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We have genetically retrieved, resurrected and performed 
detailed structure-function analyses on authentic woolly 
mammoth hemoglobin to reveal for the first time both 
the evolutionary origins and the structural underpinnings 
of a key adaptive physiochemical trait in an extinct 
species. Hemoglobin binds and carries O2; however, its 
ability to offload O2 to respiring cells is hampered at 
low temperatures, as heme deoxygenation is inherently 
endothermic (that is, hemoglobin-O2 affinity increases as 
temperature decreases). We identify amino acid substitutions 
with large phenotypic effect on the chimeric b/d-globin 
subunit of mammoth hemoglobin that provide a unique 
solution to this problem and thereby minimize energetically 
costly heat loss. This biochemical specialization may 
have been involved in the exploitation of high-latitude 
environments by this African-derived elephantid lineage 
during the Pleistocene period. This powerful new approach 
to directly analyze the genetic and structural basis of 
physiological adaptations in an extinct species adds an 
important new dimension to the study of natural selection.

Understanding the genetic basis of molecular adaptation is of 
fundamental importance for the study of evolutionary biology. 
However, many physiological innovations evolved in organisms and 
paleoenvironments that are long extinct. The functional analysis 
of inferred ancestral gene products reconstructed from genomes 
of contemporary organisms has provided a unique means to link 
key adaptive evolutionary events with specific episodes in Earth’s 
history1. For example, the duplication and rapid subfunctionaliza­
tion of genes encoding pancreatic RNases early in the evolution 
of ruminant mammals has been associated with the rise of grass­
land ecosystems initiated by abrupt cooling in the early Oligocene 
era2,3. Unfortunately, this approach cannot be used to study the mole­
cular evolution of lineages with no living descendants, for example, 

recently extinct large Ice Age mammal species, although these are 
likely to have evolved under strong selection pressures.

Elephantids are an ideal model system in this regard, as it is firmly 
established that the three recent genera (Loxodonta, Mammuthus and 
Elephas) originated in warm equatorial Africa ~6.7–7.6 million years 
(Myr) ago4, with members of only the mammoth lineage success­
fully colonizing high latitudes 1.2–2.0 Myr ago5–7. Importantly, this 
incursion by ancestral mammoths into high latitudes coincided with 
abrupt climatic changes and an intensified cooling in the Arctic7. In 
contrast, most other taxa living in high-Arctic environments (such as 
the musk-ox and reindeer) do not have a clear evolutionary history 
of recent movement from tropical to arctic environments; they also 
do not have close, warm-adapted sister species for phylogenetically 
informative three-species comparisons.

Woolly mammoths exhibited numerous adaptations for heat 
conservation in their adopted Arctic habitat, including small ears 
and tails7 and a thick fur pelage with associated sebaceous glands8. 
Although studies have revealed amino acid replacements within 
specific mammoth proteins9,10, it has not been possible to link these 
changes with physiological specializations to the Arctic environment. 
To investigate this issue, we sequenced and synthesized authentic 
mammoth hemoglobin and identified amino-acid substitutions that 
confer mammoth hemoglobin with unique biochemical properties 
and underlie their adaptation to the cold.

We isolated DNA and mRNA from African (Loxodonta africana) 
and Asian (Elaphas maximus) elephant blood and amplified their 
adult-expressed α- and β-like globin genes. Translated gene products  
encoded 141- and 146-amino-acid polypeptides that precisely match 
the α-globin and β-globin chains determined for these species,  
respectively11,12. The transcribed α-like globin genes correspond 
to a locus we designated HBA-T2 within the α-globin cluster of the 
draft Loxodonta genome (Supplementary Note), whereas the β-like 
genes match a locus we designated HBB/HBD, which is a chimeric 
β/δ fusion gene that originated via an ancient unequal crossover event 
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between the HBD and HBB genes (both of which are now silent) 
before the diversification of elephants, sea cows and hyraxes13.

Using DNA extracted from a ~43,000 year-old Siberian mammoth speci­
men9, we followed stringent ancient DNA methods to amplify the coding 
regions of the woolly mammoth HBA-T2 (534 bp) and HBB/HBD (780 bp)  
genes (Supplementary Figs. 1–3 and Supplementary Tables 1 and 2).  
The mammoth polypeptides differ from the orthologous α- and β/δ-
globin chains of the Asian elephant at 1 and 3 positions, respectively, and 
at 2 and 4 positions, repectively, compared to African elephants (Fig. 1).  
Although sequences of the mammoth HBA-T2 gene have not changed in 
the ~6.7 Myr since the divergence of this line from Elephas4, the woolly 
mammoth β/δ-globin chain has acquired three amino acid substitutions: 
T12A, A86S and E101Q (Fig. 1). Using an approach that targets spe­
cific SNPs9, we independently verified each position using the original 
specimen and two additional woolly mammoth samples collected from 
northern Siberia (Supplementary Figs. 4–8 and Supplementary Table 3).  
To test if the unusual signature (two transversions and one transition) 
and high nonsynonymous-to-synonymous nucleotide replacement ratio 
(3:0) in the mammoth HBB/HBD gene were indicative of positive selec­
tion, we performed a binomial test. However, given the small number 
of observations and relatively high proportion of coding sites that are 
potentially nonsynonymous (264 of 438 = 0.603), this pattern could not 
be distinguished from a neutral process (P = 0.216). Consequently, we 
conducted empirical structure-functional analyses to investigate whether 
the observed nucleotide changes alter protein behavior in a manner 
consistent with positive selection.

The location and nature of the altered residues are rare among mam­
malian β-type chains (Supplementary Fig. 9), with all three altera­
tions fundamentally changing the physiochemical properties at each 
site. The mutations lie on the same side of the protein, with both the 
T12A and A86S substitutions occurring in exposed surface positions, 
whereas the E101Q substitution is located in the highly conserved slid­
ing interface between the two rigid α1β2 dimer subunits (Fig. 2). The 
latter replacement is structurally important, as changes in the ligation  
state of the heme iron cause extensive conformational modifications 
(Supplementary Fig. 10) along this boundary as the αβ dimers slide 
and rotate in relation to one another14,15. All five known human 
hemoglobin variants with amino acid replacements at β101 possess 
higher intrinsic O2 affinities than the native protein15–18. However, 
only hemoglobin Rush, the human β-chain mutant displaying the equi­
valent amino acid substitution (E101Q) to that detected in the β/δ-
chain of mammoths, has an altered sensitivity to red-cell effectors15–17. 
This key attribute arises from the formation of two additional proton- 
linked Cl− binding sites that counterbalances the increase in O2 affinity  
arising from the β101 alteration. Notably, the preferential binding 
of these additional ligands to the deoxy-state Rush protein ‘donates’ 
heat required for O2 offloading, thereby lowering the oxygenation 
enthalpy (ΔH) of the Rush molecule (−21.4 kJ mol−1 O2 at pH 6.5) 
compared to normal human hemoglobin and the other β101 variants  
(−45.2 kJ mol−1)15–17.

A large negative enthalpy of hemoglobin oxygenation (where 
relatively small increases in temperature cause large decreases in 

Figure 1  Evolution of the genes encoding the single adult-expressed 
hemoglobin component of three members of the Elephantidae family. 
The position of nucleotide and amino acid changes are shown within the 
three coding regions (exons) of the HBA-T2 and HBB/HBD globin genes 
(shown as open horizontal boxes along each branch) superimposed on 
the Elephantidae phylogeny4. Branch lengths are not proportional to 
geologic time. Ancestral nucleotide and amino acid residues are shown 
above, and derived nucleotide and amino acid residues are shown below 
the exons. The numbers above and the letters to the right of the vertical 
lines denote the amino acid residue, whereas the numbers below and 
the letters to the left of each vertical line indicate nucleotide position 
relative to the ATG initiation codon. Thick vertical lines with bold 
characters indicate nonsynonymous substitutions, and thin vertical lines  
represent synonymous substitutions, with red, green and blue characters 
and bars representing replacements at codon positions 1, 2 and 3, 
respectively. We employed the α-globin and β-globin chain sequences 
of other afrotherian mammals (Echinops telfairi (GenBank P24291, 
P24292), Procavia habessinica (P01957, P02086) and Trichechus 
inunguis (P07414, P07415)) to deduce the direction of amino  
acid substitutions.
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Figure 2  Surface model of a chimeric Asian elephant (left) and mammoth 
(right) deoxyhemoglobin molecule bound to 2,3-bisphosphoglycerate (BPG).  
The locations of the three mammoth-specific amino acid substitutions are 
highlighted in blue, and the positions of each heme group are denoted by 
ball-and-stick diagrams. Regions highlighted in yellow denote positively 
charged residues (Lys82 of the β/δ-chain (hereafter denoted β/δ82 Lys), 
β/δ143 His and the amino group of β/δ1 Val) implicated in the binding of 
BPG to elephant deoxyhemoglobin11,12,14. Note that because the polar 
hydroxyl side chain of β/δ12 Thr of Asian elephant deoxyhemoglobin (and 
human hemoglobin25) forms a hydrogen bond with the carbonyl group of 
β/δ8 Lys (green), the negatively charged side chain of β/δ79 Asp (red) is 
free to project into the BPG binding pocket, where it would tend to repel 
this anion. Conversely, the methyl side chain of β/δ12 Ala in mammoth 
hemoglobin cannot bond with β/δ8 Lys, allowing the lysyl side chain to form an ionic interaction with β/δ79 Asp of the E helix and neutralizing its 
charge (light red). The mammoth-specific β/δ101 Gln residue is spatially distant from this charged cluster and cannot contribute to BPG binding15–17. 
However, this central cavity residue alters electrostatic interactions at the sliding interface of the molecule that both destabilizes the low-affinity deoxy-
state protein and creates additional proton-linked chloride binding sites in mammoth hemoglobin (see main text for details).
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hemoglobin-O2 affinity) is generally considered to be beneficial 
for mammals, as it promotes site-specific O2 offloading from the 
blood to warmer exercising muscles. In contrast, hemoglobins with 
numerically low ΔH values (where changes in temperature have a 
relatively small effect on hemoglobin-O2 affinity) are recognized 
to be energetically advantageous for cold-tolerant Arctic mammals 
(such as reindeer and musk-ox) because they help maintain ade­
quate O2 delivery to the sparsely insulated limbs and distal append­
ages19,20, where temperatures may decrease to near 0 °C21 (hence 
minimizing the thermal gradient for heat loss). The low ΔH of rein­
deer and musk-ox hemoglobins (−14.0 kJ mol−1and −15.0 kJ mol−1,  
respectively, at pH 7.4) has been attributed to increased Cl− bind­
ing19,20. Three basic residues (Lys8 of the β-chain (hereafter denoted 
β8 Lys), β76 Lys and β77 His) underlie this trait by forming a cati­
onic cavity between helices A and E of each β-chain, which can be 
bridged by Cl− in the deoxy state22. This structural motif, and a 
correspondingly low ΔH19,20, is found in the hemoglobin of nearly 
all ruminant mammals examined (Supplementary Fig. 9), indicat­
ing it originated in an early Oligocene-era common ancestor. It is 
therefore possible that the low ΔH values found for the hemoglobins 
of present day Arctic ruminants arose as an adaptive response to 
the pronounced cooling that initiated the development of grassland 
ecosystems ~35 Myr ago.

It is noteworthy that the β-type chains of all three recent elephantid 
genera possess this same positively charged Cl−-binding cluster 
(Supplementary Fig. 9). To test whether these amino acids provide 
elephantid hemoglobin with similar reductions in ΔH, and to assess 
the functional effects of the mammoth-specific residue changes, we 
first inserted Asian elephant HBA-T2 and HBB/HBD cDNA into a 
hemoglobin expression vector and expressed this protein complex 
in Escherichia coli23. We used site-directed mutagenesis to intro­
duce the mammoth-specific substitutions into the Asian elephant 
plasmid (Supplementary Table 4) and synthesized woolly mammoth 
hemoglobin de novo23. We then employed a thin-film technique24 
to measure the oxygen-binding characteristics of the elephant and 
mammoth proteins and their interaction with naturally occurring 
red-cell ligands (O2, 2,3-bisphosphoglycerate (BPG), Cl− and H+) at  
10 °C, 25 °C and 37 °C. As predicted from the E101Q substitution in 
the mammoth β/δ chain, oxygen equilibrium curves revealed strik­
ing functional differences between the two species (Fig. 3), with 
‘stripped’ (allosteric-cofactor free) mammoth hemoglobin possessing  

a higher O2 affinity at all three temperatures. However, mammoth 
hemoglobin also exhibited higher H+ and Cl− effects, so that in 
the presence of red-cell effectors, the hemoglobin-O2 affinity of 
both species was nearly identical at 37 °C (Fig. 3). In addition to 
their central role in lowering the O2 affinity of woolly mammoth 
hemoglobin, the additive exothermic contributions of Cl− and BPG 
binding each significantly lowered the effect of temperature on the 
O2-equilibrium properties of mammoth hemoglobin relative to Asian 
elephants (Fig. 4; Student’s unpaired t-test; P = 0.0198 and P = 0.0168 
for Cl− and BPG, respectively). As a result, the mean overall ΔH of 
mammoth hemoglobin (−19.3 kJ mol−1) was reduced compared to 
that of Asian elephant hemoglobin (−28.1 kJ mol−1). Consequently, 
the O2 affinity of mammoth blood is less affected by temperature than 
that of Asian elephants. This attribute may have been of fundamental 
adaptive importance for mammoths, whose blood presumably experi­
enced large and rapid temperature changes when perfusing the limbs 
and other extremities in cold Arctic temperatures.

To identify the structural basis for the prominent functional 
differences between the two elephantids, we used high-resolution 
crystal structures of oxy and deoxy human hemoglobin25 to con­
struct molecular models of woolly mammoth and Asian elephant 
hemoglobin. In elephant hemoglobin, the carboxyl group of β/δ101 
Glu interacts closely with the guanidino group of β/δ104 Arg of 
the same chain (Supplementary Fig. 10a). This interaction is also 
found in human hemoglobin25,26, and it has thus been proposed 
that the β-chain E101Q substitution of hemoglobin Rush allows 
the positive charge of β104 Arg to form a Cl− binding site within 
the α1β2 interface of the deoxy-state molecule15,16. However, this 
mechanism seems unlikely, as the other human hemoglobin mutants 
that possess polar (lysine and aspartate) or nonpolar (alanine and 
glycine) residues at β101 did not exhibit altered Cl− binding15–17. 
Indeed, our model illustrates that the uncharged β/δ101 Gln resi­
due of mammoth deoxyhemoglobin can still hydrogen bond with 
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Figure 4  Mean enthalpy of 
oxygenation (ΔH; kJ mol−1 O2) 
values of woolly mammoth (blue 
columns) and Asian elephant 
(red columns) hemoglobin in the 
absence and presence of effector 
molecules. Error bars for each 
treatment (‘stripped’, 0.1 M Cl−, 
and 0.1 M Cl− plus saturating 
levels of 2,3-bisphosphoglycerate 
(Cl− + BPG)) are ± s.e.m. of four 
calculated ΔH values: one from O2 
equilibria measured at 10 °C and 
25 °C at pH 7.0; one from measurements at 25 °C and 37 °C at  
pH 7.0; one from measurements at 10 °C and 25 °C at pH 7.4;  
and one from measurements at 25 °C and 37 °C at pH 7.4. The 
temperature dependence of the oxygenation process is governed by the 
associated overall ΔH of this reaction19, where numerically low ΔH values 
correspond to small effects of temperature on hemoglobin-O2 affinity. 
Student’s unpaired t-tests (α = 0.05, n = 4) illustrate that the intrinsic 
thermal sensitivity of mammoth hemoglobin is not different from that 
of Asian elephant hemoglobin (P = 0.9174). Conversely, as denoted by 
asterisks, the endothermic dissociation of Cl− (P = 0.0198) and BPG 
(P = 0.0168) each independently lower the oxygenation enthalpy of 
mammoth hemoglobin to significantly greater degrees than for Asian 
elephant hemoglobin, as predicted by the E101Q and T12A substitutions 
on the mammoth β/δ-globin chain, respectively (see text for details). The 
ΔH of mammoth hemoglobin was independent of pH under all conditions 
employed here, illustrating that the binding of Bohr protons does not 
directly contribute to lowering the ΔH value.

Figure 3  Oxygen equilibrium  
curves of woolly mammoth (blue) 
and Asian elephant hemoglobin 
(red) at 37 °C and pH 7.0. In the 
absence of allosteric effectors (solid 
lines), the mammoth β/δ-chain 
E101Q substitution destabilizes the 
tense-state (deoxy) conformation, 
leading to a protein phenotype with 
an intrinsic affinity nearly two times 
higher (curve is shifted to the left). 
This radical increase in O2 affinity 
(which would drastically impair tissue O2 offloading) is almost precisely 
compensated by enhanced H+, Cl− and 2,3-BPG binding to mammoth 
hemoglobin that right-shifts the curve more strongly than in Asian 
elephant hemoglobin. As a result, the overall O2 affinity of mammoth 
hemoglobin in the presence of red cell effectors is nearly identical to that 
of Asian elephants at 37 °C (red dashed line). However, the increased 
effector binding to mammoth hemoglobin lowers the effect of temperature 
on O2 affinity, facilitating the release of O2 at cold temperatures in 
relation to Asian elephant hemoglobin.
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β/δ104 Arg (Supplementary Fig. 10b), as has been suggested for 
hemoglobin Rush26. Our physiological data also demonstrates that, 
as is the case with hemoglobin Rush, deoxygenation of mammoth 
blood involves the binding of two additional ions (H+ and Cl−) per 
dimer as compared to elephant hemoglobin. Consequently, the 
potentially maladaptive increase in hemoglobin-O2 affinity that 
accompanies the E101Q replacement on the mammoth β/δ-chain 
(Fig. 3) is countered by the formation of these proton-linked Cl− 
binding sites. Notably, the increased Cl– binding also contributes 
an additional endothermic component that lowers the ΔH of mam­
moth hemoglobin (Fig. 4). It must be emphasized that the effect of 
position β101 on the functional properties of human hemoglobin 
is mediated by the size15 and specific side-chain chemistry of the 
substituted amino acid residue27, meaning that only glutamine can 
reduce the ΔH. Any substitution other than E101Q in the mam­
moth β/δ-chain would almost certainly have been maladaptive (for 
example, the rare heterozygous human β-chain variants British 
Columbia (E101K), Alberta (E101G) and Potomac (E101D) all 
produce radically increased blood O2 affinities and, consequently,  
clinical erythrocytosis17; the ΔH of these hemoglobins is also 
unchanged from that of normal human hemoglobin15).

The β/δ101 Gln residue of mammoth hemoglobin is physically 
separate from the BPG binding pocket15–17 (Supplementary Fig. 11); 
thus, the BPG-induced reduction in the overall ΔH of the protein 
(Fig. 4) must arise from another residue replacement. Our molecular 
model illustrates that the T12A substitution of the mammoth β/δ-
chain mediates this alteration by drawing β/δ79 Asp away from the 
cationic BPG binding cavity of mammoth deoxyhemoglobin (Fig. 2). 
Therefore, two (E101Q and T12A) of the three β/δ-chain substitu­
tions observed in mammoths independently lower the temperature 
sensitivity of the mammoth’s blood.

Consistent with the additional Cl− binding site hypothesis19,20,22, 
the ΔH of Asian elephant hemoglobin in the presence of 0.1 M Cl− 
(−31.5 kJ mol−1; Fig. 4) is lower than that of human hemoglobin 
(−41.0 kJ mol−1)20, which lacks the β8 Lys–β76 Lys–β77 His motif 
(Supplementary Fig. 9). However, Asian elephant hemoglobin has a 
noticably lower Cl− sensitivity than bovine and human hemoglobin 
(that is, it binds fewer Cl− ions; Supplementary Fig. 12). This finding 
demonstrates that although these three residues form a Cl− binding 
site in Arctic ruminant hemoglobins20,22, they do not bind Cl−, nor do 
they contribute to lowering the ΔH of elephantid hemoglobins (pre­
sumably because of structural differences in this region of the protein). 
This illustrates the fact that acquisition of equivalent substitutions in 
independent evolutionary lineages may have different functional con­
sequences on protein behavior and indicates that the elevated Cl− sen­
sitivity and attendant ΔH reduction of mammoth hemoglobin must 
arise from unique molecular mechanisms (the β/δ-chain T12A and 
E101Q substitutions) that so far have not been described in other  
living mammals. By using an empirical structure-function analysis  
of a resurrected gene product, we have identified physiologi­
cal properties of woolly mammoth hemoglobin that may have  
played an important role in the adaptation of this African-derived  
lineage to Arctic environments during the Pleistocene era. This  
powerful paleogenetic approach adds a new dimension to the  
investigation of the evolutionary processes and constraints that 
shaped the adaptive physiological phenotypes of both extinct and 
extant species.

Methods
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/naturegenetics/.

Accession numbers. All gene sequences have been deposited in 
GenBank with the accession numbers FJ716079–FJ716094.

Requests for materials. campbelk@cc.umanitoba.ca.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Extraction, amplification, cloning and sequencing of elephant DNA/RNA. 
To avoid the risk of cross-contamination, all studies of modern elephant  
samples were performed at the Department of Biological Sciences, University 
of Manitoba, Winnipeg.

Subsamples of freshly collected African (n = 2) and Asian (n = 2) elephant 
whole blood were immediately stored at −70 °C or transferred to 10 volumes 
of RNA/DNA stabilization reagent for blood/bone marrow (Roche Molecular 
Biochemicals), mixed and frozen. DNA was extracted from untreated blood  
following addition of phosphate-buffered saline and proteinase K using the Qiagen 
DNeasy extraction kit. Isolation of mRNA was conducted on 10 ml of blood lysate 
samples using the Roche mRNA purification kit, and cDNA was synthesized with 
the Superscript II RT cDNA kit using Oligo (dT) primers (Invitrogen).

DNA amplifications consisted of a 30-cycle protocol (94 °C for 30 s; 50 °C  
for 15 s; 72 °C for 30–75 s) followed by 10 min at 72 °C; this was then followed 
by nested PCR using an annealing temperature gradient of 50 °C to 60 °C. 
Target bands were excised and purified using the MinElute Gel Extraction Kit 
(Qiagen) and either sequenced directly (see below) or ligated using a Qiagen 
PCR Cloningplus Kit, and incubated on agar plates. Obtained nucleotide 
sequences were used to design primers to amplify the flanking regions of 
each gene via a walking reaction (APAgene Genome Walking Kit; Bio S&T 
Inc.). Plasmids containing target bands were primed with a BigDye Sequencing 
Kit using the universal sequencing primers, M-13(F)-40 and M-13(R), and 
sequenced in both directions with a 3730 ABI PRISM Genetic Analyzer 
(Applied Biosystems).

Flanking sequences of the Elephas and Loxodonta HBA-T2 and HBB/HBD 
genes were used to design primers for cDNA templates using the following 
cycling conditions: 96 °C for 3 min, (35–40 cycles of 96 °C for 30 s, 55–65 °C 
for 15 s, 72 °C for 30–40 s), followed by 72 °C for 6 min. Target bands were 
excised and sequenced directly in both directions with internal nested primers 
on an Applied Biosystems 3130 Genetic Analyzer.

Consensus gene alignments were constructed for each species using 
Sequencher (Version 4.2.2) software. Contigs for individual HBA-T2 and 
HBB/HBD genes from each species incorporated between 11 and 24 overlap­
ping fragments amplified from five to nine separate PCRs, respectively.

Mammoth DNA amplification, amplicon separation, purification, cloning 
and sequencing. Adelaide. Amplification and sequencing of the complete cod­
ing regions of the mammoth HBA-T2 and HBB/HBD genes were performed 
in a dedicated ancient DNA facility in Adelaide, where modern elephant DNA 
has never been present. DNA previously extracted from a mammoth specimen 
(SP1349 (KIA27805)) recovered from the Kolyma Lowland, Yakutia (70° N,  
151° E), and dated ~43,000 years old9 was used to amplify the three cod­
ing exons of both the mammoth HBA-T2 and HBB/HBD globin genes and 
the HBB/HBD 5′ promoter region. Primers (Supplementary Tables 1 and 2) 
were designed from the alignment of the Elephas and Loxodonta HBA-T2 and 
HBB/HBD sequences to target regions within the functional genes that differed 
significantly from paralogous genes. The mammoth HBA-T2 and HBB/HBD 
exons and the 5′ upstream promoter region of HBB/HBD were amplified using 
a combination of singleplex reactions (HBB/HBD 5′ promoter), singleplex 
reactions with DMSO (HBA-T2 fragments F1–F6) and multiplex and nested 
singleplex reactions (HBB/HBD fragments F1–F5).

Multiplex PCRs were performed in a 25 μl final volume, with 1.25 U of 
Platinum Taq DNA Polymerase High Fidelity; 200 μm each of dNTP, 4 mM 
MgSO4, 1× high fidelity PCR buffer, 1 mg ml−1 BSA buffer; 0.15 μm of each 
primer; and 1 μl of an ancient DNA extract diluted 1:10 with DNA-free water. 
Thermocycling conditions were 94 °C for 2 min, 40 cycles of 94 °C for 15 s, 55 °C  
for 15 s, 68 °C for 30 s and a final extension at 68 °C for 10 min. Singleplex PCRs 
were performed in 25 μl final volume, with 0.2 U of Hotmaster Taq, 200 μM  
of each dNTP, 0.4 μM of each primer, and 1× Hotmaster buffer (2.5 mM Mg2+). 
Templates were either 1 μl of the multiplex PCR reaction diluted 1:40 in DNA-
free water, or 1 μl of ancient DNA extract diluted 1:10 in DNA-free water. 
Thermocycling conditions were 94 °C for 2 min, 30 cycles of 94 °C for 20 s,  
55 °C for 10 s, 65 °C for 30 s and a final extension of 65 °C for 2 min. Because of 
the high GC content of the HBA-T2 gene, we added 5% DMSO to the standard 
singleplex reaction mixes described above. All PCR reactions were purified 
with AMPure (Agencourt) according to the manufacturer’s instructions.

Unique nucleotide changes on the HBB/HBD gene were confirmed by clon­
ing with the TOPO TA Cloning Kit (Invitrogen) according to the manufac­
turer’s instructions. Colonies were picked, stored in 10 mM Tris, and cells 
were lysed by heating to 96 °C for 10 min. Between 10 and 14 colonies were 
sequenced for each cloned fragment (see Supplementary Figs. 1, 4 and 5). 
Colony PCRs were performed in 25 μl final volume with 0.2 U of Hotmaster 
Taq, 200 μM of each dNTP, 0.2 μM of each primer (M13F-20 and M13R), 
1× Hotmaster buffer (2.5 mM Mg2+) and 2 μl of lysed colony as template. 
Thermocycling conditions were 94 °C for 2 min, 35 cycles of 94 °C for 20 s, 55 °C  
for 10 s, 65 °C for 45 s and a final extension of 65 °C for 10 min. PCR products 
were sequenced in both directions using BigDye Terminator v3.1 (Applied 
Biosystems) and the M13 reverse primer only. Reactions were carried out in 
a 20 μl final volume with 7.5 μl of 2.5× reaction buffer, 0.16 μM of primer 
and 0.5 μl BigDye enzyme. BigDye thermocycling conditions were 96 °C  
for 1 min, followed by 25 cycles of 96 °C for 10 s, 50 °C for 5 s and 60 °C for  
4 min. BigDye reactions were purified using CleanSEQ (Agencourt) according 
to manufacturer’s instructions and sequenced on an ABI 3730 sequencer.

Leipzig. To replicate the Adelaide HBB/HBD results, at least two independent  
multiplex PCRs28 were performed on woolly mammoth specimen SP1349 (KIA 
27805) and two additional Siberian mammoth samples (specimen NS-OgK-O 
271 (SP1421) collected at 72.4° N, 143.4° E and specimen MaK–0 101 (SP1419) 
collected at 73.6° N, 117.2° E; for details see ref. 9). Separate studies in the 
Leipzig lab have shown that specimen SP1349 falls into mitochondrial clade 2,  
whereas SP 1419 and SP1421 fall into clade 1 (ref. 29). Multiplex reactions 
were performed using three primer pairs targeting the three nonsynonymous 
SNPs (Supplementary Table 3). The same primers were then used separately 
for each target. PCR products were visualized on agarose gels, were cloned 
directly, and a minimum of three clones per SNP for each multiplex PCR were 
sequenced on an ABI 3730 sequencer (Supplementary Figs. 6–8).

Expression of recombinant Asian elephant and woolly mammoth hemo-
globins. The α- and β-globin genes in the normal human adult hemoglobin-
expression plasmid pHE223 were replaced by Asian elephant HBA-T2 and 
HBB/HBD coding sequences to form expression plasmid pHE27E. The mam­
moth hemoglobin expression plasmid pHE27M was created by introducing 
the α-chain (K5N) and β/δ-chain substitutions T12A, A86S and E101Q into 
the pHE27E plasmid via site-directed mutagenesis using a QuikChange II XL 
mutagenesis kit (Stratagene). The procedures for expression, isolation and 
purification of Asian elephant and mammoth recombinant hemoglobin fol­
lowed those previously described23.

Oxygen binding measurements. Immediately before O2 equilibrium deter­
minations, appropriate volumes of water, HEPES buffer and, when applicable, 
standard KCl and 2,3-BPG solutions were added to small aliquots of each 
hemoglobin solution (the final heme and buffer concentrations were 0.21 mM 
and 0.1 M, respectively). Oxygen-binding equilibria for each sample exposed 
to stepwise increases in O2 tension were measured at 10 °C, 25 °C and 37 °C at 
both pH 7.0 and pH 7.4 using a modified diffusion chamber24. Oxygen half-
saturation pressures (P50) and cooperativity coefficients (n50) interpolated 
from Hill plots were calculated from at least four equilibration steps between 
30% and 70% saturation for each trial24. Cl− concentration for each sample was 
assessed using a Sherwood MKII Model 926S Chloride Analyzer (Sherwood 
Scientific Ltd.), and pH was measured in oxygenated subsamples equilibrated 
to each of the three experimental temperatures using a Radiometer BMS2 Mk2 
Blood Micro System and PHM 64 Research pH meter (Radiometer). Stock solu­
tions of BPG added to the hemoglobin samples were assayed using Sigma enzy­
matic test chemicals. The overall enthalpy of oxygenation (ΔH, kJ mol−1 O2)  
values were calculated as 

−2.303 × R × Δlog P50/(T1−T2)

where T1 and T2 are two absolute temperatures and R is the gas constant.  
All ΔH values were corrected to exclude the heat of solvation of O2 (−12.55 
kJ mol−1)19.

Molecular modeling. We separately introduced all amino acid substitutions 
occurring in the woolly mammoth, African and Asian elephant hemoglobin 
into the 3D oxy (PDB 2DN1) and deoxy (PDB 2DN2) models of the recently 



©
20

10
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

Nature Geneticsdoi:10.1038/ng.574

refined 1.25 Å structures of human hemoglobin25 using the MODELLER func­
tion of the Insight II program package version 97.2 (BioSym Technologies). 
The strain energy in the vicinity of each substitution was generated in the 
GROMOS force field using the 53A6 parameter set optimized for molecular 
dynamics simulations30. The strain energy was subsequently minimized using 
the GROMACS package (version 3.3; see URLs). This involved a brief steepest-
descents run that employed a maximum step-size protocol of 1 Å and a maxi­
mum tolerance of 1,000 kJ mol−1 nm−1. This was followed by a more extensive 
conjugate-gradients minimization with a tolerance of 100 kJ mol−1 nm−1.  
A Morse oscillator model was used to represent covalent bonding in the  
conjugate-gradients minimization step and a harmonic oscillator approximation  

was used for the steepest-descents protocol. Three-dimensional molecular 
representations were visualized with DINO version 0.9.1 (see URLs).

URLs. GROMACS, http://www.gromacs.org/; DINO, http://www.dino3d.org/.

28.	Römpler, H. et al. Multiplex amplification of ancient DNA. Nat. Protoc. 1, 720–728 
(2006).

29.	Barnes, I. et al. Genetic structure and extinction of the woolly mammoth, 
Mammuthus primigenius. Curr. Biol. 17, 1072–1075 (2007).

30.	Oostenbrink, C., Villa, A., Mark, A.E. & van Gunsteren, W.F. A biomolecular force 
field based on the free enthalpy of hydration and solvation: the GROMOS force-field 
parameter sets 53A5 and 53A6. J. Comput. Chem. 25, 1656–1676 (2004).
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