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Abstract

Hemoglobinopathies are inherited diseases that impair the structure and function of the oxygen-
carrying pigment hemoglobin. Adult hemoglobin consists of two a and two  subunits. a-
Thalassaemia affects the genes that code for the a-globin chains, HBA1 and HBA2. Mutations can
result in asymptomatic, mild or severe outcomes depending on several factors, such as mutation
type, number of mutations and the location at which they occur. PredictSNP was used to estimate
whether every possible single nucleotide polymorphism (SNP) would have a neutral or deleterious
effect on the protein. These results were then used to create a plot of predicted tolerance to change
for each residue in the protein. Tolerance to change was negatively correlated with the residue’s
sequence conservation score. The PredictSNP data were compared to clinical reports of 110 selected
variants in literature. There were 29 disagreements between the two data types. Some of these
could be resolved by considering the role of the affected residue in binding other molecules. The
three-dimensional structures of some of these variant proteins were modelled. These models
helped explain variants which affect heme binding. We predict that where a point mutation alters a
residue that is intolerant to change, is well conserved and or involved in interactions, it is likely to be
associated with disease. Overall, the data from this study could be used alongside biochemical and
clinical data to assess novel a-globin variants.

Keywords: Hemoglobin; thalassemia; protein stability; heme group; SNPs; in silico prediction
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Introduction

a-Thalassaemia (OMIM #604131) is an autosomal recessive genetic disorder that affects
hemoglobin. This tetrameric, iron-containing protein, participates in gas exchange between the
blood and tissues [1]. Human adult hemoglobin consists of two a-globin and two B-globin
polypeptides. Unusually, a-globin is coded for by two genes, HBA1 and HBA2. The gene sequences
are highly similar and encode identical proteins. The HBA2 gene produces two-three times more
mRNA and protein than the HBA1 gene in healthy humans [2, 3]. A range of different mutations can
occur in HBA1 and HBA2 and are associated with a-thalassemia. The type and number of mutations
in one or both genes affect the severity of the structural changes and synthesis of the resulting
protein [4]. As a result, a-thalassaemia symptoms can vary from mild or undetectable to severe and
even fatal anaemia [5]. While deletions in the HBA1 and/or HBA2 genes are the most commonly
detected mutations, many Single Nucleotide Polymorphisms (SNPs) and frameshift mutations have
been reported to cause some rarer forms of a-thalassaemia. Mutations affecting only one allele can
result in an asymptomatic phenotype or silent carrier. Two mutated alleles can cause a-
thalassaemia; where the patient may suffer from anaemia and fatigue and may require iron
supplementation and blood transfusions. Sufferers with three inactive alleles due to mutations have
Hemoglobin H (HbH) disease and are likely to require more radical treatments such as hematopoietic
stem cell (bone marrow) transplants or a splenectomy [6]. In some cases of HbH disease the variant
hemoglobin is dysfunctional and forms inclusion bodies in red blood cells [7]. In cases where all four
alleles are affected by mutations, the resulting condition is homozygous a-thalassaemia that can be
fatal in utero due to hydrops fetalis (foetal swelling of the liver and other organs). This condition is
the most severe hemoglobinopathy, with an infant mortality rate of up to 40% [8]. Developmental

delays are observed in approximately 70% of children surviving past the age of one [9].

Reduced stability has been shown to be critical in many genetic diseases that result in changes to
protein sequences [10]. We hypothesised that the same is likely be true in a-thalassemia. The
potential importance of protein instability in hemoglobin is reinforced by the existence of the a-
hemoglobin stabilising protein (AHSP). This chaperone protein binds a-globin in vivo, stabilising it
and preventing aggregation [11, 12]. Here, we report predictions of the effect of SNPs in the a-
globin genes on the stability of the resulting variant protein. These were compared to selected
mutations for which the clinical consequences are known. The implications and limitations of these

results are discussed.
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Methods

PredictSNP analysis

PredictSNP (https://loschmidt.chemi.muni.cz/predictsnp1/) was used with the HBA1/HBA2 protein

sequence to estimate the effect of amino acid substitution at each of the 141 residues. (Note:
amino acid numbering begins with Val-1, since the N-terminal methionine residue is post-
translationally removed. Variants are named according to HbVar (http://globin.bx.psu.edu/cgi-
bin/hbvar/query_vars3), i.e. aNXxx>Yyy, where N is the residue number, Xxx is the residue in the
wild-type and Yyy is the residue in the variant [13, 14]. In Table 2, these are also presented in the
format commonly used in the inherited disease literature, i.e. p.XxxNYyy. By convention, this format
numbers the initial methionine as 1, regardless of processing. For example, a1Val>Glu is p.V2E.)
PredictSNP predicts whether a SNP has a neutral or deleterious effect [15]. It uses six algorithms to
make these predictions and reach a consensus by majority: MAPP, PhD-SNP, PolyPhen-1, PolyPhen-
2, SIFT and SNAP. This prediction was used to determine the number of amino acid substitutions

that were tolerated (i.e. predicted a neutral outcome) at each position.

Protein sequence analysis

Sixty vertebrate a-globin protein sequences were identified using NCBI. Only reference sequences
(RefSeq) and confirmed (not predicted) sequences were used (Table 1). These were aligned using

ClustalW (as implemented at GenomeNet: https://www.genome.jp/tools-bin/clustalw using the

slow/accurate settings) [16]. The alignment was saved in FASTA format and used to generate a

sequence conservation score for each residue in Scorecons (https://www.ebi.ac.uk/thornton-

srv/databases/cgi-bin/valdar/scorecons server.pl) using the Valdar01 scoring method [17].

Linear regression was carried out in Excel (Microsoft, USA). Linear regression parameters were
calculated using the LINEST function, which returns the correlation coefficient (r?) and the F value.

The significance of this value was determined using the FDIST function.

Literature search for clinically relevant mutants and their phenotypes

The NCBI genome viewer

(https://www.ncbi.nlm.nih.gov/potein/NP_000508.1?report=graph&v=1%3A51&content=5&m=1!&

4
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mn=rs121909803&dispmax=1&currpage=1) was used to identify clinically reported examples of

SNPs occurring in either the HBA1 or HBA2 genes. The amino acid position, substitution, name of the
hemoglobin variant and associated symptoms were recorded for the length of the gene(s). With
each variant, the asymptomatic or symptomatic outcome was noted in literature and this was

compared to the PredictSNP outcome for the whole protein(s).

Generation, validation and review of a-globin protein models

In cases where the predicted outcome and literature disagreed, models were created in SWISS

MODEL (https://swissmodel.expasy.org/interactive) [18]. A model was also built of the wild-type

protein for comparison. PROCHECK (https://servicesn.mbi.ucla.edu/PROCHECK/) was used for each

model to generate Ramachandran plots using the pdb file from SWISS MODEL [19]. The .pdb files

were also viewed in CCP4 MG (http://www.ccp4.ac.uk/MG/) to allow direct comparison and

sequence labelling [20]. Residues involved in interactions with other molecules (heme, B-globin and
AHSP) were identified from the literature and using computational tools with the structure files —
oxygenated human hemoglobin (PDB: 2DN1) and the a-globin/AHSP complex (PDB: 1Y01) [12, 21-
23]. PLIP (https://projects.biotec.tu-dresden.de/plip-web/plip/index) was used to identify heme
interacting residues [24]. SPPIDER (http://sppider.cchmc.org/) was used to identify residues in the
a-globin/B-globin and a-globin/AHSP interfaces [25].

Results and Discussion

Predicted tolerance for residue substitution is negatively correlated with a-globin sequence

conservation

To estimate the tolerance to amino acid substitution at each position in the protein, predictions of
the effect (neutral/deleterious) of the 19 other amino acids were calculated at each residue using
PredictSNP (Figure 1, 2). Some residues, such as Leu-2 show no tolerance to alteration, meaning
only the wild type residue is predicted to result in functional protein. Other residues, such as Asn-68,
are predicted to tolerate 18 of the 19 other possible amino acid substitutions (Figure 2). We
postulated that those residues with low tolerances represent those that are more critical for folding

or protein stability. Sequence conservation of a-globin proteins was estimated based on 60

5
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vertebrate sequences (Figure 3). There was a negative correlation between the degree of

conservation and tolerance to amino acid substitution (r?=-0.7065; F=334.6; p=8.0x103°; Figure 4).

Tolerance for residue substation is a good predictor of clinical phenotypes

The PredictSNP results were compared to selected clinical reports of SNPs (Table 2). In most cases,
the reported symptoms (or lack thereof) agreed with the PredictSNP result. In some cases,
biochemical studies demonstrated defects in the protein (e.g. reduced stability or altered ligand
binding), but there are no reports of associated clinical manifestations. This suggests that some loss
of function in a-globin can be tolerated. There is also the possibility that some of these variants may
result in pathology later in the patients’ lives or in patients exposed to different environmental

factors.

Structural factors explain why some predictions failed

However, 29 predictions did not match the clinical phenotype. In six of these cases, biochemical
abnormalities of the protein (e.g. reduced stability or altered oxygen affinity) have been described.
Presumably, these abnormalities are insufficient to cause disease, at least under the environmental
conditions experienced by the patients. In four cases where an incorrect neutral prediction was
made, the residue was involved in interactions with other molecules. These were further
investigated by generating three dimensional models of the structures in SWISS MODEL and
comparing these to the wild type (PDB: 2DN1 and a model generated using the a-globin sequence
[21]). These models generally predicted only minor changes to a-helical regions of the proteins, and
no changes to other regions. Three variants were predicted to have changes in protein structure
resulting in the loss of the heme cofactor — a46Phe>Val (Hb Hillingdon; initially wrongly predicted to
be asymptomatic), a65Ala>Thr (Hb Part-Dieu; clinical reports of hepatosplenomegaly, albeit
confused by the patient’s diabetes) and al136Leu>Met (Hb Chicago) [26-28]. In other variants
(e.g.Hb Westmead; a122His>GIn) the amino acid substitutions occur at an a1f1 contact site within
the hemoglobin tetramer, but are predicted to be neutral by PredictSNP [29]. Here, the most likely
biochemical cause is disruption of the quaternary structure of hemoglobin, resulting from the
change at the contact site. In other cases, variants were described as deleterious in literature but

predicted to be neutral in our PredictSNP analyses. These variants were: Hb Hekinan (causes

6
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anaemia), Hb O Padova (dyserythropoietic anaemia) and Hb Queens (mild anisocytosis and anaemia)

[30-32]. These discrepancies remain unresolved.

Limitations of this study

The use of in silico tools to predict effects on protein stability is well-established in the study of
genetic diseases [33]. However, there are some limitations — both general and specific to this study.
The biophysical bases of protein folding and stability are improperly understood. Therefore, any in
silico tool will be imperfect in its ability to generate correct predictions in all cases. It is established
that considering the outcomes of several different tools (as here since PredictSNP uses six different
tools) results in more accurate predictions [34, 35]. Structural predictions based on homology
models are unlikely to predict major structural changes correctly. The tools also consider the protein
in isolation, i.e. without taking account of any interactions with other biomacromolecules. This
limitation is particularly relevant here since the predictions cannot take account of interactions with
heme, AHSP or B-globin. Nor can the tools account for other biochemical consequences of residue
changes. For example, in a-globin, alterations to Val-1 can result in retention of the N-terminal
methionine residue [36, 37]. In Hb Thionville (a1Val>Glu) this causes structural changes which
reduce the affinity for oxygen and decrease the effectiveness of allosteric regulators [36]. Thus,
these predictions should not be used alone to guide clinical decision making on newly discovered
mutations [38]. They should be used alongside clinical and biochemical data on the properties of

new variant hemoglobins.

Conclusions

In general, residues that were intolerant of alteration and are highly conserved, were likely to be
associated with more severe phenotypes. This is consistent with similar studies on other proteins
that show that sequence changes in regions of high sequence conservation tend to be associated
with more severe disease phenotypes (e.g. [39-41]). Severe forms of a-thalassemia are predicted
where the affected residue is intolerant of change. If the predicted outcome is neutral, the potential
for the change to result in loss of the heme group or alterations to the protein-protein interfaces
with B-globin and AHSP should be assessed by analysis of the a-globin crystal structure or protein
modelling. Such changes are also likely to predict that the mutation is associated with disease. This

work provides further evidence in support of the hypothesis that altered protein stability is a key
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element in the molecular pathology in cases of a-thalassemia resulting from point mutations that

alter the coding sequence.
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Table 1:

Hemoglobin

Hemoglobin a-subunit protein sequences used in conservation analysis.

Accession number and species

Sequence

NP_000508.1
Homo sapiens

MVLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSEFPTTKTY
FPHFDLSHGSAQVKGHGKKVADALTNAVAHVDDMPNALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKF
LASVSTVLTSKYR

NP_001070890.2

MVLSAADKGNVKAAWGKVGGHAAEYGAEALERMFLSEFPTTKTY

Mus musculus

Bos Taurus FPHFDLSHGSAQVKGHGAKVAAALTKAVEHLDDLPGALSELSD
LHAHKLRVDPVNFKLLSHSLLVTLASHLPSDFTPAVHASLDKF
LANVSTVLTSKYR

NP_032244.2 MVLSGEDKSNIKAAWGKIGGHGAEYGAEALERMFASEFPTTKTY

FPHEFDVSHGSAQVKGHGKKVADALANAAGHLDDLPGALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLASHHPADFTPAVHASLDKE
LASVSTVLTSKYR

NP_001013875.1
Rattus norvegicus

MVLSEEDKNNIKKAWVKIGNHAAEIGAETIGRLEIVEPSSKTY
FPHEFNTSEGSDQVKAHGKKVADALTNAASHLDDLPGALSTLSD
LHAHKLRVDPVNFKFLSHCLLVTLASHHPGDFTPAMHASLDKF
FASVSTVLTSKYR

NP_001078901.1
Equus caballus

MVLSAADKTNVKAAWSKVGGHAGEFGAEALERMFLGEFPTTKTY
FPHEDLSHGSAQVKAHGKKVGDALTLAVGHLDDLPGALSNLSD
LHAHKLRVDPVNFKLLSHCLLSTLAVHLPNDFTPAVHASLDKF
LSSVSTVLTSKYR

NP_001036092.1
Pan troglodytes

MVLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSEFPTTKTY
FPHEFDLSHGSAQVKGHGKKVADALTNAVAHVDDMPNALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKF
LASVSTVLTSKYR

NP_001038189.1
Macaca mulatta

MVLSPADKSNVKAAWGKVGGHAGEYGAEALERMEFLSEFPTTKTY
FPHFDLSHGSAQVKGHGKKVADALTLAVGHVDDMPHALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKF
LASVSTVLTSKYR

NP_001162287.1
Papio Anubis

MVLSPDDKKHVKAAWGKVGEHAGEYGAEALERMFLSEFPTTKTY
FPHEFDLSHGSDQVNKHGKKVADALTLAVGHVDDMPQALSKLSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKF
LASVSTVLTSKYR

NP_001028158.1
Monodelphis domestica

MVLSAADKTNVKAAWSKVGGNSGAYMGEALYRTFLSEFPPTKTY
FPHFEFSAGSAQIKGOGQOKIADAVSLAVAHMDDLATALSALSD
LHAHNLKVDPVNFKFLCHNVLVTLASHLGKDFTPEIHASLDKF
LALLSTVLTSKYR

NP_001125901.1

MVLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSEFPTTKTY

Xenopus tropicalis

Pongo abelii FPHFDLSHGSAQVKGHGKKVADALTNAVAHVDDMPNALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKE
LASVSTVLTSKYR

NP_988860.1 MHLTADDKKHIKATWPSVAAHGDKYGGEALHRMFMCAPKTKTY

FPDFDFSEHSKHILAHGKKVSDALNEACNHLDNIAGCLSKLSD
LHAYDLRVDPGNFPLLAHQILVVVAIHFPKQFDPATHKALDKFEF
LVSVSNVLTSKYR

NP_001289417.1
Cuculus canorus

MVLSAADKTNVKGIFTKIGGHGDDYGAETLDRMETVYPQTKTY
FPHFDVSHGSAQIKAHGKKVVAALVEAVNHIDDIAGALSKLSD
LHAHKLRVDPANFKLLGQCFLVVVGIHHPAALTPEVHASLDKE
LCAVSTVLTAKYR

NP_001117134.1
Salmo salar

MSLTARDKSVVNAFWGKIKGKADVVGAEALGRMLTAYPQTKTY
FSHWADLSPGSAPVKKHGGVIMGAIGNAVGLMDDLVGGMSGLS
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Hemoglobin

DLHAFKLRVDPGNFKILSHNILVTLAIHFPADFTPEVHIAVDK
FLAALSAALADKYR

NP_001299611.1
Ictidomys tridecemlineatus

MVLSPADKNNVKACWEKIGGHGAAYGAEALERMFLSEFPTTKTY
FPHFDLSHGSAQVQGHGKKVADALANAAAHVDDLPGALSTLSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHHPAEFTPAVHASLDKF
LASVSTVLTSKYC

NP_001188201.1
Ictalurus punctatus

MSLSAKDKAVVKDLWAKVAPKADDIGAEALGRLFEVYPQTKTY
FSHWSDLTPGSAQVKKHGSVIVRKIGEAVGHIDDLTGALSSLS
ELHAFKLRVDPVNFKLLSHTIEVSIALFFPAEFTPEVHVSEDK
FLONLALALSEKYR

NP_001253705.1
Macaca mulatta

MVLSPADKSNVKAAWGKVGGHAGEYGAEALERMFLSEFPTTKTY
FPHFDLSHGSAQVKGHGKKVADALTLAVGHVDDMPQALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKF
LASVSTVLTSKYR

NP_571332.3
Danio rerio

MSLSDTDKAVVKAIWAKISPKADEIGAEALARMLTVYPQTKTY
FSHWADLSPGSGPVKKHGKTIMGAVGEAISKIDDLVGGLAALS
ELHAFKLRVDPANFKILSHNVIVVIAMLEFPADFTPEVHVSVDK
FENNLALALSEKYR

NP_001118023.1
Oncorhynchus mykiss

MSLTAKDKSVVKAFWGKISGKADVVGAEALGRMLTAYPQTKTY
FSHWADLSPGSGPVKKHGGIIMGAIGKAVGLMDDLVGGMSALS
DLHAFNLRVDPGNFKILSHNILVTLATHFPSDFTPEVHIAVDK
FLAAVSAALADKYR

NP_001267813.1
Loxodonta Africana

MVLSDNDKTNVKATWSKVGDHASDYVAEALERMFEFSEFPTTKTY
FPHFDLGHGSGQVKAHGKKVGEALTQAVGHLDDLPSALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLSSHQPTEFTPEVHASLDKF
LSNVSTVLTSKYR

XP_010989389.1
Camelus dromedaries

MVLSSKDKTNVKTAFGKIGGHAAEYGAEALERMFLGEFPTTKTY
FPHFDLSHGSAQVKAHGKKVGDALTKAADHLDDLPSALSALSD
LHAHKLRVDPVNFKLLSHCLLVTVAAHHPGDFTPSVHASLDKF
LANVSTVLTSKYR

XP_010380159.1
Rhinopithecus roxellana

MVLSPADKTNVKAAWGKVGGHGGEYGAEALERMFLSEFPTTKTY
FPHFDLSHGSAQVKGHGKKVADALTNAVAHVDDMPNALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKE
LASVSTVLTSKYR

XP_004705821.1
Echinops telfairi

MVLSAADKANVKAVWEKAGGNVGKYGGEALDRTFLSEFPTTKTY
FPHMDLTPGSADIMAHGKKVADALTLAVGHMDDLPGALSKLSD
LHAYKLRVDPVNFKLLSHCLLVTLACHLGGDFTPAAHASLDKF
LSSVSTVLTSKYR

XP_022450006.1
Delphinapterus leucas

MVLSPADKTNVKGTWAKIGNHSAEYGAEALERMFISEFPSTKTY
FSHEDLGHGSAQIKGHGKKVADALTKAVGHIDNLPDALSELSD
LHAHKLRVDPVNFKLLSHCLLVTLALHLPADFTPSVHASLDKF
LASVSTVLTSKYR

XP_010618933.1
Fukomys damarensis

MVLSPADKSNVKAAWDKIGGHGAQYGAEALCRMFLSEFPTTKTY
FHHEFDLSPGSAQVQGHGKKVADALTTAVGHLDDLPNALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHHPAEFTPSVHASLDKF
LATVSTVLTSKYR

XP_011603007.1
Takifugu rubripes

MSLSRTDKEAVKAIWAKMSKSIDVIGAEAFGRMLIAYPQTKIY
FSEWSDLRPASGPVKAHGKKVMGGIATAVASIDDLTCGLRELS
ERHAFTLKVDPANFRLLAHCILVVTAIMFPKDEFTPEIHVSEDK
FLAGVALALSDKYR

XP_008849014.1
Nannospalax galili

MVLSPEDKNHVRSTWDKIGGHGAEYGAEALERMFTSFPTTKTY
FPHEFDVSHGSAQVKAHGKKVADALANAAGHLDDLPGALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLANHHPAEFTPGVHASLDKF
LASVSTVLTSKYR

XP_015666327.1

Protobothrops mucrosquamatus

MVLSDDDKARVRAAWVPVCKNAEMYGSETLTRMFAAHATTKTY
FPHFDLSPGSSDLKAHGKKVIDALTEAVNNLDDVPGALSKLSD
LHAHKLRVDPVNFRLLGHCLEVTIAAHNGGPLKPEVMLALDKF
LNLVAKVLVSRYR

XP_007130440.2
Physeter catodon

MVLSPADKTNVKAAWAKVGSHAADFGAEALERMFMSEPSTKTY
FSHEDLGHNSTQVKGHGKKVADALTKAVGHLDTLPDALSDLSD
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Hemoglobin

LHAHKLRVDPVNFKLLSHCLLVTLAAHLPGDFTPPVHASLDKF
LASVSTVLTSKYR

XP_008155896.1
Eptesicus fuscus

MVLSPADKSNVKAAWDKVGGNAGDYGAEALERMFLSEFPTTKTY
FPHFDLSHGSAQVKGHGKKVGDALGSAVAHMDDLPGALSALSD
LHAYKLRVDPVNFKLLSHCLLVTLACHNPAEFTPAVHASLDKF
LASVSTVLVSKYR

XP_006161020.1
Tupaia chinensis

MVLSPGDKSNIKAAWGKIGGQAPQYGAEALERMFLSEFPTTKTY
FPHEDMSHGSAQIQAHGKKVADALSTAVGHLDDLPTALSALSD
LHAHKLRVDPANFKLLSHCILVTLACHHPGDFTPEIHASLDKF
LANVSTVLTSKYR

XP_026973857.1
Lagenorhynchus obliquidens

MVLSPADKTNVKGTWSKIGNHSAEYGAEALERMEINEFPSTKTY
FSHEDLGHGSAQIKGHGKKVADALTKAVGHIDNLPDALSELSD
LHAHKLRVDPVNFKLLSHCLLVTLALHLPADFTPSVHASLDKF
LASVSTVLTSKYR

XP_026862523.1
Electrophorus electricus

MSLTAKDKSIVKAFWGKVSSKADDIGAEAFGRMLTVYPQTKTY
FASWSDLSPGSAAVKKHGKTIMGGIAEAVAHIDDLTGGLASLS
ELHAFKLRVDPANFKILAHNLIVVLALFFHGDFTPEVHMAVDK
FEFONVAWALSEKYR

XP_005349098.1
Microtus ochrogaster

MVLSGDDKTNIKTAWGKIGGHAGEFGAEALERMFVVYPTTKTY
FPHEFDVSHGSAQVKGHGKKVADALTTAVGHLDDLPGALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLANHIPAEFTPAVHASLDKF
LASVSTVLTSKYR

XP_026570824.1
Pseudonaja textilis

MVLTEEDKARVRASWVPVSKNAELYGAETLTRLESAHPTTKTY
FPHFDLSPGSHDLKAHGKKVIDALTEAVNNLDDVAGALSKLSD
LHAQKLRVDPVNFKLLGQCLEVTIAAHNGGPLKPEVILSLDKF
LDLASKLLVSRYR

XP_026341218.1
Ursus arctos horribilis

MVLSPADKSNVKATWDKIGSHAGEYGGEALERTFASEFPTTKTY
FPHFDLSPGSAQVKAHGKKVADALTTAAGHLDDLPGALSALSD
LHAHKLRVDPVNFKFLSHCLLVTLASHHPAEFTPAVHASLDKF
FSAVSTVLTSKYR

XP_026308403.1
Piliocolobus tephrosceles

MVLSPADKTNVKTAWGKVGGHGGEYGAEALERMFLSEFPTTKTY
FPHFDLSHGSAQVKGHGKKVADALATAVAHLDDMPSALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHHPAEFTPAVHASLDKE
LASVSTVLTSKYR

XP_026241165.1
Urocitellus parryii

MVLSPADKTNVKACWEKIGGHGAAYGAEALERMFLSEFPTTKTY
FPHFDLSHGSAQVQGHGKKVADALANAAAHVDDLPGALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHHPAEFTPAVHASLDKF
LASVSTVLTSKYR

XP_026109996.1
Carassius auratus

MSLSDKDKAVVKALWAKIGSRADEIGAEALGRMLTVYPQTKTY
FSHWSDLSPGSGPVKKHGKTIMGAVGDAVSKIDDLVGALSSLS
ELHAFKLRIDPANFKILAHNVIVVIGMLFPGDFTPEVHMSVDK
FFONLALALSEKYR

XP_025963486.1
Dromaius novaehollandiae

MVLSAADKTNTKSVFAKIGPHAEEYGAETLERLETTYPQTKTY
FPHFDLHHGSAQVKAHGKKVAAALVEAANHIDDISTALSKLSD
LHAQKLRVDPVNFKLLGQCFLVVVAIHHPSLLTPEVHASLDKF
LCAVANVLTAKYR

XP_025840611.1
Vulpes Vulpes

MVLSPADKTNIKSTWDKIGGHAGDYGGEALDRTFQSEFPTTKTY
FPHFDLSPGSAQVKAHGKKVADALTTAVAHLDDLPGALSALSD
LHAYKLRVDPVNFKLLSHCLLVTLACHHPNEFTPAVHASLDKF
FTAVSTVLTSKYR

XP_005448157.1
Oreochromis niloticus

MSLTEKDKAAVKALWAKISKSVDAIGAEALGRMLLVYPQTKTY
FSHWPDLTPGSAPVVSHGKQIMGGVTEAMSKIDNLRGGLLELS
ELHAFKLRVDPSNFKILAQTIMVVVAAMEPNDEFTPEAHVAFDK
FLAAVALGLSERYR

XP_025733960.1
Callorhinus ursinus

MVLSPADKTNVKTTWDKLGGHAGEYGGEALERTFTSEFPTTKTY
FPHFDLSPGSAQVKAHGKKVADALTTAVAHLDDLPGALSTLSD
LHAYKLRVDPVNFKLLSHCLLVTLACHHPAEFTPAVHASLDKF
FSAVSTVLTSKYR

XP_025273010.1
Canis lupus dingo

MVLSPADKTNIKSTWDKIGGHAGDYGGEALDRTFQSEFPTTKTY
FPHFDLSPGSAQVKAHGKKVADALTTAVAHLDDLPGALSALSD
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Hemoglobin

LHAYKLRVDPVNFKLLSHCLLVTLACHHPTEFTPAVHASLDKF
FAAVSTVLTSKYR

XP_006020935.1
Alligator sinensis

MVLSQEDKSNVKAIWGKASGHLEDYGAEVLERMFCAYPQTKIY
FPHFDMSHGSPQIRAHGKKVEFSALHEAVNHIDDLPGALCRLSE
LHAHSLRVDPVNFKFLSHCVLVVFAIHHPCSLSPEVHASLDKF
LCAVSAVLTSKYR

XP_025230451.1
Theropithecus gelada

MVLSPDDKKHVKDAWGKVGEHAGQYGAEALERMEFLSEFPTTKTY
FPHEFDLSHGSDQVKKHGKKVADALTLAVGHVDDMPQALSKLSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHLPAEFTPAVHASLDKF
LASVSTVLTSKYR

XP_012777671.2
Maylandia zebra

MSLTEKDKAAVKALWAKVSKVMDTVGGEALGRMLLVYPQTKTY
FSHWPDLTPGSEPVMVHGKLILGGVTEAVSKIDNLRGGLLELS
ELHAFKLRVDPSNEFKMLAHCAMVVIAIMFPKDEFTPETHVAEFDK
FLAAVALGLSEKYR

XP_024615545.1

Neophocaena asiaeorientalis

asiaeorientalis

MVLSPADKTNVKGTWAKIGNHSAEYGAEALERMFINEFPSTKTY
FSHEDLGHGSAQIKGHGKKVADALTKAVGHIDNLPDALSELSD
LHAHKLRVDPVNFKLLSHCLLVTLALHLPADFTPSVHASLDKF
LASVSTVLTSKYR

XP_024408880.1
Desmodus rotundus

MVLSAADKGNVKTAWDKVGGQAGNYGAEALERMFLGEFPTTKTY
FPHEDMSHDSAQIKGHGKKVADALTVAVGHMDDLPSALSGLSD
LHAYKLRVDPVNFKLLGHCLLVTLACHHPSDFTPAVHASLDKF
LASVSTVLTSKYR

XP_023868215.1
Salvelinus alpinus

MSLTAKDKSVVKAFWGKISGKADVIGAEALGRMLTAYPQTKTY
FSHWADLSPGSAPVKKHGGVIMGAIGNAVGXMDNLVGGLXALS
DLHAFKLRVDPGNFKILSHNILVTLATHFPGDFTPEVHIAVDK
FLAALSAALADKYR

XP_004628004.1
Octodon degus

MVLSPADKTNVKTAWGKIGGHGAEYGAEALFRMFLSEFPTTKTY
FHHFDLSAGSAQIKSHGKKVSDALTTAVDHLDDLPTALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLSAHHPADFTPAVHASLDKF
LATVSTVLTSKYR

XP_011375036.1
Pteropus vampyrus

MVLSSTDKSNVKAAWDKVGGNVGEYGAEALERMFLSFPTTKTY
FPHFDLAHGSSQVKAHGKKVGDALTNAVGHIDDLPGALSALSD
LHAYKLRVDPVNFKLLSHCLLVTLASHLPSDFTPAVHASLDKE
LASVSTVLTSKYR

XP_003478455.1
Cavia porcellus

MVLSAADKNNVKTTWDKIGGHAAEYVAEGLTRMEFTSEFPTTKTY
FHHIDVSPGSGDIKAHGKKVADALTTAVGHLDDLPTALSTLSD
VHAHKLRVDPVNFKFLNHCLLVTLAAHLGADFTPSIHASLDKE
FASVSTVLTSKYR

XP_004474053.2
Dasypus novemcinctus

MVLSAADKTHVKAFWGKVGGHAAEFGAEALERMFASFPPTKTY
FSHMDLSHGSAQVKAHGKKVADALTLAVGHLDDLPGALSTLSD
LHAHKLRVDPVNFKFLSHCLLVTLACHLPDDFTPAVHASMDKFE
MAGVSTVLVSKYR

XP_023102549.1
Felis catus

MVLSAADKSNVKACWGKIGSHAGEYGAEALERTFCSEFPTTKTY
FPHEDLSHGSAQVKAHGQOKVADALTQAVAHMDDLPTAMSALSD
LHAYKLRVDPVNFKFLSHCLLVTLACHHPAEFTPAVHASLDKF
FSAVSTVLTSKYR

XP_007238255.1
Astyanax mexicanus

MSLTVDDMAVVKAFWGKIGAKADDIGAEALGRMLIVYPQTKTY
FAHWADLSPGSAPVKKHGKTIMGAVTAAVGSIEDLPSALSQLS
ELHAYKLRVDPANFKILAHNIIVVMGMLEPNDETPEVHVSVDK
FLONLAWCLAERYR

XP_012734007.1
Fundulus heteroclitus

MSLSETDKSRVRAFWAKAEGKANELGGEALARMLVSTPQTKTY
FAHWGDLSPQSAKVRKHGATIMGALGKAVKGIDDLTGTLGALS
ELHAFKLRVDPANFKILGHNIVLVFAMYFPADFTPEVHVSVEK
FLOCVAWALSEKYR

XP_004873772.1
Heterocephalus glaber

MSLSNEDKACLRSVWKEIGPSWPEHCPDAIYRMFLSEPSTKTY
FPNEFDISPGSPQIQAHGRKVADALNKAVEHIDDMPAALSDLSD
KHSQELRVDPVNFKLLKHTMLVTMAANYPEILTPEVLLSLDKL
MEAVSRVLISRYR

XP_020942625.1
Sus scrofa

MVLSAADKANVKAAWGKVGGQAGAHGAEALERMFLGEPTTKTY
FPHEFNLSHGSDQVKAHGQKVADALTKAVGHLDDLPGALSALSD
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Hemoglobin

LHAHKLRVDPVNFKLLSHCLLVTLAAHHPDDENPSVHASLDKF
LANVSTVLTSKYR

XP_004873771.1
Heterocephalus glaber

MVLSPADKSNVKAAWDKIGGHGAQYGAEALTRMFLSEFPTTKTY
FHHFDLSPGSAQIQGHGKKVADALTTAVGHLDDLPSALSALSD
LHAHKLRVDPVNFKLLSHCLLVTLAAHHPAEFTPAVHASLDKF
LATVSTVLTSKYR

XP_020755843.1
Odocoileus virginianus texanus

MVLSAADKSNVKAAWGKVGGNAPAYGAEALERMFLSEFPTTKTY
FPHEDLSHGSAQVKAHGEKVANALTKAVGHLDDLPGTLSDLSD
LHAHKLRVDPVNFKLLSHTLLVTLASHLPNDFTPAVHASLDKF
LANVSTVLTSKYR
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Table 2: Selected clinical phenotypes compared to initial predictions based on tolerance to amino acid substitution. Here, “deleterious” mean either
detrimentally affects the function of hemoglobin (Hb) and/or results in disease in affected patients. We selected one clinically characterised mutation per
residue (where available) to test our predictions.

oNOYTULT D WN =

Variant Clinical Phenotype References Predicted phenotype Agreement?
alVal>Glu Hb Antananarivo (Reduced sensitivity to regulation by [42] Deleterious Yes
0.V2E chloride ions)
o2leu>Pro  Hemoglobin Chongging (Increased oxygen affinity) [43] Deleterious Yes
p.L3P
a5Ala>Pro Hemoglobin Karachi (Asymptomatic) [44] Neutral Yes
p.A6P
06Asp>Gly Hb Swan River (Anaemia and fatigue) [45] Deleterious Yes
p.D7G
a7Lys>Asn HB Tatras (Abnormality of blood and blood-forming tissues [46] Deleterious Yes
0.KEN Jaundice and cyanosis)
a9Asn>Lys Hb Park Ridge (Asymptomatic) [47] Neutral Yes
p.N10K
alllys>GIn  Hb Wuming (Asymptomatic) [48] Neutral Yes
p.K12Q
al2Ala>Asp Hemoglobin J Paris (Asymptomatic) [49] Neutral Yes
p.A13D
14
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al4Trp>Arg
p.W15R
al5Gly>Ser
p.G16S
al6lLys>Met
p.K17M
al18Gly>Asp
p.G19D
al19Ala>Glu
p.A20E
a20His>Pro
p.H21P
a21Ala>Pro
p.A22P
022Glu>Asp
p.E23D
a24Tyr>His
p.Y25H
a26Ala>Val

p.A27V

Hemoglobin

Hemoglobin Evanston (a-Thalassemia)

Hb SIAM (Asymptomatic)

Hb Harbin (Anaemia and hepatomegaly and anisocytosis

(red blood cells of unequal size))

HB Al-Ain Abu Dhabi (Asymptomatic except microcytosis

and hypochromia)

Hb J-Tashikuergan (Asymptomatic)

Hb Anderlecht (Asymptomatic)

Hb Fontainebleau (Protein unstable with no detectable

symptoms)

Hb Lisbon (asymptomatic)

Hb Luxembourg (Anaemia and bilirubinemia)

Hb Campinas (Asymptomatic)
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[50]

[51]

[43]

[52]

[53]

[54]

[55]

[46]

[56]

[57]

15

Deleterious

Neutral

Deleterious

Neutral

Neutral

Deleterious

Neutral

Neutral

Deleterious

Deleterious

Yes

Yes

Yes

Yes

Yes

No

No

Yes

Yes

No
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0a27Glu>Asp
p.E28D
a29Leu>Pro
p.L30P
a30Glu>Lys
p.E31K
a31Arg>Ser
p.R32S
a33Phe>Ser
p.F34S
a34Leu>Arg
p.L35R
a35Ser>Pro
p.S36P
a37Pro>Leu

p.P38L

a40Lys>Glu

p.K41E

Hemoglobin
Hb Hekinan (Anaemia) [30]
Hb Agrinio (Thalassaemia); Heme binding residue [58]

Hb O Padova (Dyserythropoietic anemia); B-globin binding
residue

Hb Prato (Anisocytosis and hypochromia); B-globin binding
residue

Hb Chartres (Microcytic hypochromic anaemia)

Hb Queens (Mild anisocytosis and anaemia); B-globin
binding residue

Hb Evora (a-Thalassemia; unstable protein); AHSP and B-
globin binding residue

Hb Manawatu (Slightly unstable but asymptomatic —
residue involved in internal a1p2 contacts in deoxyHb
tetramer)

Hb Kariya (Asymptomatic but residue forms salt bridge
with B-chain in deoxyHb and stabilises T-state)
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[31]

[59]

[60]

[32, 61, 62]

[63]

[64]

[65]

16

Neutral

Deleterious

Neutral

Deleterious

Deleterious

Neutral

Deleterious

Deleterious

Deleterious

No

Yes

No

Yes

Yes

No

Yes

Yes

No
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Page 25 of 42 Hemoglobin

1

2

z ad41Thr>Ser  Hb Miyano (Erythremia due to decreased oxygen transport [66] Deleterious Yes
caused by high oxygen affinity and decreased

5 p.T42S .

6 cooperativity)

7

8 a42Tyr>His  Hb Barika (a-Thalassemia); heme binding residue [67] Deleterious Yes

9

o p.Y43H

1; a43Phe>Val  Hb Torino (Inclusion Body anaemia); heme binding residue [68] Deleterious Yes

13 p.F44v

14

15 ad44Pro>Arg  Hb Kawachi (Polycythemia and reticulocytosis) [69] Deleterious Yes

16

17 p.P45R

18

19 a45His>Asp  Hb Poitiers (Anaemia and anisocytosis —increased oxygen  [70] Deleterious Yes

20 affinity); heme binding residue

22

23 a46Phe>Val  Hb Hillingdon (Asymptomatic); heme binding residue [26] Deleterious No

;‘5‘ 0.FA7V

;? ad7Asp>Ala  Hb Cordele (Asymptomatic but slightly unstable) [71] Deleterious Yes

28 p.D48A

29

30 ad48Leu>Arg  Hb Montgomery (Asymptomatic) [72] Deleterious No

31

32 p.L49R

33

34 a49Ser>Arg  Hb Savaria (Asymptomatic) [73] Deleterious No

35

37

38 a50His>Asp  Hb J Sardegna (Asymptomatic but often co-inherited with ~ [74] Deleterious No

39 a- and B-thalassaemia)

40

41

42 17
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p.H51D

a51Gly>Arg
p.G52R
a53Ala>Asp
p.A54D
a54GIn>Arg
p.Q55R
a55Val>Ala
p.V56A
a56Lys>Glu
p.K57E
a57Gly>Asp
p.G58D
a58His>Tyr
p.H59Y
a59Gly>Arg
p.G60R
a60Lys>Glu

p.K61E

Hemoglobin

Hb Russ (Asymptomatic; possibly reduced stability protein)

Hb J-Rovigo (Asymptomatic)

Hb Shimonoseki (Asymptomatic)

Hb Gerland (Microcytic anaemia)

Hb Shaare Zedek (Hypochromic anaemia)

Hb Norfolk (Asymptomatic)

Hb M Boston (Methemoglobinemia and cyanosis); heme

binding residue

Hb Zurich Albisrieden (Highly unstable; a-thalassemia)

Hb Dagestan (Asymptomatic)
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[75-77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

18

Deleterious

Neutral

Neutral

Neutral

Deleterious

Neutral

Deleterious

Deleterious

Neutral

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes
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1
2
z a61Lys>Thr Hb J-Anatolia (Hypochromic microcytic anaemia and [86] Deleterious Yes
5 k62T anisopoikilocytosis — red blood cells deformed and uneven
6 P- in size)
7
8 a62Val>Met  Hb Evans (Unstable leads to haemolytic anaemia); heme [87] Deleterious Yes
9 binding residue
p.V63M
10
1; a63Ala>Asp  Hb J-Pontoise (Slightly unstable but asymptomatic) [88] Deleterious Yes
13 p.A64D
14
15 064Asp>Gly  Hb Hangzhou (Asymptomatic) [89] Neutral Yes
16
17 p.D65G
18
19 a65Ala>Thr  Hb Part-Dieu (Hepatosplenomegaly — uncertain if related [27] Deleterious No
20 to patient's diabetes)
22
23 a66Leu>Pro Hb Dartmouth (HbH disease) [90] Deleterious Yes
24
25 p.L67P
;? a68Asn>His  Hb St. Truiden (Asymptomatic) [91] Neutral Yes
28 p.N69H
29
30 a69Ala>Thr  Hb Decines-Charpieu (Asymptomatic) [27] Deleterious No
31
32 p.A70T
33
34 a71Ala>Val  Hemoglobin Ozieri (Asymptomatic) [92] Neutral Yes
35
37
38 a72His>Asp  Hb Norton (Asymptomatic) [47] Neutral Yes
39
40
41
42 19
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p.H73D

a74Asp>Ala
p.D75A
a75Asp>Val
p.D76V
a76Met>Thr
p.M77T
a77Pro>His
p.P78H
a78Asn>His
p.N79H
a79Ala>Thr
p.A80T
a80Leu>Arg
p.L81R
a81Ser>Pro
p.S82P
a83Leu>Pro

p.L84P

Hemoglobin Lille (Anaemia)

Hb Al-Hammadi Riyadh (Anaemia)

Hb Aztec (Asymptomatic)

Hb Toulon (Asymptomatic)

Hb Davenport (Asymptomatic)

Hb Mantes-la-Jolie (Asymptomatic)

Hb Ann Arbor (a-Thalassaemia)

Hb Passy (Microcytosis and anaemia)

HB Les Andelys (Unstable causing anisocytosis); heme
binding residue.
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Hemoglobin

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

20

Deleterious

Deleterious

Deleterious

Neutral

Neutral

Neutral

Deleterious

Deleterious

Deleterious

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes
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1

2

z a84Ser>Arg  Hb Etobicoke (Unstable but not known to cause anaemia) [102] Deleterious No

5 p.S85R

6

7 a85Asp>Tyr  Hb Atago (Increased oxygen affinity - no reported [103] Deleterious No

8 symptoms

9 p.D86Y yme )

10

1 a86Leu>Arg  Hb Moabit (Heinz body haemolytic anaemia and [104] Deleterious Yes

12 splenomegaly); heme binding residue

13 p.L87R P galy) y

E a87His>Tyr  Hb M-Ilwate (Decreased oxygen affinity and [105] Deleterious Yes
methemoglobin); heme binding residue

16 p.H88Y globin) g

17

12 a88Ala>Val  Hb Columbia Missouri (Erythrocytosis) [106] Deleterious Yes

20 p.A89V

21

22 a89His>Leu  Hb Luton (a-Thalassaemia) [107] Neutral No

23

24 p.HI90L

25

26 090Lys>Arg  Hb Clinico-Madrid Il (Asymptomatic) [108, 109] Neutral Yes

27

28 p.K91R

;g a91Leu>Pro  Hb Port Phillip (Haemolytic anaemia; residue is important  [110] Deleterious Yes

31 L92p in the stability of oxygenated state); heme binding residue

32 P

gi 092Arg>GIn  Hb J Cape Town (Hypochromic anaemia and thalassaemia) [111] Deleterious Yes

35 p.R93Q

36

37 a93Val>Gly  Hb Bronte (a-Thalassemia); heme binding residue [112] Deleterious Yes

38

39 p.V94G

40

41

42 21
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094Asp>Asn
p.D95N
a95Pro>Ser
p.P96S
a96Val>Asp
p.v97D
a97Asn>His
p.N98H
a99Lys>Glu
p.K100E
al02Ser>Arg
p.S103R
a103His>Arg
p.H104R
a104Cys>Tyr
p.C10Y
0108Thr>Asn
p.T109N
al109Leu>Arg

p.L110R

Hb Titusville (Low oxygen affinity variant - cyanosis)

Hb Rampa (Asymptomatic); AHSP binding residue

Hb El Escorial (Microcytic and hypochromic ferropenic

anaemia); AHSP binding residue

Hb Fuchu-Il (Reduced oxygen carrying capacity and
polycythaemia)

Hb Turriff (Asymptomatic); AHSP and -globin binding
residue

Hb Manitoba (Anaemia)

Hb Contaldo (Haemolytic anaemia); AHSP and B-globin
binding residue

Hb Sallanches (HbH in homozygote, undetected in
heterozygote)

Hb Bleuland (Moderate anaemia)

Hb Suan-Dok (Anaemia)

URL: http://mc.manuscriptcentral.com/lhem Email: user@test.demo

Hemoglobin

[113, 114]

[115, 116]

[108]

[117, 118]

[119]

[120]

[121]

[122, 123]

[124]

[125]

22

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Yes

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes
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al10Ala>Asp
p.A111D
alllAla>Val
p.A112V
a112His>GlIn
p.H113Q
all3Leu>His
p.L114H
al14Pro>Leu
p.P115L
all5Ala>Asp
p.A116D
al116Glu>GlIn
p.E117Q
a120Ala>Glu
p.A121E
al21Val>Met
p.V122M
a122His>GlIn

p.H123Q

Hemoglobin

Hb Petah Tikva (a-Thalassaemia); B-globin binding residue

Hb Anamosa (Asymptomatic); AHSP and B-globin binding
residue

Haemoglobin Lleida (a-Thalassaemia partly due to
additional 12bp deletion in patient)

Hb Twin Peaks (Asymptomatic)

Hb Nouakchott (Asymptomatic); B-globin binding residue

Haemoglobin J Tongariki (Asymptomatic)

Hemoglobin Oleander (Anisopoikilocytosis, polychromasia
and low red blood cell counts)

Hb J- Meerut (Increased oxygen affinity and red blood cell
count); AHSP and B-globin binding residue

Hb Owari (Asymptomatic)

Hb Westmead (Anaemia); AHSP and B-globin binding
residue
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[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[29]

23

Deleterious

Neutral

Deleterious

Neutral

Deleterious

Neutral

Neutral

Neutral

Neutral

Neutral

Yes

Yes

Yes

Yes

No

Yes

No

No

Yes

No
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al25Leu>Arg
p.L126R
a126Asn>Asn
p.D127N
al27Lys>Asn
p.K128N
al29Leu>Pro
p.L130P
al30Ala>Pro
p.A131P
al31Ser>Pro
p.S132P
al32Val>Gly
p.V133G
al33Ser>Arg
p.S134R
al35Val>Glu
p.V136E
al36Leu>Met

p.L137M

Hemoglobin

Hb Plasencia (a-Thalassaemia)

Hb Tarrant (Erythrocytosis); AHSP and B-globin binding
residue

Hemoglobin Jackson (Asymptomatic); AHSP and -globin
binding residue

Hb Utrecht (a-Thalassaemia); Heme binding residue

Hb Sun Prairie (Hyper-unstable; haemolytic anaemia in

homozygotes)

Hb Questembert (Mild anaemia)

Hb Caen (Haemolytic anaemia and piokilocytosis); heme

binding residue

Hb Val de Marne (Anisocytosis)

Hb Pavie (Decreased oxygen affinity; no known symptoms)

Hb Chicago (Asymptomatic); heme binding residue
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[135]

[136]

[137]

[138]

[139]

[140]

[140]

[141]

[142]

[28]

24

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Deleterious

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

No

No
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al138Ser>Pro  Hb Attleboro (Non-cooperative high-affinity haemoglobin;  [143] Deleterious No

$139p no described symptoms)
p.

a139Lys>Glu  Hb Hanamaki (Erythrocytosis) [144] Deleterious Yes

oNOYTULT D WN =

9 p.K140E

1 al140Tyr>His  Hemoglobin Rouen (Increased oxygen-affinity and [145] Deleterious No
12 decreased cooperativity, no described symptoms)

13 p.Y141H

al41Arg>His  Hb Suresnes (Erythrocytosis) [146] Deleterious Yes

p.R142H

42 25
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Figure legends

Figure 1: Predicted tolerance to change for each amino residue in human a-globin. The maximum
score is 19, meaning that the altering the residue to any of the 19 possible alternatives is predicted

to be tolerated.

Figure 2: Summary of PredictSNP predictions for human a-globin. Changes predicted to be
destabilising are shown with an “X” on a dark pink background. The wild-type residue is shown as
“WT” on a grey background. Where the change is predicted to have no effect (i.e. tolerated), the
cell is left blank (white). Functionally important residues are annotated as follows: H, heme binding
(blue); B, B-globin binding (RED); A, AHSP binding (yellow); A/B, AHSP and B-globin binding (orange);
A/B/H, AHSP, B-globin and heme binding (purple).

Figure 3: Sequence conservation scores for each residue in human a-globin. A score of 1.0 indicates

no variation across 60 vertebrate a-globin sequences.

Figure 4: Correlation of the predicted tolerance of residues to change and sequence conservation.
Each point represents an amino acid residue and the line linear regression calculated by Excel

(Microsoft, USA). r?=-0.7065; p<0.001.
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