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Abstract
Studies of structure-function relationships in the respiratory proteins of marine mammals revealed
unexpected variations in the number and types of hemoglobins (Hbs) present in coastal bottlenose
dolphins, Tursiops truncatus. We obtained blood samples from free-ranging coastal bottlenose
dolphins as a component of capture-release studies. We found that the oxygen-binding functions of
bottlenose dolphin blood are poised between effector-saturated and unsaturated levels, enabling
exercise-dependent shifts in oxygen transfer functions. Isolated bottlenose dolphin Hbs showed
elevated pH sensitivities (Bohr effects) and appreciably lower oxygen affinities than adult human
Hb in the absence of allosteric effectors. These properties may be an adaptive modification that
enhance oxygen delivery during diving episodes when oxygen tensions and effector levels are low.
The Hbs of individual dolphins showed similar oxygen affinities, responses to effectors, and
expression of heme-heme interaction in oxygen binding, but differed in their redox potentials and
rates of autoxidation. The heterogeneity suggested by these functional variations in Hbs of individual
dolphins was born out by variations in the molecular weights and numbers of their α and β globin
chains. Although coastal bottlenose dolphins were expected to have a single type of Hb, the mass
differences observed revealed considerable genetic diversity. There were multiple Hb forms in some
individuals and differences in Hb patterns among individuals within the same community.
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1.1 Introduction
Bottlenose dolphins are widely distributed in both coastal and offshore waters throughout the
world. Their relatively easy accessibility by researchers has made them one of the most
frequently studied marine mammals (Leatherwood and Reeves, 1990). Despite this, few studies
have sought to describe the characteristics of bottlenose dolphin hemoglobin (Hb). Our studies
add to knowledge of these diving mammals by documenting exercise-dependent oxygen-
binding functions of whole blood, by determining oxygen binding and oxidative functions of
bottlenose dolphin Hb in the presence and absence of allosteric effectors, and by showing an
unexpected diversity in coastal bottlenose dolphins Hbs.

Hb is found in the erythrocytes of dolphins and other vertebrates and is responsible for the
transport of oxygen from the lungs to the other tissues of the body. Increases in animal body
sizes and metabolic rates required the development of an efficient method of oxygen transport
(Burggren et al, 1991). Hb has evolved to meet this need, with elegant molecular adaptations
to serve diverse physiological and environmental challenges. Our studies of structure-function
relationships of bottlenose dolphin Hbs show that genetic alterations have led to adaptive
modifications in the Hb's intrinsic oxygen affinity that can enhance oxygen delivery to the
tissues of these marine mammals during diving episodes. Other genetic alterations affecting
Hb gene expression were found that are not uniformly distributed among individuals of the
coastal dolphin communities examined. These variations are apparent in mass differences and
significantly different redox potentials for bottlenose dolphin Hbs. These differences in the
Hbs of individual dolphins do not appear to be adaptive, but can be understood in light of the
theory of neutral evolution (Kimura, 1968).

Molecular adaptations of Hbs have been accomplished during evolution by genetic alterations
of the protein's primary structure and its allosteric control mechanisms. Hb's intrinsic oxygen
affinity is largely dictated by the local heme environments of the α and β globin chains that
make up α2β2 Hb tetramer. Allosteric control mechanisms are dictated by structural features
that allow for interactions between the Hb subunits and the ability of effector molecules to
modify oxygen affinity. Our study of the Hbs of the bottlenose dolphin, Tursiops truncatus,
showed alterations of both intrinsic oxygen affinity and responses to allosteric effectors relative
to adult human Hb.

We observed multiple numbers and types of Hbs in the coastal bottlenose dolphins studied,
contrary to previous reports. Duffield and co-workers reported that coastal bottlenose dolphins,
unlike offshore ecotypes, have a single type of Hb (Duffield et al., 1983; Duffield, 1986; Hersh
and Duffield, 1990). Dolphin blood containing a single Hb type was used in characterizing the
amino acid sequences of the α and β chains of bottlenose dolphin Hb (Kleinschmidt and
Braunitzer, 1983). A single electrophoretic band was also found in a recent study of Hb isolated
from an aquarium-bred coastal dolphin (Tellone et al., 2000). In surprising contrast to these
prior reports, we observed considerable structural and functional heterogeneity among the Hbs
isolated from individuals of two coastal bottlenose dolphin communities. Variations were
observed in the number and type of α and β globin chains present in the blood of the individual
dolphins sampled. The Hbs of this study also showed remarkable functional variations in their
rates of autoxidation and the redox potentials that determine their thermodynamic propensity
for oxidation. The Hb variations observed are indicative of considerable genetic diversity
among the individual dolphins sampled in these two coastal dolphin communities. Further
work will be required to determine if this diversity exists in other coastal bottlenose dolphin
communities.
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2.0 Materials and Methods
2.1. Blood Samples

A blood sample from a stranded bottlenose dolphin (“Buster”) and blood from 9 coastal
bottlenose dolphins sampled in Sarasota Bay in 1998 were used in initial stages of this
investigation. Although Buster was stranded on a Gulf of Mexico Beach off Sarasota, FL, he
was atypical of the long-term resident bottlenose dolphin community that primarily inhabits
the bays, sounds, and estuaries near Sarasota. Notably, his treatment was complicated by his
long inter-breath intervals while out of water, which is a characteristic of dolphins more
accustomed to deep and long dive periods than dolphins of the coastal dolphin community that
is resident in Sarasota Bay. The small samples from the 9 coastal dolphins were pooled and
purified by FPLC chromatography prior to study. Three peaks were eluted (Peaks I-III) and
found to be heterogeneous with regard to the number and types of molecular weights of globin
chains they contained. Other bottlenose dolphin blood samples used in subsequent stages of
this study were collected as part of a capture-release project undertaken by scientists working
with the Chicago Zoological Society's Sarasota Dolphin Research Program, in Sarasota Bay,
FL. The project's purpose is to assess the health of the resident bottlenose dolphin community
(Wells et al., 2004). Thirteen animals were captured, sampled, and released during a two week
period in June of 2003. An additional sample from a single individual was collected in early
February of 2004. All animals were determined by morphological characteristics to be of the
coastal ecotype. Blood samples were taken from each individual animal immediately after they
were encircled by a seine net and placed on a research vessel (Pre-Rest samples). A second
blood sample was drawn prior to the dolphin's release, roughly an hour and a half later (Post-
Rest samples). The samples were collected in 10 ml sodium heparin tubes and shipped on ice
at the end of each collection day for next-day evaluation of their blood oxygen-binding
characteristics.

Blood samples were also obtained from five coastal bottlenose dolphins caught in coastal
waters of New Jersey. Samples from these dolphins were collected and analyzed by scientists
of NOAA's Southeast Fisheries Science Center, Beaufort, NC, as part of an evaluation of the
stock structure of bottlenose dolphin populations on the Atlantic coast.

2.2. Sample treatment
Small samples of whole dolphin blood were analyzed for their oxygen binding properties. The
remainder was used for preparation of isolated Hbs. For this purpose the blood was centrifuged
at 4,000 rpm to separate the buffy coat from the red blood cells. The red blood cells were then
washed repeatedly with 0.9% sodium chloride and re-centrifuged. The cells were then lysed
and the Hb released was precipitated with ammonium sulfate and purified following standard
procedures (Benesch et al, 1968). Anionic effectors were removed by putting hemolysates
through an amberlite MB-3 column. Hb concentrations were determined
spectrophotometrically and samples were placed in0.001 M Tris- HCl buffer (pH = 8.3) for
storage in liquid N2. A small aliquot of the Hb isolated from individual dolphins was also
subjected to structural analysis by electrospray ionization mass spectrometry.

2.3. Mass spectrometry
Measurements were made on a Micromass Quattro LC (Altrincham, UK) triple quadrupole
mass spectrometer equipped with a pneumatically assisted electrostatic ion source operating
at atmospheric pressure and in a positive ion mode. Hb samples in 50% aqueous acetonitrile
containing 1% formic acid were analyzed by loop injection into a stream of 50% aqueous
acetonitrile flowing at 10 μL/ min. Spectra were acquired in the multi-channel analyzer (MCA)
mode from m/z 600−1400 (scan time 5 sec.). The mass scale was calibrated using the multiply
charged envelope of the α chain of Hb A0 (MW 15126.38). The raw mass spectra were
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transformed to a molecular mass scale using a maximum entropy based method (MaxEnt)
which uses the MemSys5 program (MaxEnt Solutions Ltd., Cambridge UK) and is part of the
Micromass MassLynx software suite. Transformation was performed from 860−1400 m/z
using a resolution of 1 amu.

2.4. Oxygen binding by isolated Hbs
Oxygen binding measurements were made under varied conditions using published tonometric
techniques (Riggs and Wolback, 1956).

2.5 Oxygen binding by whole blood
Oxygen binding by whole dolphin blood was studied using a thin-layer instrument (Hemoscan,
Aminco Instrument Co.) utilizing a discontinuous mode of oxygen addition (Lapennas, 1981).
Pre-Rest and Post-Rest blood samples collected from the Sarasota Bay dolphins were analyzed
separately, under identical conditions.

2.5 Autoxidation rates
Auto-oxidation measurements were made using both dolphin and human Hb samples. These
samples contained 1 mM EDTA (to preclude metal-ion-induced oxidation) and a 10-fold excess
of IHP over Hb tetramer. A spectrophotometer was used to track absorbance changes during
oxidation of the stirred samples over a 24 hour period at 37°C.

2.6 Spectroelectrochemistry
Spectroelectrochemical experiments were carried out in an anaerobic optically transparent thin
layer electrode (OTTLE) cell as previously described (Taboy et al., 2002). A cationic
electrochemical mediator, Ru(NH3)6Cl3, was used to allow for determinations of anion effects
on Hb redox behavior. Absorbance values of the fully oxidized and fully reduced Hb were
obtained by applying a potential of +400 mV and −250 mV (vs. NHE) respectively, and the
absorbance recorded when the system reached equilibrium. Although most experiments were
performed going from fully oxidized to fully reduced protein, the system was shown to be
reversible under our experimental conditions (i.e. the Nernst plot can be generated in either the
oxidation or reduction direction and equilibrium is achieved within 30 − 40 mins at each applied
potential). Nernst plots were then derived from the observed changes in absorbance as
previously described [Taboy et al., 2002].

3.0 Results
3.1 Mass spectrometric analysis

Electrospray ionization mass spectrometry revealed considerable structural heterogeneity
among the Hbs isolated from the 28 coastal bottlenose dolphins of this study. The mass
spectrometry data are summarized in Table 1.

As shown in Table I, all dolphin Hb samples examined contained α chains with mass of 15345,
which is the mass of the α chain previously sequenced (Kleinschmidt and Braunitzer, 1983).
A second α chain with a mass of 15329 was present in 11 samples. The blood of 18 individual
dolphins obtained from capture and release studies all contained a single β chain, with mass
of 16035 Daltons, which the mass of the β chain previously sequenced (Kleinschmidt and
Braunitzer, 1983). Due to the presence of multiple α chain types, only 7 of these individuals
had a single type of Hb.

A single type of Hb with a notably larger β chain mass (16341 amu) was found in the blood
of a stranded coastal dolphin, named Buster, who was held for observation and treatment and
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then released near Sarasota. As noted in Materials and Methods, this dolphin was not
considered typical of the Sarasota Bay coastal bottlenose dolphin community.

Further indication of Hb heterogeneity among the coastal bottlenose dolphins was evidenced
by the mass spectrometry results for pooled blood taken from nine coastal dolphins from
Sarasota Bay. The pooled blood was chromatographically fractionated into three different
zones. Peak I contained a single Hb with the most common α and β chain masses seen in this
study, but made up less than 3% of the total pool. Peak II, 67% of the pooled Hb, contained
one α and three β chains. Peak III, about 30% of the pooled Hb, contained α and β chains with
masses like those sequenced (Kleinschmidt and Braunitzer, 1983) as well as the large β chain
seen in “Buster” Hb.

The presence of multiple types of globin chains in some of the coastal bottlenose dolphins
would allow for many α-β combinations, and numerous types of α2β2 Hb tetramers. These data
indicate the occurrence of considerable diversity in the number and types of Hbs present in
these coastal bottlenose dolphins.

3.2. Oxygen binding by bottlenose dolphin Hbs
The isolated bottlenose dolphin Hbs studied showed very little differences in their oxygen
affinities or responses to anionic cofactors. The intrinsic oxygen affinities of Hb from Buster,
Peak II (with one α chain and three β chains) and Hbs from New Jersey and Sarasota individuals
with one or two Hb types (see Table 1) were identical within experimental error. Their
cooperativity of oxygen binding was similar to that of adult human Hb (HbA0), with n50 values
typically between 2.5 and 2.7 in Hill plots. As in Hb A0, the cooperativity in O2 binding was
greatly reduced in the presence of inositol hexaphosphate (IHP).

The intrinsic oxygen affinity of coastal bottlenose dolphin Hb (Log P50 = 0.27 at pH 7) is
shown in Figure 1 to be significantly lower than that of human Hb (Log P50 = 0.09 at pH 7).
As also shown in Figure 1, in the absence of anions and EDTA, the pH dependence of oxygen
binding to bottlenose dolphin Hb is greater than that of human Hb. It is important to note that
the intrinsic oxygen affinities and Bohr effects of bottlenose dolphin Hbs were determined in
anion-free HEPES buffer and in the absence of EDTA, since anionic effectors can significantly
lower Hb's oxygen affinity and alter pH sensitivity.

Figure 2 illustrates the oxygen affinity shifts brought about by the addition of inorganic anions
or organic effectors to bottlenose dolphin Hb. Addition of 0.2 M NaCl shifts the dolphin Hb's
oxygen affinity almost as much as does 100-fold excess of ATP. The most dramatic shifts were
observed in the presence of a 100-fold excess of the more highly charged anionic effector
inositol hexaphosphate (IHP). An addition of 100-fold excess ATP over Hb tetramer
concentration produced a Log P50 of 0.93 while 100-fold IHP further lowered the affinity and
reduced the cooperativity of oxygen binding, resulting in a Log P50 of 1.53 and n50 values near
unity (Fig. 2). The greater effects of IHP are attributed to its strong stabilization of the low-
oxygen (T-state) affinity conformation. This strong stabilization of the low-affinity
conformation of the bottlenose dolphin Hb greatly hinders the transition to the R-state that
normally provides for cooperativity in the oxygen binding process.

Table 2 summarizes oxygen-binding data and presents oxidation data obtained under similar
experimental conditions (see Section 3.5). As shown in Table 2, the alterations in oxygen-
affinity brought about by addition of Cl− to anion-free samples of dolphin and human Hbs are
of similar magnitude, while the effect of IHP on the Log P50 of dolphin Hb is smaller than that
seen for human Hb. Overall, the dolphin Hb's oxygen affinity resembles that of human Hb
when measured in the presence of organic phosphate cofactors.
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The oxygen-linked binding of ATP to the dolphin Hb tetramer occurred with an initial phase
showing high-affinity effector binding and a second phase showing a lower-affinity effector
binding contribution. The ATP titration shown in Figure 3 shows that saturating levels of ATP
were not achieved until the organic phosphate concentration was nearly 100-fold greater than
the concentration of Hb tetramers.

3.3. Oxygen binding by bottlenose dolphin blood
Figure 4 shows intriguing exercise-dependent features of whole blood oxygen binding. This
preliminary study involved two dolphins. The Pre-Rest blood samples (Set 1) were taken
immediately after the dolphins were captured. The Post-Rest blood samples (Set 2) were taken
after about 1.5 hours with no activity, while the dolphins were on board but restrained. Higher
oxygen affinity was observed for Pre-Rest blood samples than for Post-Rest blood samples for
the two dolphins studied. Multiple (> 6) oxygen binding curves were run for Pre-Rest and Post-
Rest blood samples of both dolphins, with averages as shown. The averaged dolphin Pre-Rest
and Post-Rest blood samples had Log P50's of 0.65 and 1.1 respectively.

The averaged results of whole blood oxygen binding studies (Fig. 4) are shown by dashed lines
on the ATP titration of isolated bottlenose dolphin Hb (Fig. 3). The Log P50 of the Pre-Rest
blood samples, which showed a relatively high oxygen affinity, correspond to a very low
amount of ATP on the titration curve (< 5-fold molar excess of ATP). The Log P50 of the post-
rest samples, possessing a lower oxygen affinity, correspond to nearly saturated levels of ATP
for the isolated Hb.

The ATP titration with isolated bottlenose dolphin Hb was carried out at 20°C, while oxygen
binding by the Pre- and Post-Rest blood samples was evaluated at 37°C. The correspondence
between the Pre-Rest and Post-Rest data and apparent ATP saturation levels is suggestive of
unusually low temperature sensitivity of oxygen binding. A recent report on the temperature
dependence of oxygen binding to bottlenose dolphin Hb supports this conclusion (Tellone et
al., 2000). A small ΔH for dolphin Hb, roughly 5-fold lower in magnitude than that of Hb
A0, was found at neutral pH. The authors speculated that the unusually low magnitude of ΔH
and the pH sensitivity they found for the temperature dependence of oxygen binding to dolphin
Hb could be an adaptive modification of the respiratory physiology of these diving mammals
(Tellone et al., 2000).

3.4. Autoxidation
Differences were noted in the degree of metHb formation that occurred during oxygen binding
experiments with the varied dolphin Hb samples. This difference was quantified by comparing
the rates of autoxidation of a New Jersey bottlenose dolphin Hb having a single type of Hb
with the rate of autoxidation of the “Mixed” bottlenose dolphin Hbs of Peak II. As shown in
Figure 5, significantly faster rates of metHb formation occurred for the dolphin Hb sample
with multiple Hb forms.

3.5. Hb Redox Potential
Spectroelectrochemical techniques using a cationic mediator were used to determine the
anaerobic redox potentials of the Hb samples. Table 2 summarizes the results obtained in the
presence and absence of inorganic and organic cofactors and compares these to the results
obtained under similar conditions for Hb A0. As shown, “Buster” bottlenose dolphin Hb and
Hb A0 have similar redox properties and sensitivities to anionic effectors, while “Mixed”
bottlenose dolphin Hbs of Peak II have Hbs that are more easily oxidized.
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4.0. Discussion
4.1. Ecotypes of bottlenose dolphins

Bottlenose dolphins, Tursiops truncatus, are the most common marine mammal species found
along the Atlantic coast of North America and are commonly found in other coastal regions of
the world (Ridgway ed., 1972; Wells and Scott, 1999). Many studies have reported that these
organisms have higher than typical vertebrate levels of blood volume, Hb concentrations,
hematocrit, and myoglobin concentrations (Ridgway and Johnston, 1966; Bryden and Lim,
1969; Elsner, 1969; Kooyman et al., 1980; Vogl and Fisher, 1982; Cornell, 1983; Duffield,
Ridgway and Cornell, 1983; Snyder, 1983; Kanwisher and Ridgway, 1983; Ridgway et al.,
1984; Qvist et al., 1986; Hedrick, Duffield and Cornell, 1986; Kooyman, 1986).

There are at least two distinct ecotypes of the bottlenose dolphin, T. truncatus. The North
Atlantic offshore ecotype is morphologically different from the coastal form (Hersh and
Duffield, 1990; Mead and Potter, 1995). The two ecotypes have also been reported to have
differences in their hematology and the numbers and types of Hb present (Duffield et al.,
1983; Duffield, 1986; Hersh and Duffield, 1990).

As discussed below, our study of the blood and Hbs of coastal bottlenose dolphins has opened
new lines of inquiry regarding the numbers and functionally distinct types of Hbs these
organisms possess.

4.2. Low intrinsic oxygen affinity of bottlenose dolphin Hbs
Bottlenose dolphin Hbs examined in this study were found to have lower intrinsic (anion-free)
oxygen affinities and greater Bohr effects relative to HbA0. These characteristics could enhance
oxygen release to respiring tissues when exercise causes a drop in levels of ATP or other
effectors (see Section 4.4). These features have not been previously reported and appear to be
adaptive modifications that benefit these diving mammals.

An early oxygen binding study on bottlenose dolphin Hb was done by Lenfant and Kenney
(1967). At a pH of 7.4, with otherwise unspecified conditions, they reported a Log P50 of 1.43
(Lenfant and Kenney, 1967). Based on the affinity reported, it appears that this study was done
with Hb containing some organic phosphate effectors. A more recent study was done with an
aquarium-bred specimen of T. truncatus Hb whose blood contained a single electrophoretic
Hb band (Tellone et al., 2000). The Hb's oxygen affinity was reported to be lower than that of
human Hb when measured in 0.1 M NaCl or in the presence of organic phosphate effectors.
This prior report of bottlenose dolphin Hb having an oxygen affinity lower than that of human
Hb (Tellone et al, 2000) was confirmed by our findings. Our data on the anion-free oxygen
binding affinities of bottlenose dolphin Hbs showed that their relatively low oxygen affinities
are intrinsic to the Hb's structure and are not due to enhanced interactions with anions.

4.3. Structural basis of altered functionality of bottlenose dolphin Hbs
Genetic diversity, reflected by modifications of primary sequences that result in variations in
α and β chain globin masses, was clearly responsible for the variations in Hb type and function
reported in this study.

The amino acid sequences for the α and β chains of bottlenose dolphin Hb (Kleinschmidt and
Braunitzer, 1983) revealed a limited number of amino acid residues in bottlenose dolphin Hb
that differed from those of HbA0. None of the differences are clearly indicative of functional
alterations. These authors did, however, note the existence of a phylogenetic relationship
between the cetaceans and hooved mammals such as horses and pigs, as well as similarities in
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the caryology and serological types of those three mammals. They pointed out that Hbs of
horses and dolphins have an identical distal heme pocket substitution (β70Ala → Ser).

It has been shown that horses have multiple Hb types, with lower intrinsic oxygen affinities
than adult human Hb (Giardina et al., 1990). Our finding that the bottlenose dolphins possess
multiple Hb types and have lower intrinsic oxygen affinity than adult human Hb suggests a
similarity in respiratory function in these evolutionarily related species. We speculate that the
lowered oxygen affinity shown by horses and all dolphin Hbs studied is associated with the
Ala → Ser alteration in β chain distal heme pocket that is a common feature of these Hbs.

4.4. Responses of bottlenose dolphin blood and Hbs to allosteric effectors
Bottlenose dolphin Hbs have allosteric properties like those of most vertebrate Hbs. Notably,
the cooperativity shown in oxygen binding curves for the purified dolphin Hbs was found to
be like that of HbA0, indicating that the protein undergoes a similar conformational transition
and change in affinity as it goes from the liganded to the unliganded condition.

The bottlenose dolphin Hbs studied exhibited marked responses to heterotropic allosteric
effectors, with stronger responses to ATP or IHP than to inorganic anions. This indicates that
the dolphin Hbs possess oxygen-linked binding sites for inorganic anions and organic
phosphates similar to those found in many other vertebrates. Although the addition of organic
co-factors markedly lowers the oxygen affinity of the bottlenose dolphin Hb, the affinity
changes induced are smaller than those seen for human Hb.

The lower intrinsic oxygen affinities and reduced effector responses of bottlenose dolphin Hbs
are similar to properties of human fetal Hb (Baur et al., 1968; Tyuma and Shimizu, 1969). The
presence of organic phosphates in the erythrocytes of most vertebrates causes a lowering of
Hb's oxygen affinity (Benesch et al., 1968). Although human fetal Hb has a lower intrinsic
oxygen affinity than human adult Hb, its reduced sensitivity to effectors results in an in vivo
condition where its affinity is higher than that of adult Hb. This condition allows for effective
cross-placental transport of oxygen from adult to fetal Hb. The functional similarity of fetal
Hb and dolphin Hb is not likely to have an identical structural basis, but may result from
analogous modifications of oxygen-linked structural regions.

The oxygen affinities of dolphin blood, taken together with our studies of purified dolphin Hbs,
indicate that the oxygen-binding functions of dolphin blood are poised between effector-
saturated and unsaturated levels, enabling exercise-dependent shifts in oxygen transfer
functions. As shown in Figure 4, blood samples taken immediately after capture (Pre-Rest)
had a higher affinity for oxygen than blood samples taken after a period of enforced rest (Post-
Rest). Comparing the Log P50's of Pre- and Post-Rest samples to an ATP titration curve (Figure
3) leads us to speculate that the increased activity associated with the capture process decreased
the levels of ATP in bottlenose dolphin blood.

Having ATP as a major exercise –dependent effector would differentiate the dolphin blood
system from that of humans and most other mammals where the primary effector, 2,3-
diphosphoglycerate (DPG), is not subject to rapid exercise-dependent changes in levels. While
alterations of ATP levels during exercise and rest could explain the observed results, we cannot
rule out the possibility of oxygen affinity regulation by some other exercise-dependent Hb
effector.

4.5. Structural heterogeneity among bottlenose dolphin Hb samples
The results of this study showed appreciable structural heterogeneity among the coastal
bottlenose dolphin Hb samples analyzed. Our findings are in contrast to previous reports, but
do not negate them since previous studies may have sampled communities with single types
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of Hbs. An alternative explanation is that we made use of electrospray ionization mass
spectrometry for sample evaluation, which is much more sensitive to mass differences than are
assays based on electrophoretic mobility, where species with charge differences are most
readily detected. In the previous studies, results of electrophoretic analysis led to the conclusion
that offshore populations of T. truncatus typically have two types of Hbs, while coastal
populations of bottlenose dolphins have only one Hb (Duffield et al., 1983; Hersh and Duffield,
1990). The latter authors point out that interbreeding has occurred in aquarium settings between
offshore and coastal dolphins and that “intermediate” Hb patterns have been observed in the
offspring of such pairings. Interbreeding of the coastal and offshore dolphin populations could
have altered the genetic makeup of communities of dolphins sampled in the New Jersey and
Florida waters, and could account for the heterogeneity of Hb types found in morphologically
similar coastal animals. A recent study of the community of dolphins resident in Sarasota Bay
strongly suggests a genetic interchange between local population units of T. truncatus, at least
in the Sarasota bay region (Duffield and Wells, 2002).

Our mass spectrometry studies revealed that about half of the sampled individuals from the
Sarasota Bay residential bottlenose dolphin community, made up of well-known coastal
individuals, had at least two types of Hb. The majority of individual dolphins sampled in New
Jersey waters, also coastal ecotypes, had at least two types of Hbs (Table 1). In composite, we
observed two α chain types and four β beta chain types among the samples analyzed. Even
among dolphins with a single Hb type, the masses of their constituent chains showed diversity
at the molecular level. The “Single Hb” pattern is clearly not representative of the organisms
sampled in this study.

The coastal bottlenose dolphin ecotypes have a very complex Hb system, which extends beyond
the single uniform Hb form which we expected to find in these coastal animals. Ongoing studies
are being conducted to determine if Hb heterogeneity exists in other coastal communities of
bottlenose dolphins and if the observed molecular diversity reflects interbreeding of coastal
dolphins with offshore dolphin ecotypes.

4.6. Autoxidation of bottlenose dolphin Hbs
During evaluation of oxygen binding by the purified dolphin Hbs we observed that some air-
equilibrated samples had quite pronounced tendencies to oxidize, particularly after addition of
organic phosphates. This observation was quantified by determining rates of oxidation of
several air-equilibrated samples (Section 3.3). The samples examined differed significantly in
autoxidation rate. The dolphins with readily oxidized Hbs may be more susceptible to injuries
caused by oxidative pollutants, such as bleaches and dyes. Awareness of the differences in
oxidative propensity may allow us to better understand how individuals within coastal dolphin
communities respond to environmental pollutants.

4.7. Variations in anaerobic redox potentials of bottlenose dolphin Hbs
Variability in the anaerobic redox potentials of the bottlenose dolphin Hbs (Section 3.5)
accompanied their variability in rates of autoxidation (Section 3.4). Table 2 provides
representative data on the oxidation and oxygenation properties of bottlenose dolphin Hbs.
Some dolphin Hbs had anerobic redox potentials very similar to that of Hb A0, while others
exhibited lower E1/2 values and left-shifted Nernst plots, indicative of much more easily
oxidized active sites.

The variation in redox potential and autoxidation rate observed was particularly puzzling in
light of the fact that the corresponding oxygen binding curves showed very little variability.
We expected the low-oxygen affinity dolphin Hbs to show higher E1/2 values and right-shifted
Nernst plots, just the opposite of their observed redox behavior. Our expectations were based
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on the well-established fact that the high oxygen affinity conformation assumed by the liganded
protein (R-state) is characteristically more readily oxidized than that of Hb in the low oxygen
affinity conformation it assumes when unliganded (T-state). This conformational sensitivity
underlies the sensitivity of the anaerobic redox potential to anionic effectors and the sigmoidal
shape of Nernst plots of Hb oxidation (Taboy et al., 2000; Taboy et al., 2002). The dolphin
Hbs, like most vertebrate Hbs, showed cooperative (sigmoidal) Nernst plots of oxidation, and
thus are evidently transitioning from less easily oxidized to more easily oxidized conformations
during the oxidative process.

Finding lower E1/2 values for oxidation of some of the dolphin Hb samples was thus both
unexpected and was not in accord with the behavior of Hbs thus far characterized. The structural
basis of the greater ease of oxidation and enhanced rates of oxidation exhibited by some of the
samples must be related to as yet undetermined alterations of the heme environment that are
not reflected in oxygen affinity measurements. To better understand this behavior we are
seeking to obtain sequence information on the dolphin Hbs that have multiple types of globin
chains and to more fully characterize their redox behavior in relation to their structural
properties.

4.8. Policy and conservation implications
One of the goals of this study was to determine the effectiveness of using the extent of Hb
variation seen in a population to differentiate between coastal and offshore bottlenose dolphin
ecotypes. Clear differentiation between these two ecotypes has important policy and
management implications. The Marine Mammal Protection Act (1972) was established to
provide for the management and conservation of marine mammals in United States waters.
The act states that management of marine mammals should be done on a stock by stock basis
(MMPA, 1972; Torres et al., 2003). The act defines a stock as “a group of marine mammals
of the same species or smaller taxa in a common spatial arrangement that interbreed when
mature” (MMPA, 1972). If the bottlenose dolphin ecotypes inhabit separate habitats and aren't
found to interbreed, then under the MMPA they should be managed as separate stocks. This
is currently the management approach used for the two Tursiops ecotypes in the Northwestern
Atlantic, as they have been determined to be separate management units under the MMPA
(Waring et al., 2001).

Our study found such extreme variability in Hb types and patterns within two small coastal
populations that the use of Hb characteristics when distinguishing between ecotypes or stocks
of these animals is clearly unadvisable. Hb studies may be useful in the conservation of this
species in other ways. One potential conservation issue that was brought to light through this
study was the potential harm that oxidative pollutants may cause to the subset of the coastal
bottlenose dolphin population that has readily oxidized Hbs. Further research in this area may
provide ways to mitigate the harmful effects that these pollutants have on these animals.

Conclusions
Our studies of structure-function relationships in the blood and Hbs of bottlenose dolphins
revealed unexpected genetic diversity of coastal bottlenose dolphins. The following
summarizes our findings regarding the distinctive properties of the blood and Hbs of these
diving mammals.

1. Although coastal bottlenose dolphins have been reported to have a single type of Hb,
electrospray ionization mass spectrometry revealed appreciable structural variability
among the samples, with multiple Hb forms in some individuals and differences in
Hb patterns among individuals within the same community.
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2. The isolated dolphin Hbs showed elevated Bohr effects and appreciably lowered
intrinsic oxygen affinities relative to adult human Hb. These features can benefit the
organisms by enhancing oxygen delivery during diving and may result from a
substitution (Ala → Ser) in the distal heme pocket of the β chains.

3. The dolphin Hbs exhibited lower intrinsic oxygen affinities and reduced responses to
organic phosphate effectors than adult human Hb.

4. The exercise-dependent oxygen affinities of dolphin blood indicated that the oxygen-
binding functions of dolphin blood are poised between effector-saturated and
unsaturated levels, enabling exercise-dependent shifts in oxygen transfer functions.

5. Hbs of individual coastal dolphins differed significantly in their redox potentials and
rates of autoxidation. The dolphins that possess easily oxidized Hbs must expend a
larger fraction of their of cellular energy reserves to offset increased Hb oxidation
and have an increased risk of pathological consequences upon exposure to
environmental oxidants.
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Figure 1.
Effects of pH on the intrinsic oxygen affinities of bottlenose dolphin Hb (triangles) and adult
human Hb (circles) in anion-free 0.05 M HEPES buffer, 20°C. The Hbs were 0.06 mM in heme.
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Figure 2.
Hill plots of oxygen binding by 0.06 mM bottlenose dolphin Hb at pH 7.0 at 20°C in 0.05 M
HEPES buffer with and without anionic effectors. No effectors (circles); 0.2 M NaCl
(diamonds); 100-fold excess (over tetramers) of ATP (triangles); and 100-fold excess (over
tetramers) of IHP (squares).
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Figure 3.
Effects of increasing ATP levels on the oxygen affinity of 0.06 mM bottlenose dolphin Hb at
pH 7.0 at 20°C in 0.05 M HEPES buffer. Dashed lines show on the same scale the oxygen
affinities of Pre-Rest (lower dashed line) and Post-Rest blood samples (See Figure 4).
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Figure 4.
Exercise-dependent oxygen affinities of whole dolphin blood. Pre-Rest blood samples (Set 1)
were taken immediately after dolphins were captured. Post-Rest blood samples (Set 2) were
taken after about 1.5 hours with no activity while the dolphin was on board but restrained. The
blood samples were kept on ice for about 30 hrs. Oxygen binding curves were analyzed at 37°
C. Blood pH was 7.4 for both types of samples.
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Figure 5.
Absorbance changes at 576 nm associated with metHb formation for Hb of a bottlenose dolphin
Hb with a single Hb (•) and for “Mixed” bottlenose dolphin Hbs of Peak II (▲). The Hbs were
0.025 mM in heme and examined at 37°C in 0.05M HEPES buffer with 1 mM EDTA and 100-
fold excess (over tetramer) of IHP.

Remington et al. Page 18

Gene. Author manuscript; available in PMC 2008 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Remington et al. Page 19
Ta

bl
e 

1
M

as
s P

at
te

rn
s o

bs
er

ve
d 

fo
r 

C
oa

st
al

 B
ot

tle
no

se
 D

ol
ph

in
s

A
 s

in
gl

e 
ty

pe
 o

f H
b 

w
as

 fo
un

d 
in

 b
lo

od
 s

am
pl

es
 fr

om
 7

 o
f t

he
 2

8 
do

lp
hi

ns
 o

f t
hi

s 
st

ud
y.

 T
hi

s 
si

ng
le

 H
b 

ty
pe

, h
av

in
g 

re
sp

ec
tiv

e 
α 

an
d

β 
ch

ai
n 

m
as

se
s o

f 1
53

43
 a

nd
 1

60
35

 a
m

u,
 is

 id
en

tic
al

 to
 th

at
 w

ho
se

 se
qu

en
ce

 h
as

 b
ee

n 
re

po
rte

d 
(K

le
in

sc
hm

id
t a

nd
 B

ra
un

itz
er

, 1
98

3)
. A

si
ng

le
 H

b 
w

ith
 a

 d
iff

er
en

t β
 c

ha
in

 m
as

s w
as

 fo
un

d 
in

 th
e 

st
ra

nd
ed

 c
oa

st
al

 d
ol

ph
in

 “
B

us
te

r”
. T

he
re

 w
er

e 
11

 in
di

vi
du

al
s f

ro
m

 th
e 

Sa
ra

so
ta

an
d 

N
ew

 J
er

se
y 

co
m

m
un

iti
es

 w
ith

 tw
o 
α 

ch
ai

ns
. P

oo
le

d 
H

b 
fr

om
 9

 c
oa

st
al

 d
ol

ph
in

s 
co

lle
ct

ed
 n

ea
r S

ar
as

ot
a 

co
nt

ai
ne

d 
a 

si
ng

le
 ty

pe
 o

f
α 

ch
ai

n 
an

d 
fo

ur
 ty

pe
s o

f β
 ch

ai
ns

. P
ea

k 
II

, t
he

 m
aj

or
 ch

ro
m

at
og

ra
ph

ic
 p

ea
k 

fr
om

 th
e p

oo
le

d 
H

bs
, h

ad
 o

ne
 ty

pe
 o

f α
 ch

ai
n 

an
d 

th
re

e t
yp

es
of

 β
 c

ha
in

s.
D

ol
ph

in
 H

b 
So

ur
ce

A
lp

ha
 C

ha
in

 M
as

se
s

B
et

a 
C

ha
in

 M
as

se
s

 
15

32
9

15
34

5
15

97
2

16
03

5
16

34
1

16
66

8

“P
oo

le
d”

 H
b 

(to
ta

l)
X

X
X

X
X

   
   

   
   

   
Pe

ak
 I

X
X

   
   

   
   

   
Pe

ak
 II

X
X

X
X

   
   

   
   

   
Pe

ak
 II

I
 

X
X

 
X

 

H
bs

 o
f i

nd
iv

id
ua

l d
ol

ph
in

s
 

 
 

 
 

 

6 
fr

om
 S

ar
as

ot
a

 
X

 
X

 
 

1 
fr

om
 N

ew
 Je

rs
ey

 
X

 
X

 
 

7 
fr

om
 S

ar
as

ot
a

X
X

 
X

 
 

4 
fr

om
 N

ew
 Je

rs
ey

X
X

 
X

 
 

B
us

te
r

X
X

Gene. Author manuscript; available in PMC 2008 August 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Remington et al. Page 20

Table 2
Intrinsic oxygen affinities and anaerobic redox potentials of bottlenose dolphin Hb and adult human Hb in
anion-free 0.05 M HEPES buffer at pH 7.5, 20°C, and consequences of adding inorganic or organic anionic
effectors
Redox potentials are given vs NHE and were determined in the presence of a cationic mediator, 0.5 mM Ru(NH3)6.
Entries are for Hb from Buster, which has a single type of Hb, and for the “Mixed” Bottlenose Dolphin Hbs of Peak
II, which contained one type of α chains and three types of β chains. The dolphin Hbs in the presence of IHP oxidized
rather quickly. They exhibited somewhat lower oxygen affinities in the presence of IHP (the higher P50 values listed)
when measured in the presence of a cocktail of reagents developed for enzymatic heme reduction (Imai, 1982).

Protein and effectors Oxygenation Log P50 Oxidation E1/2
Buster Bottlenose Dolphin Hb 0.20 76
with 0.2 M Cl− 0.53 105
with 2.5−10 fold excess IHP 1. 3−1.6 119
Mixed Bottlenose Dolphin Hbs 0.20 57
with 0.2 M Cl− 0.58 96
with 2.5−10 fold excess IHP 1. 3−1.6 108
Adult Human Hb (HbA0) −0.02 72
with 0.2 M Cl− 0.25 103
with 2.5−10 fold excess IHP 1.66 127
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