduced: DUF803 has changed name to 
Mg_trans_NIPA, and FAE has changed name to ureide permeases. It is pos-
sible, but we have not verified, that some domain borders have been redrawn 
and that HMMs have been retrained. At present, for example EamA is pre-
sented as two hits to the same HMM, and UAA is a fused HMM not recog-
nizing the two domain structure. The purpose of our paper was to examine 
the Pfam entry for DMT. We propose that Pfam’s semi-automated clan defi-
nitions (it is stated on the 26.0 entry that the DMT clan was built by A. 
Bateman) can be particularly sensitive to expansion when the “seed” is an 
“awkward” collection, held together by an evolutionary principle. The prin-
ciple forming the seed is not maintained when the expansion happens. 

In our study, a selection of organisms and a Pfam scan (using 
pfam_scan.pl) is performed. Alignments are made which display TM predic-
tions. Some editing is done of the alignments. At this stage, the focus is the 
ten human DMT families. For each alignment, a decision is made regarding 
a domain border. We used domain linker peptide support vector machine for 
this, taking inspiration from Figure 1 in Lolkema 2008. This type of decision 
has clearly not been made in Pfam, since cases that are known to be dupli-
cated domains are recorded as single fused domains (e.g. UAA). It is in fact 
worrying that the details of domain definitions are not made transparent by 
Pfam, and that the only explanation given is that the purpose is "Grouping 

                               
3 Hup Ure J and Hup Ure J 2 may be moved out from DMT and Nico may be moved out from 
the Lys E clan, forming a new clan (Personal communication Alex Bateman). 
Hup Ure J was derived from the COG database (see curation and family details tab).  
Hup Ure J and Hup Ure J 2 are clearly related as verified by the PRC software. 
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together proteins in families of homologous protein" (Sonnhammer et al. 
1998). Apparently, domain definition in Pfam is centered on alignment (that 
different combinations of domains can be seen). Structural information or 
evolutionary information is not considered, unless it was considered when 
the original seed was made. 

Next, we create resolved (the trees can be overloaded in the same way as 
a scaling) phylogenetic trees for each family. Several trees indicate to con-
tain stable sub-branches with high bootstrap values, including EamA. The 
presence of such branches could indicate that these families (probably espe-
cially EamA) should be subdivided into multiple families, to avoid creating 
multipotent HMMs that “hit everything”. It is a real possibility, given the 
diversity of the original sequence set from Saier, that when families are cre-
ated, for example if there are no families that bridge the prokaryote-
eukaryote divide, that new spurious families could form. EamA (named after 
the O-acetyl-serine/cysteine export gene in E. coli) was long called DUF6 
(domain unknown function) 6, and was one of the first DUF families to ap-
pear in Pfam(Bateman, Coggill, Finn 2010). As the number of Pfam families 
have climbed to 10,000, the number of DUFs stand at 20%. There are also so 
called UPFs (unknown protein function domains); these are usually smaller 
categories. According to Pfam, when DUFs are created, “the same care is 
taken as with other Pfam families”. The only difference is that “the curators 
are unable to identify any functional information from the literature, at the 
time they are carrying out their analysis”. Some DUFs have been split in the 
past, e.g. DUF1470, which was identified as a novel domain and a zinc fin-
ger. The splitting resulted in better families that showed homology to other 
families (Bateman, Coggill, Finn 2010). While Pfam talks about DUFs as a 
“discovery” or an opportunity, it appears to be a self-afflicted problem, often 
resulting from iterative expansion of seed data, where the specific inclusion 
criteria makes the seed data highly diverse. 

In our study, we try to identify the likely evolutionary order of human 5 + 
5 TM nucleotide sugar transporters. We did this by training HMMs on each 
halve of these proteins: EamA, TPT, DUF914, UAA, and NST. We used 
three different methods. The first was “scaling” in IBM SPSS, where we 
used a matrix of pairwise similarity measures from HMM-HMM compari-
sons as input. The output was a graph, showing a clear bipartitioning be-
tween DMT-1 and DMT-2 domains, where EamA-1 and EamA-2 were 
clearly in the middle. Secondly, we created a flexible graph where edges 
represented high similarity between HMMs. We then tried to achieve a pla-
nar graph (v-e + f = 2). The re-arrangement of nodes that achieved this, dis-
played a similar pattern, having a clear bipartitioning between DMT-1 and 
DMT-2 domains, where EamA-1 and EamA-2 were clearly in the middle. 
We interpreted this result that EamA duplicated, and that the other families 
represent “diverged” copies from EamA. We also created a table, where we 
measured the distance (100-p) between domain halves, and ordered the fami-
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lies after this principle: EamA (smallest distance between domain halves), 
TPT, DUF914, UAA, and NST (highest distance between domain halves). 
What was perhaps surprising was that this order also replicated the distance 
to EamA, so that NST had the highest “distance” to EamA, UAA the second 
highest, and so on. However, in hindsight, we consider the possibility that 
EamA (previously DUF6) may be an artifact that has formed through itera-
tive expansion of a diverse seed data. Furthermore, the fact that EamA con-
tains sub-branches in its resolved tree of varying ages, as indicated by the 
analysis on the oldest model organisms and the molecular clock results, fur-
ther indicates that EamA may be not correctly expanded in Pfam. 

Furthermore, when Pfam iteratively expands clans, they may copy in an-
notation from arbitrary members of a cluster from other sources, with little 
scrutiny. A good example is the Pfam family previously known as FAE 
(Fatty Acid Elongases). This function was never represented in the original 
data set presented by Saier et al., which focused on proteoglycan formation, 
multidrug resistance, and ion transport. Furthermore, known examples of 
such enzymes in plants do not resemble DMTs in their TM organization, 
typically only having 2 TMs and a large intracellular domain. In the five 
seed sequences of PF07168, however, all sequences are found to have the 
5+5 TM structure typical of DMT solute carriers, raising doubts if the en-
zyme annotation in Pfam is correct. A search of "PF07168" in UniProt re-
turns six sequences that have status "reviewed", which are annotated as 
"ureide permease 1-5", and "ureide permease A3", thus raising further 
doubts if the enzyme annotation in Pfam is correct. In the current release of 
Pfam (26.0), the above results have formed the basis of re-annotation of 
PF07168 from fatty acid elongase 3-ketoacyl-CoA synthase 1, to ureide 
permease. In addition, it is suspected that "AMAC" is an incorrect enzyme 
annotation of a 5+5 TM structure DMT transporter, because of its high simi-
larity to solute carriers, especially EamA domain containing proteins such as 
TMEM20. AMAC (acyl-malonyl condensing enzyme) is an interchangeable, 
but more general biochemical term than FAE 3-ketoacyl-CoA synthase 1, 
which would refer only to synthase #1. HGNC has informed that, based on 
our study, the TMEM20, TMEM22, AMAC1 and AMAC-like (AMAC1L1, 
AMAC1L2, AMAC1L3) sequences, will be re-named to SLC35Gs in Ref-
Seq for Human and Mouse (SLC35G1 – 6). In other cases, such as the NST 
Pfam family, the name nucleotide sugar transporters is a label that would 
apply to several of the DMT families, including EamA, TPT, DUF914, and 
UAA. The presumably EamA-derived families contain the important human 
SLC35s, e.g. SLC35ABCDEF. The fact that DMTs are spread over the 
SLC30/35/39 categories may indicate discrepancy in how the SLC system is 
built in relation to the original DMT data set. 

In our study, we research the occurrence of the previously known G-x(6)-
G motif in the Pfam families of DMT. Glycine, which is normally a helix 
breaker in globular proteins, is 6-fold overrepresented in the final helix of 
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DMT-2 domains. The 6 residue distance would be optimal to place two gly-
cines one helix turn apart. The varying positioning of this motif in both sin-
gle and double domain families may help to understand which of Saier’s 
theories of the domain duplication is most likely: 4+1 x 2 = 10 TMs, or 4x2 
+1 or 2 TMs = 9 or 10 TMs. MDR, which has the highest similarity with 
single domain EamA has this motif in its 4th TM, so this may correspond 
with the 5th TM in EamA. 

Results/discussion paper IV 
Initially, we used 14 obesity-related phenotypes, and 8 known obesity SNPs. 
We calculated all pair wise genotype-phenotype associations using PLINK. 
To our surprise, we were not able to replicate any BMI associations, but we 
consider this is due to our limited statistical power in a small dataset4. We 
used False Discovery Rate (FDR)5 to find associations that were above a 
threshold for multiple hypothesis testing. We found that of all associations 
tested, only 2 survived the FDR, namely triglycerides with the two obesity 
SNPs from the SH2B1 gene6. SH2B1, a signal transduction adaptor protein 
that interacts with multiple receptors including the insulin and leptin recep-
tors has been established, together with other genes, as an obesity locus. 

A previous genome wide association study (GWAS) has not identified 
SH2B1 or its region on human chromosome 16 as a triglyceride locus 
(Teslovich et al. 2010). 

However, it is possible that we have discovered a population specific ef-
fect, that depends on climate and other factors. It should be noted that of the 
study population, 15% follow a traditional lifestyle (TLS), including a three-
fold higher consumption of game meat. The TLS individuals display higher 
total and LDL cholesterol, and the TLS women display a significantly higher 
BMI (27.67 kg/m2), compared to the modern lifestyle women. 

                               
4 We have between 5.4 – 19.7% power to detect the observed changes per allele, correspond-
ing to a -0.056 – 0.344 change in beta value. We could be 80% sure to detect an effect size of 
0.9. This means that per allele, we have 80% power to detect a per allele change of 3.4% in 
BMI. 
 
5 When we write ’q’, we mean estimated false discovery rate which is included in the calcula-
tion of the critical value, we have thus calculated a critical value for each test. It should how-
ever be mentioned that there is no strict rule for the setting of FDR. Common settings are 
50%, 25%, 10%, 5% depending on level of strictness. See e.g. 
http://www.biomedcentral.com/1753-6561/2/S4/S6. We can be more strict without any prob-
lem (0,135), but choose a relatively unstrict FDR since the two SNP:s in each gene are partly 
linked, and when many phenotypes are not independent, e.g. BMI/weight/length/hip size are 
not unrelated, neither are systolic/diastolic/pulse, nor are LDL,HDL,TC,TRI. 
 
6 rs4788102 (p=0.0023) and rs7498665 (p=0.0018). 
 



 36 

When accounting for kinship we found a stronger signal than that re-
ported for the SNP near SH2B1, namely one SNP (rs8045689) located 
within SPNS1, which codes for a protein structurally similar to a sphingol-
ipid transporter7.  

Sphingolipids are synthesized from fatty acids, and it is possible that dis-
orders of sphingolipid metabolism (sphingolipidoses (Ohno 2011)) may 
influence triglyceride levels indirectly. Sphingolipid synthesis requires 
palmitate and triglyceride availability (Belalcazar, Ballantyne 2011), and 
accumulation of ceramides (hydrogen-substituted sphingolipids) slows 
anabolism and is associated with insulin resistance (Bikman, Summers 
2011). A formal fine-mapping approach would require more SNP:s in the 
SPNS1 region. 

The SPNS1 protein has one 6+6 TM structure, and hits “MFS_1” (Major 
Facilitator Superfamily) in Pfam, clan CL0015. MFS is related to the 
drug/metabolite transporter clan, and has likely undergone domain duplica-
tion in a manner similar to DUF6 (see DMT section). However, MFS was 
one of the families originally excluded by Saier et al. (Jack, Yang, Saier 
2001), in their original dataset, perhaps due to the 6+6 TM structure. 

                               
7 http://www.genecards.org/cgi-bin/carddisp.pl?gene=SPNS1 
 



 37

Conclusions 

Conclusions paper I and II 
Representatives of the main GPCR families are present in D. discoideum 
(Lagerstrom, Schioth 2008). The divergence time between Fugu and human 
is approximately 450 million years. Australian ghost shark contains the old-
est melanocortin antagonist peptides in vertebrates. However, the system in a 
primitive form with two receptors and POMC exist in lamprey. A common 
synteny between AgRP2 and ASIP2 can be observed in the draft lamprey 
genome, suggesting that teleost-specific duplication is unlikely to be the 
origin of these sequences. This interpretation was further strengthened by the 
fact that AgRP2 and ASIP2 are not located in the conserved linear blocks in 
gnathostome regions 10, 3b, 7b, or 7c, but rather on the border of these re-
gions and the Ola 17-specific gnathostome elements. The similarities noticed 
between wolf spider and ASIP2 in fish, and Mojave Desert spider and 
AgRP2 in fish, may indicate an ancient origin of A2-like sequences, or could 
be the result of horizontal gene transfer. Horizontal gene transfer has been 
reported of Sphingomyelinase D in Loxosceles arizonica venom, a spider 
related to the Mojave Desert spider (Binford et al. 2009). However, it has 
been argued that use of BLAST-based “best match” protocols inflates the 
estimate of orthologues presenting aberrant agreement with ribosomal RNA 
phylogenies (Kurland, Canback, Berg 2003). Alpha/beta (α/β) proteins ap-
pear on average to be much older than their small fold (e.g. Agouti) counter-
parts (Winstanley, Abeln, Deane 2005). Pfam does not contain any Agouti 
domain proteins in bacteria or archea, and the use of PHI-BLAST should 
mean that we do not inflate the number of positive hits in our phylogeny. 

Conclusions paper III 
We propose that Pfam’s semi-automated clan definitions can be particularly 
sensitive to expansion when the “seed” is an “awkward” collection, held 
together by an evolutionary principle. The principle forming the seed is not 
maintained when the expansion happens. In the case of EamA, previously 
DUF6, it may be an artifact forming from the iterative expansion of a diverse 
set representing different transporters with little overlap between prokaryotes 
and eukaryotes. In such cases, the whole drug/metabolite transporter clan 
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could be expanded (as may be indicated by the low similarities between the 
three main breadth-first clusters, as indicated in our paper). In addition, and 
this is something which may have alleviated the illegitimate expansions, not 
explicitly recognizing the two domain organization and duplicated structure, 
is a problem in the DMT. 

The question is whether some families should be subdivided, joined, or 
removed? Pfam may be clumping together disparate things. The question 
becomes more pressing, as Pfam publishes ambitious “extensions” from the 
original Pfam, such as iPfam (Finn, Marshall, Bateman 2005) or AntiFam 
(Eberhardt et al. 2012). 

Our study may be unusual in that it is centered on a “man made” concept, 
which the Pfam clans are. It may be a weakness that we both criticize the 
divisions in the Pfam clan, and at the same time rely heavily on Pfam’s cate-
gories and meta language in our presentation. As our title indicates, we con-
clude that DMT diverged “before plants”. Probably, multiple duplication 
events have occurred, possibly as Tandem Inversion Duplications and most 
likely in bacteria, but the validity of the EamA grouping may be called into 
question if it is an artifact or not. 

Conclusions paper IV 
The Karesuando population differs from the general Swedish population in 
its population structure, lifestyle and exposure to cold climate. It appears that 
the locus close to SH2B1 and SPNS1 on chromosome 16 is subject to in-
breeding (see Table 1), as the SNP:s sampled there deviate from Hardy 
Weinberg equilibrium. Furthermore, the high degree of “inter married” 
population structures observed in the data set indicate a potentially high de-
gree of kinship that would not be normalized for by SOLAR. Thus, since this 
is a new result, it may be possible that it is influenced by inbreeding in a way 
SOLAR cannot normalize for. It appears we have discovered an inbred lo-
cus. 
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Future perspectives 

Further development of the Hough transform as a 
synteny detection method 
• There is at present no synteny detection or visualization tool that specifi-

cally detects “linear” synteny. Because this type of detection has not 
been automated, there is also no tool that can provide a statistical evalua-
tion of a chromosomal area that displays linear synteny, as compared to 
the background frequency. The linear clusters found by the Hough trans-
form do not always agree with manually defined clusters. For this rea-
son, many filters would be needed, detecting different cluster properties 
such as correlation, width, gaps, density in the relevant plot region, and 
so on. Optimal settings for each filter could be difficult to code, but it 
would be better to use a machine learning approach where output from 
many filters were weighed together to find the optimal clusters. To do 
so, the first step would be to manually define a training set and test set of 
clusters. 

• Simulated synteny data could also be produced, to translate an estimate 
of a certain amount of synteny to an estimated count of events (e.g. 
translocations, inversions ...). Ideally the tool should be a website, where 
the user could enter their region of interest, for example a region in fish 
and a region in human. The tool would then report the p-value of the en-
tered comparison, as compared with a random sampling of comparable 
regions. 

• If the detection method was fully automated, it could be run on pair-wise 
comparisons between selected organisms. All detected clusters could be 
annotated with their basic properties (as detected by the filters). Clusters 
could be given names based on their members, properties, or just given 
serial numbers. All the clusters could be stored in a large MySQL data-
base that could be used as a reference, as an “Atlas” for future use. 
Every time a synteny comparison was discussed, as evidence for an evo-
lutionary theory, the similarity would already be recorded in the data-
base and already have a reference number there. For each species com-
parison, a graphical (s.v.g.) “Atlas” could be printed as a large PDF with 
the cluster names printed on the clusters. 
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Some of the more critically placed species relating to 
the evolution of the Agouti genes have incomplete 
sequence data at present 
• It is noteworthy that for some of the most crucial species to understand 

how the Agouti genes duplicated through evolution have presently in-
complete data. If the data quality in Lamprey improved, perhaps it could 
be confirmed that this species has passed through both 1R and 2R. No 
assemblies exist for elephant shark / little skate, and the sequence of the 
AgRP gene is incomplete in both species. In spotted gar, it was possible 
to find the full length AgRP2, but in European eel, only one of the A2 
sequences could be obtained as a full length sequence. If assemblies 
were made for the gar and eel genomes, synteny analysis could be per-
formed. An assembly for Coelacanth would also be interesting to study 
the synteny of AgRP2. Finally, more spider genomes could reveal other 
Agouti-like peptides. 

Understanding more about the newly renamed family, 
SLC35Gn 
• We know that the AMACs evolved very late, maybe in chicken, proba-

bly splitting from either TMEM20 or TMEM22. It would be interesting 
to do a focused study on these proteins, trying to understand their recent 
evolutionary history. For example, did they evolve from TMEM20 or 
TMEM22. In turn, did TMEM20 and TMEM22 evolve from SLC35C, 
E, or F? Could we understand more about the function of the AMAC 
proteins from currently available data? Clearly they have expanded very 
late, forming four copies of the AMAC genes very late in animalia. It 
appears they must have a “higher” function that evolved late. Could we 
partly structure model SLC35G1 this on the 4 TM x 2 structure models 
of EmrE (3b5d or 2i68), and would that pose any special challenges? 
Since we have noted that EamA is likely an amalgamation of Pfam fami-
lies that probably should be separated, what would the clan diagram look 
like if we re-trained HMMs on the EamA constituents? Would that 
change our view of the DMT clan? 

• As we have postulated tandem inversion duplication as a likely mechan-
ism of domain duplication of e.g. DUF6 in bacteria, could we find direct 
evidence of this in any of the families? As bacterial genomes are small, 
it would be comparatively easy to analyze them for palindromes that 
were placed in coding sequence in the middle for DMT genes. For each 
such finding, a simple model could be developed how the duplication 
may have occurred. The DUF606 family could be a good starting point, 
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as we know it contains both fused and separate copies of DMT domains. 
Could we replicate Pfam’s clan generation program? I.e. could we create 
a script that takes as input a sequence set and expands it to arrive at 
Pfam’s exact family set? Could a program be made to test different set-
tings and score the agreement of the output? 

Understanding the inbred human chromosome 16 area 
and the MFS protein 
• By knowing the current occurrence rate of inter-marriage in the popula-

tion, could we simulate, overcoming hypothetical generations, following 
basic inheritance rules and simulating triglyceride levels, using our SNP 
data, simulate the actual degree of inbreeding in this population struc-
ture? Could we then better estimate how much the actual association we 
have discovered is? 

• Given the inbred characteristics of the chromosome 16 area (significant-
ly deviating from Hardy Weinberg equilibrium), could we simulate with 
artificial data an inbred population structure that reached the same level 
of inbreeding over many generations? Then, could we estimate in SO-
LAR how much inbreeding we should actually normalize for? 

• Could we test the SOLAR program more, to understand the case where 
the association became stronger after normalization, perhaps by building 
a simulated population structure containing an inbred and an outbred 
branch, and placing the individuals contributing to the associations in the 
different branches? 

• Could we understand more about the chromosome 16 area, for example 
by studying synteny between this region of chromosome 16 and related 
regions in teleosts? Is the inbred region (Chromosome 16: 28,985,542-
28,995,869), displaying conserved synteny in teleosts? 

• Could we understand more about the similarity between the MFS protein 
(SPNS1) and DMT? For example, in which species did SPNS1 diverge 
from the common ancestor with the closest DMT relative? How far back 
in the model organisms could we trace SPNS1 evolution? 
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Figure 1.Overview of the Karesuando population structure. Each blue dot represents 
an individual. Clusters may be held together by “inter marriage” rather than inbreed-
ing. 

 
Figure 2. Overview of a “circular” population structure found inside the largest 
component graph in the Karesuando population structure. Here, parents and children 
have been clustered. Note that some edges form circular sub graphs. As we shall see 
later, these do not constitute actual inbreeding. 
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Figure 3. Overview of the second largest population structure in the Karesuando 
data set. Here, the genotypes are shown for rs8045689. Genotype AA is coded as ‘1’ 
(average triglyceride level 228) and genotype GG is coded as ‘3’ (average triglyc-
eride level 173). The triglyceride level (T), gender (S1 = male; S2 = female), and 
age (A), of each person is stated. 

 
 
 
 
 

Table 1 

Chromosome SNP Alleles Genotype ratios H.W.E. 
16 rs4788102 A G 182/320/195 0.03378 
16 rs7498665 G A 181/317/201 0.01539 
16 rs9937676 G A 108/295/249 0.1898 
16 rs8045689 (*) A G 134/305/215 0.1775 
16 rs8049837 A G 2/29/625 0.05813 
16 rs6565174 A C 3/90/561 1

A possibly inbred region on human chromosome 16. Several polymorphisms deviate 
from Hardy Weinberg Equilibrium (HWE). For our SNP of interest (marked with an 
asterisk), we have a slight reduction in homozygotes (the expected number being 
322). For rs4788102, we have a more serious reduction in homozygotes to 320 (the 
expected number being 348). For rs7498665, we have a more serious reduction in 
homozygotes to 317 (the expected number being 349). Our SNP of interest also 
displayed significant linkage to the SH2B1 SNPs: r2=0.62 (rs8045689 and 
rs4788102); r2=0.63 (rs8045689 and rs7498665), possibly indicating that all the 
SNPs constitute an inbred region. The test is not accurate if less than 5 individuals in 
any group.  

 

1173

KA06�15

1172

1025

KA06�16

KA06�61

1019

KA06�20

1018

KA06�21 1324KA06�22
1323

1534
KA06�39

1533

1164

KA06�56

1163

KA06�57

1195

KA06�59 B

1194

1266

KA06�69

1265

KA06�86
KA06�87

KA06�623

KA06�97

KA06�578

KA06�98

1273

KA06�99

1272

KA06�111

KA06�115KA06�114
KA06�116

1024
1023

KA06�119

KA06�126

KA06�125

1424

1423

1352

KA06�131 B

1351

KA06�132

2086

KA06�134

2085

KA06�137

KA06�145

1482

KA06�151

KA06�653

KA06�153

KA06�252

1366

KA06�165

1365

1363

KA06�166

1362

KA06�172

1202 KA06�1731201

KA06�174

KA06�175

KA06�177

KA06�180

KA06�185

2144

KA06�188

KA06�189

2226

KA06�190

KA06�195

KA06�197

KA06�202

KA06�217

1176

KA06�219

KA06�228

KA06�220

KA06�224

KA06�229

KA06�253

KA06�6

KA06�269

KA06�297

KA06�270

KA06�272

KA06�273

KA06�586

KA06�274

KA06�588

KA06�275

KA06�284

KA06�291

1211

KA06�292

KA06�294

KA06�296

2079
KA06�336

KA06�319

KA06�321

KA06�327

KA06�381

KA06�341

KA06�371

KA06�508

KA06�342

KA06�380

KA06�348

KA06�351

1698

KA06�352

KA06�583

KA06�364

KA06�370

1382

KA06�427

KA06�378

KA06�426

1381

KA06�383

KA06�385

KA06�386

KA06�389

KA06�390

KA06�398 B

KA06�412
KA06�411

KA06�423 B

KA06�424

2043
2478

KA06�429

KA06�459

KA06�561

KA06�513

KA06�512

1668

KA06�550

KA06�551

KA06�558

KA06�559
KA06�560

2281
2280

KA06�562

KA06�572

KA06�573

KA06�585

1862
1861

KA06�594

KA06�596

KA06�628

27862785

KA06�654

KA06�682

KA06�684

KA06�712



 44 

Acknowledgements 

Thank you: Helgi B. Schiöth, Robert Fredriksson, Markus Sällman Almén, 
Martin Simmen, Michael E. Houle, Josefin Jacobsson, Arun Kumar, Roger 
Cone, Sarah Nordquist, Jonathan Cedernaes, and Michael Williams.  
 
 
 
 
Tack Hans, min farfar, för din uppmuntran. 

 
 
 
 
 
 
 
 
 
 
 
 

 
妻へ 



 45

References 

 
Agulleiro, MJ, S Roy, E Sanchez, S Puchol, N Gallo-Payet, JM Cerda-

Reverter. 2010. Role of melanocortin receptor accessory proteins in 
the function of zebrafish melanocortin receptor type 2. Mol Cell 
Endocrinol 320:145-152. 

Almen, MS, KJ Nordstrom, R Fredriksson, HB Schioth. 2009. Mapping the 
human membrane proteome: a majority of the human membrane 
proteins can be classified according to function and evolutionary 
origin. BMC Biol 7:50. 

Baron, A, K Veo, J Angleson, RM Dores. 2009. Modeling the evolution of 
the MC2R and MC5R genes: studies on the cartilaginous fish, 
Heterondotus francisci. Gen Comp Endocrinol 161:13-19. 

Bateman, A, P Coggill, RD Finn. 2010. DUFs: families in search of 
function. Acta Crystallogr Sect F Struct Biol Cryst Commun 
66:1148-1152. 

Belalcazar, LM, CM Ballantyne. 2011. Nutrition and metabolism--
sphingolipids and branched chain amino acids: indicators and 
effectors of adipose tissue function and diabetes risk. Curr Opin 
Lipidol 22:503-504. 

Bikman, BT, SA Summers. 2011. Ceramides as modulators of cellular and 
whole-body metabolism. J Clin Invest 121:4222-4230. 

Binford, GJ, MR Bodner, MH Cordes, KL Baldwin, MR Rynerson, SN 
Burns, PA Zobel-Thropp. 2009. Molecular evolution, functional 
variation, and proposed nomenclature of the gene family that 
includes sphingomyelinase D in sicariid spider venoms. Mol Biol 
Evol 26:547-566. 

Braasch, I, JH Postlethwait. 2011. The teleost agouti-related protein 2 gene 
is an ohnolog gone missing from the tetrapod genome. Proc Natl 
Acad Sci U S A 108:E47-48. 

Bywater, R. 2010. Solving the protein folding problems. Nature Precedings. 
Cardoso, JC, FA Vieira, AS Gomes, DM Power. 2010. The serendipitous 

origin of chordate secretin peptide family members. BMC Evol Biol 
10:135. 

Catchen, JM, JS Conery, JH Postlethwait. 2009. Automated identification of 
conserved synteny after whole-genome duplication. Genome Res 
19:1497-1505. 



 46 

Cerda-Reverter, JM, T Haitina, HB Schiöth, RE Peter. 2005. Gene structure 
of the goldfish agouti-signaling protein: a putative role in the dorsal-
ventral pigment pattern of fish. Endocrinology 146:1597-1610. 

Craik, DJ, NL Daly, C Waine. 2001. The cystine knot motif in toxins and 
implications for drug design. Toxicon 39:43-60. 

Crow, JF, M Kimura. 1970. An introduction to population genetics theory. 
Dong, H, L Nilsson, CG Kurland. 1996. Co-variation of tRNA abundance 

and codon usage in Escherichia coli at different growth rates. J Mol 
Biol 260:649-663. 

Duda, RO, PE Hart. 1972. Use of the Hough transformation to detect lines 
and curves in pictures. Comm. ACM 15:11-15. 

Eberhardt, RY, DH Haft, M Punta, M Martin, C O'Donovan, A Bateman. 
2012. AntiFam: a tool to help identify spurious ORFs in protein 
annotation. Database (Oxford) 2012:bas003. 

Finn, RD, M Marshall, A Bateman. 2005. iPfam: visualization of protein-
protein interactions in PDB at domain and amino acid resolutions. 
Bioinformatics 21:410-412. 

Fredriksson, R, MC Lagerstrom, LG Lundin, HB Schioth. 2003. The G-
protein-coupled receptors in the human genome form five main 
families. Phylogenetic analysis, paralogon groups, and fingerprints. 
Mol Pharmacol 63:1256-1272. 

Fredriksson, R, KJ Nordstrom, O Stephansson, MG Hagglund, HB Schioth. 
2008. The solute carrier (SLC) complement of the human genome: 
phylogenetic classification reveals four major families. FEBS Lett 
582:3811-3816. 

George, SR, BF O'Dowd, SP Lee. 2002. G-protein-coupled receptor 
oligomerization and its potential for drug discovery. Nat Rev Drug 
Discov 1:808-820. 

Haitina, T, J Klovins, A Takahashi, M Lowgren, A Ringholm, J Enberg, H 
Kawauchi, ET Larson, R Fredriksson, HB Schioth. 2007. Functional 
characterization of two melanocortin (MC) receptors in lamprey 
showing orthology to the MC1 and MC4 receptor subtypes. BMC 
Evol Biol 7:101. 

Hay, DL, DR Poyner, PM Sexton. 2006. GPCR modulation by RAMPs. 
Pharmacol Ther 109:173-197. 

Heger, A, CA Wilton, A Sivakumar, L Holm. 2005. ADDA: a domain 
database with global coverage of the protein universe. Nucleic Acids 
Res 33:D188-191. 

Hoglund, PJ, KJ Nordstrom, HB Schioth, R Fredriksson. 2011. The solute 
carrier families have a remarkably long evolutionary history with the 
majority of the human families present before divergence of 
Bilaterian species. Mol Biol Evol 28:1531-1541. 

Igl, W, A Johansson, U Gyllensten. 2010. The Northern Swedish Population 
Health Study (NSPHS)--a paradigmatic study in a rural population 
combining community health and basic research. Rural Remote 
Health 10:1363. 



 47

Jack, DL, NM Yang, MH Saier, Jr. 2001. The drug/metabolite transporter 
superfamily. Eur J Biochem 268:3620-3639. 

Jackson, PJ, NR Douglas, B Chai, J Binkley, A Sidow, GS Barsh, GL 
Millhauser. 2006. Structural and molecular evolutionary analysis of 
Agouti and Agouti-related proteins. Chem Biol 13:1297-1305. 

Katoh, K, G Asimenos, H Toh. 2009. Multiple alignment of DNA sequences 
with MAFFT. Methods Mol Biol 537:39-64. 

Klovins, J, HB Schioth. 2005. Agouti-related proteins (AGRPs) and agouti-
signaling peptide (ASIP) in fish and chicken. Ann N Y Acad Sci 
1040:363-367. 

Klovins, J, HB Schiöth. 2005. Agouti-related proteins (AGRPs) and agouti-
signaling peptide (ASIP) in fish and chicken. Ann N Y Acad Sci 
1040:363-367. 

Klovins J, SH. 2005. Agouti-related proteins (AGRPs) and agouti-signaling 
peptide (ASIP) in fish and chicken. Ann N Y Acad Sci 1040:363-
367. 

Kugelberg, E, E Kofoid, DI Andersson, Y Lu, J Mellor, FP Roth, JR Roth. 
2010. The tandem inversion duplication in Salmonella enterica: 
selection drives unstable precursors to final mutation types. Genetics 
185:65-80. 

Kurland, CG, B Canback, OG Berg. 2003. Horizontal gene transfer: a 
critical view. Proc Natl Acad Sci U S A 100:9658-9662. 

Kurokawa, T, K Murashita, S Uji. 2006. Characterization and tissue 
distribution of multiple agouti-family genes in pufferfish, Takifugu 
rubripes. Peptides 27:3165-3175. 

Lagerstrom, MC, HB Schioth. 2008. Structural diversity of G protein-
coupled receptors and significance for drug discovery. Nat Rev Drug 
Discov 7:339-357. 

Leach, DR, RG Lloyd, AF Coulson. 1992. The SbcCD protein of 
Escherichia coli is related to two putative nucleases in the UvrA 
superfamily of nucleotide-binding proteins. Genetica 87:95-100. 

Li, L, C Tibiche, C Fu, T Kaneko, M Moran, M Schiller, S Li, E Wang. 
2011. The human phosphotyrosine signaling network: Evolution and 
hotspots of hijacking in cancer. Genome Res. 

Liu, BA, E Shah, K Jablonowski, A Stergachis, B Engelmann, PD Nash. 
2011. The SH2 Domain-Containing Proteins in 21 Species Establish 
the Provenance and Scope of Phosphotyrosine Signaling in 
Eukaryotes. Sci Signal 4:ra83. 

Lolkema, JS, A Dobrowolski, DJ Slotboom. 2008. Evolution of antiparallel 
two-domain membrane proteins: tracing multiple gene duplication 
events in the DUF606 family. J Mol Biol 378:596-606. 

Lu, D, D Willard, IR Patel, et al. 1994. Agouti protein is an antagonist of the 
melanocyte-stimulating-hormone receptor. Nature 371:799-802. 

Maures, TJ, JH Kurzer, C Carter-Su. 2007. SH2B1 (SH2-B) and JAK2: a 
multifunctional adaptor protein and kinase made for each other. 
Trends Endocrinol Metab 18:38-45. 



 48 

Messerschmidt, K. 2012. The role of elevated triglycerides in cardiovascular 
health: treat or tolerate? S D Med 65:17, 19. 

Morris, DL, KW Cho, Y Zhou, L Rui. 2009. SH2B1 enhances insulin 
sensitivity by both stimulating the insulin receptor and inhibiting 
tyrosine dephosphorylation of insulin receptor substrate proteins. 
Diabetes 58:2039-2047. 

Ohno, K. 2011. Kunihiko Suzuki and sphingolipidoses. J Biochem 150:597-
605. 

Ollmann, MM, BD Wilson, YK Yang, JA Kerns, Y Chen, I Gantz, GS 
Barsh. 1997. Antagonism of central melanocortin receptors in vitro 
and in vivo by agouti-related protein. Science 278:135-138. 

Rask-Andersen, M, MS Almen, HB Schioth. 2011. Trends in the 
exploitation of novel drug targets. Nat Rev Drug Discov 10:579-590. 

Reizer, J, A Reizer, MH Saier, Jr. 1993. The MIP family of integral 
membrane channel proteins: sequence comparisons, evolutionary 
relationships, reconstructed pathway of evolution, and proposed 
functional differentiation of the two repeated halves of the proteins. 
Crit Rev Biochem Mol Biol 28:235-257. 

Saier, MH, Jr. 1994. Computer-aided analyses of transport protein 
sequences: gleaning evidence concerning function, structure, 
biogenesis, and evolution. Microbiol Rev 58:71-93. 

Saier, MH, Jr., R Tam, A Reizer, J Reizer. 1994. Two novel families of 
bacterial membrane proteins concerned with nodulation, cell 
division and transport. Mol Microbiol 11:841-847. 

Saunders, R, CM Deane. 2010. Protein structure prediction begins well but 
ends badly. Proteins 78:1282-1290. 

Schioth, HB, T Haitina, D Fridmanis, J Klovins. 2005. Unusual genomic 
structure: melanocortin receptors in Fugu. Ann N Y Acad Sci 
1040:460-463. 

Schiöth, HB, Å Västermark, RD Cone. 2011. Reply to Braasch and 
Postlethwait: Evolutionary origin of the teleost A2 agouti genes 
(agouti signaling protein 2 and agouti-related protein 2) remains 
unclear. Proc Natl Acad Sci U S A 108:E49-50. 

Shutter, J, Graham M, Kinsey AC, Scully S, Lüthy R, S KL. 1997. 
Hypothalamic expression of ART, a novel gene related to agouti, is 
up-regulated in obese and diabetic mutant mice. Genes Dev. 11:593–
602. 

Sonnhammer, EL, SR Eddy, E Birney, A Bateman, R Durbin. 1998. Pfam: 
multiple sequence alignments and HMM-profiles of protein 
domains. Nucleic Acids Res 26:320-322. 

Sreedharan, S, O Stephansson, HB Schioth, R Fredriksson. 2011. Long 
evolutionary conservation and considerable tissue specificity of 
several atypical solute carrier transporters. Gene 478:11-18. 

Stamatakis, A, T Ludwig, H Meier. 2005. RAxML-III: a fast program for 
maximum likelihood-based inference of large phylogenetic trees. 
Bioinformatics 21:456-463. 



 49

Steele, RE, P Lieu, H Ninh, M Mai, A Shenk, MPJ Sarras. 1996. Response 
to insulin and the expression pattern of a gene encoding an insulin 
receptor homologue suggest a role for an insulin-like molecule in 
regulating growth and patterning in Hydra. Dev. Genes and 
Evolution Volume 206:247-259. 

Takahashi, A, Y Amemiya, M Sarashi, SA Sower, H Kawauchi. 1995. 
Melanotropin and corticotropin are encoded on two distinct genes in 
the lamprey, the earliest evolved extant vertebrate. Biochem 
Biophys Res Commun 213:490-498. 

Teslovich, TMK MusunuruAV Smith, et al. 2010. Biological, clinical and 
population relevance of 95 loci for blood lipids. Nature 466:707-
713. 

Tota, MR, TS Smith, C Mao, T MacNeil, RT Mosley, LH Van der Ploeg, 
TM Fong. 1999. Molecular interaction of Agouti protein and 
Agouti-related protein with human melanocortin receptors. 
Biochemistry 38:897-904. 

Um, HN, JM Han, JI Hwang, SI Hong, H Vaudry, JY Seong. 2010. 
Molecular coevolution of kisspeptins and their receptors from fish to 
mammals. Ann N Y Acad Sci 1200:67-74. 

Vastermark, A, MS Almen, MW Simmen, R Fredriksson, HB Schioth. 
2011a. Functional specialization in nucleotide sugar transporters 
occurred through differentiation of the gene cluster EamA (DUF6) 
before the radiation of Viridiplantae. BMC Evol Biol 11:123. 

Vastermark, A, YL Giwercman, O Hagstromer, et al. 2011b. Polymorphic 
variation in the androgen receptor gene: association with risk of 
testicular germ cell cancer and metastatic disease. Eur J Cancer 
47:413-419. 

Winstanley, HF, S Abeln, CM Deane. 2005. How old is your fold? 
Bioinformatics 21 Suppl 1:i449-458. 

Zhang, C, Song Y, Thompson DA, et al. 2010. Pineal-specific agouti protein 
regulates teleost background adaptation. PNAS 107:20164-20171. 

 
 




	Abstract
	List of Papers
	Contents
	Abbreviations
	Popular summary in Swedish
	Introduction
	Structure, function and nomenclature of membrane bound proteins and their ligands
	G protein-coupled receptors (GPCRs)
	The insulin receptor, a tyrosine kinase receptor
	Drug/metabolite transporters, a group of solute carriers
	Evolution of membrane bound proteins and their ligands
	The melanocortin (MC) receptor inverse agonists
	Introduction paper IV: “Polymorphisms in the loci of sh2b1 and spns1 are associated with triglyceride levels in a healthy population in northern Sweden”

	Aims
	Aims paper I
	Aims paper II
	Aims paper III
	Aims paper IV

	Methods
	Third party annotation in GenBank/EMBL/DDBJ
	Phylogenetic trees
	Sinusoidal Hough transform, a new synteny detection method
	Use of SOLAR in paper IV

	Results and discussion
	Results/discussion paper I
	Results/discussion paper II
	Results/discussion paper III
	Results/discussion paper IV

	Conclusions
	Conclusions paper I and II
	Conclusions paper III
	Conclusions paper IV

	Future perspectives
	Further development of the Hough transform as a synteny detection method
	Some of the more critically placed species relating to the evolution of the Agouti genes have incomplete sequence data at present
	Understanding more about the newly renamed family, SLC35Gn
	Understanding the inbred human chromosome 16 area and the MFS protein

	Acknowledgements
	References



