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ABSTRACT: The oxygen affinity of woolly mammoth hemoglobin (rHb WM) is
less affected by temperature change than that of Asian elephant hemoglobin (rHb
AE) or human normal adult hemoglobin (Hb A). We report here a biochemical—
biophysical study of Hb A, rHb AE, rHb WM, and three rHb WM mutants with
amino acid substitutions at 3/5101 (/5101GIn—Glu, Lys, or Asp) plus a double
and a triple mutant, designed to clarify the role of the 3/6101 residue. The S/
0101GIn residue is important for responding to allosteric effectors, such as
phosphate, inositol hexaphosphate (IHP), and chloride. The rHb WM mutants
studied generally have higher affinity for oxygen under various conditions of pH,
temperature, and salt concentration, and in the presence or absence of organic
phosphate, than do rHb WM, rHb AE, and Hb A. Titrations for the O, affinity of
these mutant rHbs as a function of chloride concentration indicate a lower

heterotopic effect of this anion due to the replacement of #/6101Gln in rHb WM. The alkaline Bohr effect of rHb WM and its
mutants is reduced by 20—50% compared to that of Hb A and is independent of changes in temperature, in contrast to what has
been observed in the hemoglobins of most mammalian species, including human. The results of our study on the temperature
dependence of the O, affinity of rtHb WM and its mutant rHbs illustrate the important role of 3/6101GIn in regulating the

functional properties of these hemoglobins.

emoglobin (Hb) is responsible for transporting oxygen

(O,) in the blood. The O, affinity of hemoglobin is
affected by allosteric effectors (e.g., H*, chloride, and organic
phosphate) and temperature.' Oxygenation of Hb is an
exothermic process. The oxygen affinity of Hb decreases with
increasing temperature. At higher temperatures, Hb binds
oxygen less tightly and gives up its oxygen more readily.
Consequently, more oxygen can be delivered to tissues during
vigorous exercise. However, this phenomenon is problematic
for patients undergoing therapeutic hypothermia (e.g., cardiac
arrest, traumatic brain injury, etc.). Under hypothermic
conditions, the Hb molecule in blood has higher oxygen
affinity and is less efficient in delivering oxygen to the tissues.
This property may also pose considerable challenges for
heterothermic mammals because the blood in their extremities
could experience large and rapid temperature changes in the
Arctic envionment. A lower effect of temperature on the O,
affinity of Hb has been observed previously from some arctic
animals, such as Eskimo dog, reindeer, and musk o0x,>® but the
key amino acid residues for this property have not been
confirmed. Recently, recombinant Hbs of woolly mammoth
(rHb WM) and Asian elephant (rHb AE) have been
successfully expressed in Escherichia coli and isolated for
biochemical—biophysical studies.”'® The O, affinity of rHb
WM is much less dependent on temperature than that of
human normal adult Hb (Hb A) or rHb AE.>'® This property
could have an adaptive role for woolly mammoths in having a
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unique hemoglobin to deliver O, to their extremities. Results
from these studies can provide a framework for further research
on the evolutionary origins and the structural underpinnings of
an adaptable physiological trait for an essential protein in an
extinct species.

We would like to identify the key amino acid residue(s) that
render the O, affinity of woolly mammoth Hb less dependent
on temperature. In both woolly mammoth and Asian elephant,
Hb is composed of two a-type globin chains, like those in Hb
A, and two fused f3/5-type globin chains.” The primary amino
acid sequence of woolly mammoth Hb differs from that of
Asian elephant Hb at only one position in the a-globin chain
(KSN) and three positions in the f/5-globin chain (T12A,
A86S, and E101Q), [(Table 1), °]. Several human Hb mutants
with replacements at the 101 position ($101Glu—Gly, Lys,
Gln, Asp, or Ala) have been identified.""™'® The oxygen
binding and cooperativity properties of these mutants have
demonstrated clearly the importance of this residue in
regulating hemoglobin function."> The $101 residue is located
between the critical f99Asp and $102Asn, which form
intersubunit H-bonds in the /3, interface of Hb A."” Thus,
any changes in size and/or charge at the 101 position could
adversely affect the stability of the quaternary structure.'® Our
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Table 1. Sequence Differences among the @- and f/6-Type
Globin Chains of Asian Elephant Hb (rHb AE), Woolly
Mammoth Hb (rHb WM), and the Five Mutants of rHb
wM*

Hemoglobin aS  p/612  p/686 p/6101
Hb A Ala Thr Ala Glu
rHb AE Lys Thr Ala Glu
rHb WM Asn Ala Ser Gln
rHb WM (3/5QI01E) Asn  Ala Ser Glu
rHb WM (aNSK, #/6Q101E) Lys Ala Ser Glu
rHb WM (/6Q101K) Asn Ala Ser Lys
rHb WM (3/6Q101D) Asn Ala Ser Asp
rHb WM (aNSK, #/5A12T, $/5S86A)  Lys Thr Ala Gln

“The corresponding amino acid residues of human adult Hb (Hb A)
(ayf, tetramer) are included for comparison.

previous studies on rHb WM have further suggested that 3/
0101Gln could alter the electrostatic interactions at the sliding
interface of the Hb molecule, and creates additional H*-linked
CI” binding sites in mammoth Hb° Recently, the crystal
structures of woolly mammoth Hb in the deoxy, carbon-
monoxy, and aquomet forms have been elucidated. The overall
quaternary structure of rHb WM is quite similar to that of Hb
A" Hence, the replacement of #/8101Gln in rHb WM would
be expected to significantly alter the functional properties of
this protein, as has been observed with the human
mutants."'~"> In our present study, the rHb WM mutants
with 3/6101 substitutions (3/6101Gln— Glu, Lys, or Asp) have
been expressed and the effect of temperature on the O, affinity
of these mutants has been determined. Our results demonstrate
clearly that the f/6101GIn of rHb WM participates in
regulating the effect of temperature on the O, binding. The
molecular basis of the O, delivery of Hb by the cold-adapted
mammalian lineages, such as woolly mammoth Hb, could
provide new insights into designing a new generation of
hemoglobin-based oxygen carriers (HBOCs) with the oxygen
affinity independent of temperature, i.e., especially suitable for
treating patients undergoing therapeutic hypothermia.

B MATERIALS AND METHODS

Materials. Hb A was isolated and purified from human
normal blood samples obtained from the local blood bank as
previously described.”**' Chemicals and restriction enzymes
were purchased from major suppliers (Fisher, Sigma, Bio-Rad,
Boehringer Mannheim, New England BioLabs, and United
States Biochemicals, Inc.) and were used without further
purification. The QuikChange Site-Directed Mutagenesis kit
was purchased from Stratagene.

Construction of Expression Plasmids. The plasmids
(pHE27E and pHE27M) for expressing rtHb AE and rHb WM
are available in our laboratory.”'® They were used as the
templates with appropriate primers in the polymerase chain
reactions to generate the mutants, according to instructions
from the QuikChange Site-Directed Mutagenesis kit. The
desired mutations were confirmed by DNA sequencing.

Expression and Purification of rHbs. Protein expression
and purification were carried out according to the protocol
established in our laboratory.10’20’22 Briefly, plasmids were
transformed into E. coli strain JM109 and fresh colonies were
grown in minimal medium in a 20-L fermentor (B. Braun
Biotech International, Model Biostat C) at 32 °C until the
optical density reached ~10 at 600 nm. Isopropyl S-p-
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thiogalactopyranoside (IPTG) was then added at a concen-
tration of 24 mg/L to induce rHb expression. Hemin was added
at 25 mg/L and growth was continued for at least another four
hours. Cells were harvested by centrifugation and stored at —80
°C until needed. Recombinant proteins were guriﬁed according
to the procedures previously described.’®** The molecular
masses and N-terminal processing of the rHbs were determined
with mass spectrometry and Edman degradation, respec-
tively.>>** All the rHbs used in this study had the correct
molecular weights and contained less than 5% methionine at
the amino termini.

Oxygen-Binding Properties of rHbs. Oxygen-equili-
brium curves for the rHbs were measured in 0.1 M 2-(N-
morpholino) ethanesulfonic acid (MES) or 0.1 M sodium
phosphate (NaPi) buffers at 11, 20, 29, and 37 °C with a
Hemox Analyzer (TCS, Medical Products Division, South-
ampton, PA). Experiments were conducted in the presence and
absence of 0.5 mM inositol hexaphosphate (IHP), in the pH
range 5.5 to 8.5. For these measurements, the rHbs were kept
at 100—120 uM (in terms of heme) to minimize tetramer—
dimer dissociation.'® Each sample was checked before and after
measurements for met-hemoglobin (met-Hb) in a spectropho-
tometer. Data from samples with greater than 5% met-Hb were
discarded and the experiments were repeated with new and
freshly prepared samples. The partial pressure of O, at 50% Hb
saturation (Pgy), a measure of O, affinity, and the Hill
coefficient (n5y), a measure of the cooperativity of the
oxygenation process, were calculated for each oxygen-
equilibrium curve. The Py, values (in millimeter Hg) have an
accuracy of +5% and the ng, values have an accuracy of +10%.

Enthalpy of Oxygenation of rHbs. AH is calculated from
the van’t Hoff equation (eq 1) according to the P;, values of
the rHbs obtained from two different temperatures (T, and T},
in °K).

AH(kcal mol ' 0,) = —4.575(T,T,/T, — T,)Alog P,/ 1000

(1)
This AH value includes the heat of oxygen solvation (—3 kcal
mol™). The AH values (k] mol™', where 1 cal = 4.184 J)
presented in the results have been corrected for this heat of
solvation. P, values have been determined at 11, 20, 29, and 37
°C. Therefore, the standard deviations of AH are derived from
six sets of AlogPs, values.

'"H NMR Spectroscopy. Proton NMR spectroscopy was
utilized to detect tertiary or quaternary structural changes of
these rHb mutants. '"H NMR spectra were obtained on Bruker
Avance DRX-300 (results not shown) and DRX-600 NMR
spectrometers. Hb samples (5% solutions, 3.1 mM in terms of
heme) in 0.1 M sodium phosphate (NaPi) buffer at pH 7.0 in
95% water and 5% deuterium oxide (D,0O) were assessed at 11,
29, and 37 °C. A jump-and-return pulse sequence was used to
suppress the water signal. 'H chemical shifts were indirectly
referenced to the methyl proton resonance of the sodium salt of
2,2-dimethyl-2-silapentane-S-sulfonate (DSS) through the use
of the internal reference of the water signal at 4.76 ppm
downfield of DSS at 29 °C.

B RESULTS

Oxygen-Binding and Cooperativity Properties of
rHbs. The primary amino acid sequence of Hb WM differs
from that of Hb AE at only one position in the a-type globin
chain (KSN) and at three positions in the f-type globin chain
(T12A, A86S, and E101Q) [(Table 1)°]. In this study, we have
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designed: (i) three single mutants with the $/6101Gln residue
of rHb WM replaced with Glu, Lys, or Asp; (ii) a double
mutant, tHb WM (aSAsn—Lys, 3/6101Gln—Glu), which has
the same residues as rHb AE at the a5 and /0101 positions;
and (iii) a triple mutant, rHb WM (aSAsn—Lys, /512Ala—
Thr, and 3/586Ser—Ala), so that the primary sequence of this
mutant is the same as that of rHb AE except at the /6101
position. This triple mutant can be considered a single mutant
of rHb AE in which the $/6101Glu is substituted with Gln
(Table 1).

Mutations at the /6101 position significantly change the O,
affinity of rtHb WM (Table 2 and Supporting Information

Table 2. Oxygen Affinities (Psy, in mmHg) of the rHbs at 29
°C and pH 7.4 in 0.1 M MES (“Stripped” Condition) or 0.1
M Sodium Phosphate (NaPi) Buffer, in the Absence and
Presence of 0.5 M Sodium Chloride and/or 0.5 mM Inositol
Hexaphosphate (IHP)

Py, (mmHg)
MES buffer NaPi buffer
+ + - +
hemoglobin “stripped” + CI~ IHP CI'+IHP IHP IHP
Hb A 5.2 13.9 40.1 158.3 8.6 27.6
rHb AE 7.7 9.2 17.6 9.2 8.4 12.3
rHb WM 5.0 10.9 204 10.6 10.5 15.0
rHb WM 7.4 8.2 18.3 8.4 8.6 10.9
(B/5QI01E)
rHb WM (aNSK, 7.6 8.6 16.1 9.4 8.5 12.0
B/5QI01E)
rHb WM 2.4 3.7 11.6 S.1 3.0 5.7
(8/6Q101K)
rHb WM 1.8 2.5 5.1 3.5 2.0 3.6
(#/6Q101D)
rHb WM (aNSK, 3.6 S.2 6.2 4.1 3.9 S.0
PB/OAI2T,
P/5S86A)

Figure 1S). Under stripped conditions (MES buffer), rtHb WM
(#/6Q101D) has the lowest Ps, value (1.8 mmHg) among the
five mutants studied, suggesting that the replacement of Gln
with Asp at the #/6101 position increases the O, affinity of rHb
WM (5.0 mmHg) the most. Interestingly, replacing the f3/
5101GIn with a positively charged side chain [rHb WM (f/
5Q101K)] also increases the O, affinity of rHb WM. The Py,
value of tHb WM (8/6Q101K) decreases to 2.4 mmHg, higher
than that of rHb WM (/5Q101D). When the $/5101GlIn is
replaced by Glu, as appears in the Hb A or rHb AE sequence,
the rHb WM (/6Q101E) and the rHb WM (aNSK, S/
S6QI101E) mutants have Py, values (74 and 7.6 mmHg,
respectively) similar to that of rHb AE (7.7 mmHg) and slightly
higher than that of rHb WM. The triple mutant of rHb WM
differs from the primary sequence of rHb AE at only one
position and can be considered as a rHb AE (8/6101Glu—
Gln) mutant. This single amino acid replacement drastically
increases the O, affinity (3.6 mmHg) of rHb AE. The order of
O, affinities for these five mutants and the wild-type Hbs under
stripped conditions (MES buffer) is rHb WM (/6Q101E) ~
rHb WM (aNSK, 4/5Q101E) ~ rHb AE < rHb WM ~ Hb A <
rHb WM (aNSK, B/6A12T, B/6S86A) < rHb WM (f/
6QI01K) < rHb WM ($/6Q101D) (Table 2).

The presence of allosteric effectors diminishes the O,
affinities of all Hbs in this study and the effects are more
pronounced for rHb WM and Hb A. Under stripped
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conditions, rHb WM (/6Q101D) is 1.8-fold higher in O,
affinity than rHb WM, and this value increases to 3- to 5.3-fold
in the presence of effectors (Table 2). Hence, the differences in
the Py, values between the mutants and rtHb WM become more
perceptible in the presence of effectors. rHb WM has a lower
O, affinity than rHb AE in the presence of all allosteric effectors
tested. rHb AE and the two mutants with Glu at the /6101
position [rHb WM (B/6QI01E) and rHb WM (aNSK, S/
S5QI101E)] have similar O, affinities under various experimental
conditions. IHP has a stronger effect on the O, affinity of the
rHbs than phosphate or chloride ions, showing a larger increase
in P, values (Table 2).

As reported previously,'® the Hill coefficients for rHb WM
and rHb AE are lower than those of Hb A under all
experimental conditions, suggesting a difference in the
cooperativity of the oxygenation process for these Hbs (for
details, see Supporting Information Figure 2S). The ns, values
for the mutants rHb WM (/5Q101E), rHb WM (aNSK, 5/
S5QI01E), and rHb WM (3/6Q101K) are maintained around
the expected value of 1.8—2.5 in the range of pH 5.8—8.4in 0.1
M MES or NaPi buffer, while the ng, values for rHb WM (/
5Q101D) and rHb WM (aNSK, S/SA12T, /5S86A) are
found to be lower (1.0-2.0) under the same experimental
conditions.

Chloride Dependence of Oxygen Affinities. It is well-
known that chloride ions decrease the O, affinity of Hb A.>*%°
As shown in Table 2, in MES buffer at pH 7.4 and 29 °C, Hb A
has more than a 2-fold increase in Pj, value in the presence of
0.5 M NaCl (lowered O, affinity). Comparatively, a significant
increase (2.1-fold) can be detected for the Py, value of rHb
WM, while those for rHb AE and the five rtHb WM mutants
show only moderate 1.1- to 1.5-fold increases under the same
conditions. That the O, affinities of rHb AE and the rtHb WM
mutants are less sensitive to the presence of chloride ions can
be demonstrated by plotting the Pg, values of the rHbs as a
function of chloride ion concentrations [Cl~]. The results can
be grouped into three categories (Figure 1). The first group
includes Hb A and rHb WM, which exhibit the strongest
responses to chloride. When the [Cl7] is increased from 0.01 to
1.0 M, the P, values of Hb A and rHb WM increase more than
2-fold. The second group consists of rtHb WM (3/6Q101K)
and the triple mutant rHb WM (aNSK, 3/5A12T, 3/5S86A),
which exhibit moderate 1.4- to 1.5-fold increases in the Pj
values, indicating a weaker response to [Cl~], compared to that
of rHb WM. rHb AE and the other three mutants, rHb WM
(B/8QIOLE), rHb WM (aNSK, #/SQI01E), and rHb WM (8/
5Q101D), are in the third group, which show at the most only
a 1.2-fold increase in the P, values, suggesting that CI~ has
minimal impact on their O, affinities (Figure 1).

As shown in Table 2, the presence of IHP significantly
increases the P, value (lowers the O, affinity) of all the rHbs.
However, the modulation of the O, affinity by IHP with
phosphate or chloride is not synergistic, and the IHP effect is
decreased in the presence of phosphate or chloride. The
antagonistic effect between IHP and chloride can also be
demonstrated by plotting the changes in the Py, values as a
function of [Cl7] (Figure 1). A negative correlation between
[CI7] and Pg value is observed in the presence of IHP, i.., the
Py, value decreases when the chloride concentration increases.
For instance, in the presence of 0.5 mM IHP, the Py, value of
rHb WM in MES buffer decreases from 20.4 to 10.6 mmHg
when the [Cl7] increases from 0.01 to 0.5 M. When [CI7]
reaches 0.5 M, the apparent Py, values of the rHbs measured in
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Figure 1. Chloride dependence of the oxygen-binding properties [log
Py, (mmHg)] for Hb A, rHb AE, rHb WM, and the five mutants of
rHbs WM measured at 29 °C, pH 7.4 in 0.1 M MES buffer with 0.01,
0.1, 0.5, and 1.0 M sodium chloride, in the absence (solid lines) and
presence (dotted lines) of 0.5 mM IHP, respectively.

the presence and absence of IHP are very similar. Only rHb
WM (/56Q101D) exhibits an increased Ps, value upon the
addition of IHP. For the triple mutant rHb WM (aNSK, f3/
SA12T, f3/5S86A), the antagonistic effect between IHP and
chloride is so strong that when [Cl™] reaches 0.5 M and higher,
the Ps, value observed in the presence of IHP is even lower
than that in the absence of IHP (Figure 1).

Bohr Effect. It has been observed that the alkaline Bohr
effect of rtHb WM is slightly lower than that of Hb A under
stripped conditions (MES buffer), meaning that the Pg, value of
rHb WM increases less when the pH decreases from 8.0 to
6.5.1° Allosteric effectors, such as IHP, have comparable effects
on the alkaline Bohr effect of rHb WM and Hb A. In phosphate
buffer and/or in the presence of IHP, the alkaline Bohr effects
of rtHb WM and Hb A are increased, while rHb AE has a lower
alkaline Bohr effect than those of rHb WM and Hb A even in
the presence of the allosteric effectors (Table 3). Among the
rHb WM mutants, rHb WM ($/6Q101E) and rHb WM
(aNSK, B/5QI01E) behave very similarly to rHb AE,
exhibiting a 40% reduction of the alkaline Bohr effect compared
to that of rHb WM (Table 3). The alkaline Bohr effects of
mutants rtHb WM (/8Q101K) and rHb WM (3/6Q101D) are
not significantly different from that of rtHb WM, although the
Py, values of these two mutants are decreased compared to that
of rHb WM. Addition of 0.5 mM IHP increases the alkaline
Bohr effect to nearly the same extent in these two mutants as in
rHb WM, demonstrating normal binding of IHP to the mutants
and a normal additional alkaline Bohr effect due to anion
binding. The triple mutant, tHb WM (aNSK, /5A12T, p/
6S86A), has the lowest alkaline Bohr effect among all the
mutant rHbs studied under various experimental conditions.
The alkaline Bohr effect of this triple mutant is reduced by 50%
compared to that of rHb WM even in the presence of the
allosteric effectors. It is also noticed that in the absence of IHP,
the Bohr effect curves of rHb WM and its mutants are shifted
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Table 3. Alkaline Bohr Effect (AlogPs,/ApH) of Hb A, rHb
WM, rHb AE, and the Five Mutants of rHb WM in the
Presence and Absence of 0.5 mM IHP“

Alkaline Bohr effect

MES buffer NaPi buffer

hemoglobin “stripped” +IHP —IHP + IHP
Hb A —051  —087 —048 —077
rHb AE —026  —068 —032 —047
rHb WM —046  —077 —044  —068
rHb WM (B/5QI01E) —027  —057 —026 —0.48
rHb WM (aNSK, 3/5QIO01E) —024  —066 —026 —045
rHb WM (8/5Q101K) —036  —074 —034  —0.68
rHb WM (/5Q101D) —0.54  —076 —047  —0.60
rHb WM (aNSK, $/5A12T, —0.21 —0.37 —0.21 —0.37

B/5SS6A)

“Measurements were conducted at 29 °C and over the pH range 6.5—
7.8 in 0.1 M MES and 0.1 M sodium phosphate (NaPi) buffers, at a
hemoglobin concentration of 100 yM.

toward the left. Thus, the pH,,,, (the pH at which maximum
proton release occurs) is about 0.6 pH unit lower in rtHb WM
compared to that in Hb A. In the presence of IHP, the pH,,,, is
increased by 0.6 pH unit in rHb WM compared to 0.4 pH unit
in Hb A (results not shown).

It is known that the alkaline Bohr effect of Hb A is affected
by temperature as well as by allosteric effectors. Hb A exhibits a
stronger Bohr effect at lower temperature.”” We have
determined the temperature dependence of the alkaline Bohr
effects of rHb WM and its mutants, and compared them to that
of Hb A. In MES buffer, the alkaline Bohr effect (AP,/ApH)
of rHb WM and the mutants is always lower than that of Hb A
between 11 and 37 °C (results not shown). The temperature
dependencies [(APs,/ApH)/AT] of rtHb WM and Hb A are
approximately the same, while that of the rHb WM mutants is
lower. In the presence of IHP or chloride, the alkaline Bohr
effect of rtHb WM becomes less dependent on temperature, as
does that of the mutants (Supporting Information Table 1S).

Effect of Temperature on Oxygen Affinity. The P;,
values were measured for Hb A and the rHbs at 11, 20, 29, and
37 °C under various experimental conditions. The AlogPs,/AT
values were calculated and used to demonstrate the effect of
temperature on oxygen binding in the presence and absence of
allosteric effectors. A smaller AlogPs,/AT value signifies a
lesser change of the O, affinity upon temperature changes. This
value differs for each Hb molecule under the various
experimental conditions, as shown in Figure 2 and Supporting
Information Table 2S. For instance, Hb A has the largest
AlogP, /AT value (0.034) under stripped conditions (MES
buffer), which becomes lower in phosphate buffer (0.022) or in
the presence of chloride (0.029), and decreases further upon
adding IHP (0.018). For rHb WM (Figure 2B), the O, affinities
decrease as a function of temperature in the presence of either
phosphate or chloride, but the AlogPs,/AT values remain the
same as that under stripped conditions. In the presence of IHP,
the AlogPs,/AT value has a slight decrease, and it drops further
in the presence of phosphate or chloride, suggesting that the O,
affinity of rHb WM is more constant as a function of
temperature in the presence of the two allosteric effectors. The
AlogPs,/ AT values of rHb AE and the two mutants with Glu at
the /5101 position, i.e., rtHb WM ($/6Q101E) and rtHb WM
(aNSK, B/6QI01E), exhibit the same trend under different
experimental conditions. They are less affected by the presence
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Figure 2. Comparison of temperature dependence of the oxygen-binding properties [logPs, (mmHg)] in the absence (solid lines and filled symbols)
and presence (dotted lines and unfilled symbols) of 0.5 mM IHP for Hb A, rHb AE, rHb WM, and the five mutants of rHb WM, measured at 11, 20,
29, and 37 °C in 0.1 M MES (O, circles) and sodium phosphate (NaPi) (<, diamonds) buffers at pH 7.0, and in 0.1 M MES buffer with 0.1 M

sodium chloride (A, triangles) at pH 7.4.

of phosphate and IHP, while CI™ causes a slight decrease in the
slopes of the AlogPs, versus AT plot. The presence of allosteric
effector does not decrease the AlogPs,/AT value of the other
three rHb WM mutants. For instance, the AlogPs,/AT value of
rHb WM ($3/5Q101D) is even higher in the presence of IHP
than under stripped conditions. For the AlogPs,/AT values of
these rHbs under various conditions, see Supporting
Information Table 2S.

Aside from using the AlogPs,/AT values to gauge the effect
of temperature on O, affinity, the enthalpy of oxygenation AH
(k] mol™ O,) has been calculated on the basis of these values.
Consistent with the changes in the AlogPso/AT values, the AH
values of the mutants vary with the type of the amino acid
residue at the /6101 position, and give more insight into the
effect of temperature. Since the oxygenation of Hb is
exothermic, a negative enthalpy, AH value, is observed (Figure
3). In analyzing these results, one must note that a smaller AH
(absolute value) suggests a lower effect of temperature on the
O, binding. In previous studies, it has been observed that the
influence of temperature on rHb WM and rHb AE differs from
that on Hb A."® The AH value of —26.7 k] mol™ for rHb WM
is 40% lower than that for Hb A (—43.9 k] mol™") (Figure 3).
This observation, made in MES buffer, indicates that the O,
affinity of rHb WM is more constant as a function of
temperature compared to that of Hb A.
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Figure 3. Apparent enthalpy of oxygenation AH (kJ mol™" O,) values
of Hb A and the rHbs under various experimental conditions. Mean
AH values of Hbs and the standard deviation values were calculated
from Pj, values measured at 11, 20, 29, and 37 °C.

In our present study, the replacement of 3/6101Gln
modulates the effect of temperature on the O, affinity of the
mutants. Under stripped conditions (MES buffer), the AH
values of rHb WM (/6Q101D) and rHb WM (aNSK, j/
SA12T, f3/5S86A) are —16.1 and —7.4 k] mol ™, respectively,
significantly lower than that of rtHb WM (Figure 3). rHb AE,
rHb WM (B/8QIO1E), and rHb WM (aNSK, f/6QI01E)
have AH values similar to that of rtHb WM, while the AH value
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of the rHb WM (3/6Q101K) mutant is —22.0 k] mol ™, slightly
lower than that of rHb WM.

The differences in AH values between rHb WM and its
mutants change significantly under various experimental
conditions, with rHb WM having a stronger response to the
allosteric effectors. The AH value of rHb WM (—26.7 kJ mol™*
in MES buffer) decreases to —21.8 and —18.9 kJ mol™' in
phosphate buffer and in MES buffer with IHP, respectively.
Compared to phosphate and IHP, chloride has less effect on
the AH values of rtHb WM and its mutants, although the Ps,
values of rHb WM exhibit a strong chloride dependence (Table
2). In the presence of 0.1 M NaCl, the AH value of rHb WM
changes slightly to —26.2 kJ mol™, which is very similar to that
of rHb AE, rtHb WM (B/5QI01E), rHb WM (aN3K, B/
S8QIO01E), and rHb WM (3/6Q101K). Under this condition,
rHb WM (/6Q101D) and rHb WM (aNSK, B/5A12T, B/
5S86A) still exhibit a lower temperature dependence (AH
values of —13.2 and —14.6 k] mol™") than that of rHb WM. In
the presence of chloride, Hb A shows a significant decrease of
the AH value from —44.4 k] mol™ to —35.7 k] mol™’, but it is
still numerically higher than that of rHb AE, rHb WM, and its
mutants.

The most dramatic decrease of the AH value of rHb WM is
observed in the presence of two allosteric effectors. The AH
value of rHb WM is —12.9 kJ mol™" in phosphate buffer with
IHP, and —7.3 kJ mol~" in MES buffer in the presence of IHP
and chloride, much lower than those of Hb A and rHb AE
under the same experimental conditions (Figure 3). Like rHb
AE, rHb (f/6QI01E) and rHb WM (aNSK, S/5QI01E)
exhibit a less dramatic change in their AH values. The AH
values of these three rHbs also decrease, but to a lesser extent
in the presence of allosteric effectors. The triple mutant, rHb
WM (aSK, /6A12T, f/5S86A), having the same /5101Gln
residue as rHb WM, always exhibits a lower AH value than the
other mutant rHbs, especially in the presence of chloride and
IHP. Conversely, the AH values of rtHb WM (8/6Q101K) and
rHb WM (8/8Q101D) are lower than that of rHb WM in MES
buffer, and exhibit a slight increase in the presence of IHP or
phosphate, but become higher than that of rHb WM in the
presence of IHP and chloride, signifying the importance of the
PB/6101GIn residue to the effect of temperature on the O,
affinity (Figure 3).

'H NMR Spectra of Hemoglobins. In the 'H NMR
spectra of Hb A in the CO form at 29 °C (Figure 4A), the
resonances at 12.2 ppm and 12.9 ppm have been assigned to
the exchangeable side chain Ne,H group of al03His and
al122His, respectively.”* ' The peak at 12.2 ppm for the
al03His residue is absent from the spectra of rHb AE, rHb
WM, and its mutants. In this region, only the resonance for
the residue @122His can be observed at 13.2 ppm (Figure 4A).
More significant differences are detected in the spectra obtained
from the rHb WM mutants in the deoxy form. In the region
between 11 and 1S5 ppm, two important resonances are related
to the H-bond network in the a5, interface of deoxy Hb A.
The peak at 11.4 ppm is assigned to the H-bond between
B37Trp and a94Asp.”” This peak disappears in the spectrum of
rHb WM (/6Q101D), and shifts 0.2 ppm upfield in the
spectra of the other four rHb WM mutants (Figure 4B). The
peak at 14 ppm is assigned to the H-bond between a42Tyr and
B99Asp and is used as a T-state marker of Hb A.*> Compared
to that of Hb A, this T-state marker shifts 0.2 ppm upfield in
the spectrum of the triple mutant, but 0.1-0.3 ppm downfield
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Figure 4. "H NMR spectra (600 MHz) of the rHbs in 95% H,0, 5%
D,0, and 0.1 M sodium phosphate (NaPi) buffer. Exchangeable
proton resonances at pH 7.0 in the CO (A) and deoxy form (B) at 29
°C, and the CO form of the rHbs in the presence of S mM IHP at 11
°C (C). Ring-current-shifted resonances of the CO form of the rHbs
at pH 7.0 and 29 °C (D).

in the spectra of rHb WM, rHb AE, and the remaining four
mutants (Figure 4B).

Upon the addition of IHP, no significant change is detected
in spectra from the CO form of Hb A and rHb AE at 29 °C.
However, in the spectra of rHb WM and its mutants, the
resonance at 132 ppm becomes broader, suggesting that
chemical exchange occurs at the @103His residue. To confirm
this change, '"H NMR spectra were also obtained for the Hbs at
11 and 37 °C (Figure 4C and Supporting Information Figure
3S). An additional peak starts to appear at 29 and 37 °C in the
range of 13.2—14.0 ppm in the CO form of these rHbs, and
becomes more obvious at lower temperature (11 °C) and in
the presence of IHP. Under the same experimental conditions,
the T-state marker is observed at 14 ppm from the CO form of
Hb A, while it is not seen in the spectra of rHb AE (Figure 4A
and C).

Ring-current-shifted resonances at —1.5 ppm to —2.0 ppm
(Figure 4D) provide information about the tertiary structure
around the heme pockets.”® For rHb WM and rHb AE, the
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E11Val methyl resonances of both a- and 3/5-chains are shifted
upfield to —2.01 ppm.'”” The rHb WM mutants show no
significant differences in this region.

B DISCUSSION

Oxygen Affinity of rHb WM $/6101GIn mutants. The
a3, (a,f,) subunit interface in Hb A is very important in the
allosteric transition between deoxy- and oxy-Hb.' Several
critical amino acid residues in this region form H-bonds, such
as those between #37Trp and $102Asn in the CO-form of Hb
A, and those between #99Asp and a42Tyr in the deoxy-form of
Hb A. These H-bonds are essential in maintaining a functional
Hb."** f101Glu is in the central cavity of Hb A and in close
proximity to $99Asp and $102Asn. Previous studies of Hb A
mutants with minimum chloride under stripped conditions
indicated that substitution of $101Glu with Gly, Lys, Asp, and
Gln amplified oxygen affinity (or destabilized the deoxy
tetramer).”> However, the role of 4/5101 in oxygen binding
is not fully understood. Hb A and Hb AE have Glu, while Hb
WM has a Gln residue at the /6101 position. This substitution
in the primary sequence of the Hb molecule could be an
evolutionary necessity for the woolly mammoth to adapt to the
Arctic environment, as rHb WM has a lower effect of
temperature on the O, affinity. Recently, the structural models
for rHb WM in the CO and deoxy forms have been determined
from X-ray crystallographic studies.'” The overall structures of
rHb WM and Hb A are very similar. Analogous to the $101Glu
of Hb A, the #/5101GIn of rHb WM is located in the a,(/5),
[or &, (3/5),] interface. The region around $/5101Gln also
overla?s extremely well with the region around the $101Glu in
Hb A."® Thus, the rHb WM and rHb AE mutants in this study
can illustrate the role of this amino acid residue in regulating
Hb function.

The central cavity of the Hb A tetramer has more cationic
residues («99Lys, a103His, f2His, #82Lys, $104Arg, $143His,
and the amino termini of alVal and p1Val) than anionic
residues (a94Asp, a126Asp, and $101Glu).'® Therefore, this
region has excess positive charges balanced by a few well-placed
negatively charged side-chains. The electrostatic potential in
this area of rHb WM is similar to that of Hb A."® Thus, if the
repulsion between aLys99 and 3/5104Arg (and their symmetry
mates) in this region is alleviated by counterions (such as
B101Glu), the deoxy form of Hb can be stabilized with a
consequent decrease in O, affinity. Conversely, the addition of
positive charge(s) or the removal of negative charge(s) in this
region can destabilize the deoxy form and increase the O,
affinity of the tetramer. Ultimately, upon O, binding and
converting Hb into the oxy form, the negative charges on O,
have a neutralization effect and stabilize the Hb molecule.
Compared to rHb AE with Glu at the /5101 position, the Gln
in rtHb WM increases the repulsion between a99Lys and S/
0104Arg. Thus, rtHb WM exhibits a higher O, affinity than rHb
AE, as observed under stripped conditions (MES buffer) (Table
2). The same behavior was observed in the human mutant Hb
Rush ($101Glu—Gln) reported by Shih et al.'> The change in
net positive charge in the central cavity is also responsible for
the higher O, affinity of human mutant Hb British Columbia
(#101Glu—Lys) and the mutant rHb WM (3/5101GIn—Lys).
In these two mutants, introducing the positively charged Lys
destabilizes the central cavity and increases the O, affinity of
the Hb molecule'® (Table 2).

According to the discussion above, rHb WM with a S/
0101GIn to Asp replacement could have a favorable electro-
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static potential to stabilize the center cavity. However, the rHb
WM (f/6101Gln—Asp) has the highest oxygen affinity among
the mutants studied, suggesting that besides the positive
charges at the /5101 position, other factor(s) can adversely
affect the stability of the quaternary structure of Hb WM. The
same observation has also been reported by Shih et al."> The
Hb Potomac (#101Asp) has a higher oxygen affinity than those
of Hb A, Hb British Columbia ($101Lys), and Hb Rush
(#101Gln). The NMR spectrum of rHb WM (/56101Gln—
Asp) provides direct evidence for the loss of an intersubunit H-
bond, which could result in destabilizing the T-structure of this
mutant (Figure 4B). Intersubunit H-bonds are critical for Hb
function by affecting the stabilization of the ligated or unligated
structure of the Hb molecule.>® X-ray crystal structures of rHb
WM in the CO and deoxy forms'® suggest that mammoth Hb
and Hb A share the same key residues in forming hydrogen
bonds that are characteristic of the T and R states as
determined previously.”® Accordingly, the side-chain NH
proton of /637Trp in the rHb WM forms an intrasubunit
H-bond with $/6102Asn in the CO form and an intersubunit
H-bond with a94Asp in the deoxy form. These two H-bonds
can be assigned to 10.7 and 11.2 ppm in the NMR spectra for
the CO and deoxy forms of rHb WM, respectively. However,
the peak at 11.2 ppm disappears from the spectrum of the
deoxy form of rHb WM (101GIn—Asp) (Figure 4B), while in
the CO form, the peak at 10.7 ppm is still visible (Figure 4A).
This suggests that in the deoxy form, the H-bond network in
the a,(f3/5), interface is disturbed by replacing 3/5101Gln with
Asp. The missing H-bond may destabilize the deoxy form of
this mutant and be responsible for the increased oxygen affinity
and decreased cooperativity.

Besides /6101GIln, Hb WM differs from Hb AE in three
other positions. Our study shows that the double mutant rHb
WM (aSAsn—Lys, /56101GIn—Glu) exhibits a functional
property different from that of rHb WM (with 3/5101Gln), but
very similar to that of rHb AE (with $3/5101Glu) and the single
mutant tHb WM (/6101GIn—Glu), suggesting that the 3/
0101 residue plays a more important role in the O, binding of
rHb WM than does aSAsn. Further observations from the
triple mutant of rtHb WM demonstrate that replacements at 3/
512 (Thr—Ala) and f/586 (Ala—Ser) could potentially
cooperate with the change at the /6101 position. The triple
mutant, having a Gln at the $/5101 position, but the rest of the
sequence identical to that of rHb AE, exhibits a higher chloride
dependence and a lower effect of temperature than rHb AE.
However, it also exhibits a much higher O, affinity and very
poor cooperativity compared to rHb WM. Meanwhile, the
broad signals of @103His observed from the 'H NMR spectra
of rHb WM and the triple mutant suggest that the a,(5/5),
interface is disturbed, which is responsible for the lower
cooperativity (shown as lower g, values) of rHb WM. Thus,
the replacements at the /612 and /086 positions are needed
to stabilize the a;(/68); interface of rHb WM.

Replacement of $/6101GIn Changes the Chloride
Dependence of rHb WM. It is well-known that chloride
ions play an allosteric role in regulating the O, affinity of
hemoglobin.***” However, X-ray structural analyses have
shown that Hb A, bovine Hb, and rHb WM do not have
specific binding sites for chloride ions."*'*** Thus, chloride
exerts its effect on O, affinity via different amino acid residue(s)
in each Hb molecule. For instance, the central cavity of the Hb
A tetramer has a lot fewer anionic than cationic residues. The
excessive positive charges in this region present a destabilizing
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factor.'® As proposed by Perutz et al,, the diffusion of chloride
ions into this cavity could neutralize these charges, even though
chloride ions were randomly distributed in the central
cavity."®*® The central cavity has a larger width in the T-
than in the R-structure. Diffusion of chloride ions into the
cavity could have a more significant effect for Hb in the deoxy
state and lower the overall oxygen affinity.'"® Following this
argument, rHb WM and the human mutant Hb Rush with $/
0101GlIn behave similarly toward chloride by providing an
additional binding site for chloride. rHb WM exhibits a more
significant chloride effect on the O, affinity than rHb AE, as
does Hb Rush compared to Hb A. The O, affinity of rHb WM
also shows a much stronger chloride dependence than those of
the three rHb WM mutants which have either Glu or Asp
residues at the /6101 position.

Similarly, one would expect that the triple mutant, rtHb WM
(aNSK, B/8A12T, /5S86A), and the mutant rHb WM (f3/
5Q101K) could have exhibited a similar or an even stronger
chloride effect on O, affinity than rHb WM. However, their
response to chloride observed in our experiments is much
weaker than that of rHb WM, suggesting that the chloride effect
on the O, affinity of these rHbs is not solely related to the
charge of the residue at the /6101 position. Even though the
replacement of the residue #/6101GIn with Lys increases the
net positive charge in the central cavity, the bulkiness of the Lys
side-chain might destabilize this region and hence increase the
O, affinity. The potential effect obtained from the enhanced
chloride binding could be canceled out due to the
destabilization. Thus, the apparent chloride effect on the O,
affinity of the mutant rHb WM (3/5101Lys) is weaker than
that of rHb WM.

Replacement of #/6101GIn Changes the Temperature
Dependence of the O, Affinity. The effect of temperature
on the O, affinity of rHb WM and its mutants is affected by the
presence of allosteric effectors. The allosteric effects of
phosphate, chloride, and IHP vary under different temperatures
and increase the Py, values of the rHbs to different extents, as
shown in the current study. For instance, rHb WM (f/
5Q101D) has a higher O, affinity (lower Py, value) and weaker
response to allosteric effectors than rHb WM and the other
mutants. IHP increases the Py, value of rHb WM (/6Q101D)
more significantly at higher temperature (37 °C) than at lower
temperature (11 °C) (Figure 2). Thus, in the presence of IHP,
enhanced AP, /AT values or (absolute) AH values are
observed for this mutant. Compared to rHb AE and the
mutants, rHb WM shows a stronger response to the allosteric
effectors by exhibiting a more significant increase in the Ps
values, especially at lower temperatures (Figure 2). The APgy/
AT values or (absolute) AH values of rHb WM decrease in the
presence of allosteric effectors. This feature could play a most
important role in keeping the O, affinity constant when
temperature decreases. The replacement of $/0101GIn by Glu
decreases the allosteric effect. Thus, for rHb AE, rHb WM (f3/
S5QI101E), and rtHb WM (aNSK, 3/6Q101E), the O, affinity is
more dependent on temperature, and the AP;,/AT values or
(absolute) AH values are less affected by the presence of the
allosteric effectors.

It is also noted that the effect of temperature on the O,
affinity is less significant when only one effector is used in the
measurements (Figures 2 and 3). For instance, in the presence
of 0.1 M chloride, rHb WM exhibits a lower O, affinity (higher
P, value) than rHb AE (Table 2), but the effect of temperature
on the O, affinities is similar (Figure 3). The lowest effect of
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temperature on the O, affinity and the most dramatic
differences between rHb WM and the other rHbs studied
have only been observed in the presence of two or more
effectors, such as IHP and chloride, or IHP and phosphate,
suggesting that the change in the effect of temperature on the
O, affinities of Hbs is not the result of any single effector alone.

H CONCLUSION

For woolly mammoth living in the Arctic environment, a lower
temperature dependence of the O, affinity of its Hb is
beneficial, while the O, affinity needs to be at the same level as
that of Asian elephant Hb. In the current study, the
replacements of the $/6101GIn residue in rHb WM with
Glu, Lys, or Asp allow us to investigate the role of this residue
in the functional properties of Hbs, and to speculate on why the
p/6101Glu residue in Hb AE is changed to Gln in Hb WM.
With a Glu at the /5101 position, as shown in rHb WM (f3/
S6QI01E) and rHb WM (aNSK, $/5QI01E), the mutants
exhibit functional properties very similar to rHb AE and do not
have a lower effect of temperature on O, affinity. If rHb WM
has a Lys or Asp instead of a Gln at its #/6101 position, the
effect of temperature on O, affinity could not be lower than
that of rHb WM, and the O, affinity also becomes much
stronger than that of rHb AE and rHb WM. These results
suggest that the /6101GIn residue is responsible for the lower
effect of temperature of rHb WM. Once the /0101Glu residue
of rHb AE is replaced by Gln as in rHb WM, as shown in the
triple mutant, the mutant does gain a lower temperature
dependence of the O, affinity than that of rHb AE and rHb
WM. However, the O, affinity of this mutant is much higher,
and the cooperativity is much lower than that of rHb WM,
suggesting that the replacement of $/6101Glu also needs to
combine with the other three unique residues in the woolly
mammoth Hb to provide the structural basis for its function.
This information provides a guide in designing general purpose
hemoglobin-based oxygen carriers (HBOCs) whose oxygen
affinities are independent of temperature, i.e., especially
beneficial for treating patients undergoing therapeutic hypo-
thermia.
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