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ABSTRACT: All plants contain hemoglobins that fall into distinct phylogenetic classes. The subset of plants that
carry out symbiotic nitrogen fixation expresses hemoglobins that scavenge and transport oxygen to bacterial
symbiotes within root nodules. These “symbiotic” oxygen transport hemoglobins are distinct in structure and
function from the nonoxygen transport (“nonsymbiotic”) Hbs found in all plants. Hemoglobins found in two
closely related plants present a paradox concerning hemoglobin structure and function. Parasponia andersonii
is a nitrogen-fixing plant that expresses a symbiotic hemoglobin (ParaHb) characteristic of oxygen transport
hemoglobins in having a pentacoordinate ferrous heme iron, moderate oxygen affinity, and a relatively rapid
oxygen dissociation rate constant. A close relative that does not fix nitrogen, Trema tomentosa, expresses
hemoglobin (TremaHb) sharing 93% amino acid identity to ParaHb, but its phylogeny predicts a typical
nonsymbiotic hemoglobin with a hexacoordinate heme iron, high oxygen affinity, and slow oxygen
dissociation rate constant. Here we characterize heme coordination and oxygen binding in TremaHb and
ParaHb to investigate whether or not two hemoglobins with such high sequence similarity are actually so
different in functional behavior. Our results indicate that the two proteins resemble nonsymbiotic
hemoglobins in the ferric oxidation state and symbiotic hemoglobins in the ferrous oxidation state. They
differ from each other only in oxygen affinity and oxygen dissociation rate constants, two factors key to their
different functions. These results demonstrate distinct mechanisms for convergent evolution of oxygen

transport in different phylogenetic classes of plant hemoglobins.

The history of hemoglobins (Hbs)' predates the photosyn-
thetic oxygenation of earth (/—3). The “oxygen catastrophe” that
occurred approximately 2 billion years ago greatly increased
atmospheric oxygen, forcing organisms to avoid, tolerate, or
exploit this change in their physiochemical environments. Thus,
early Hbs probably protected cells from oxygen toxicity (4, 5). As
aerobic organisms grew larger and evolved more specialized
tissues, their surface-to-volume ratios decreased, and passive
oxygen diffusion became limiting. In response to this pressure,
oxygen transport mechanisms evolved nearly 500 million years
ago enabling organisms to grow to unprecedented size, complex-
ity, and diversity (2). The modern day forms of these proteins are
the hemocyanins in mollusks and arthropods, hemerythrins in
marine worms, and oxygen transport Hbs in animals and plants.
However, oxygen transport is certainly not the primordial or even
the most common function of Hbs (6, 7). Bacterial and yeast Hbs
destroy toxic molecules like nitric oxide encountered in their
environments (8), and animals contain specialized Hbs in neural
and other tissues that are suggested to do the same (9—11).
Although a few plant species contain oxygen transport Hbs, all
plants contain Hbs unrelated to oxygen transport (/2). The fact
that the majority of Hbs do not function in oxygen transport
suggests that the capacity for oxygen transport is a fairly recent
development in the Hb evolutionary timeline.
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A comparison of oxygen transport Hbs in plants and animals
to the other Hbs present in the same organisms reveals distinct
differences in structure and behavior (/3). Oxygen transport Hbs
are present in high millimolar concentrations, and their rate
constants for oxygen release are relatively rapid (greater than
1 s 1. Moreover, their association equilibrium constants are
moderate, enabling them to bind oxygen when it is present, yet
release it when needed. The heme groups in known oxygen
transporters are “pentacoordinate” with an open binding site to
the iron, characterized by a single histidine coordinating the
“proximal” side of the heme, leaving the “distal” site open for
reversible oxygen binding (Figure 1). The distal site often houses
another histidine (called the “distal” histidine) that does not
coordinate the heme iron but is in close proximity to and interacts
with bound oxygen.

Hbs not involved in oxygen transport, including the “nonsym-
biotic” (nsHbs) found in all plants, as well as neuroglobin (/4—16)
and cytoglobin (17, 18) found in animals, have a second histidine
reversibly coordinating the ligand binding site (Figure 1). While
these proteins share globin folds, their heme active sites resemble
that of cytochrome bs. These Hbs are known as “hexacoordinate”
Hbs (hxHbs), and their structures and chemistries are subjects of
increasing attention due to potential roles in sensing and detoxi-
fying nitric oxide and other environmental challenges.

It has been hypothesized that oxygen transport Hbs evolved
from hxHbs independently in both plants and animals (14, 19, 20).
In both cases, the chemical challenge was to express hemoglobin
with stable pentacoordinate heme coordination. This is a diffi-
cult task to achieve because the change in spin state of the iron
d-shell electrons upon histidine coordination is energetically very
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F1GURE 1: The phylogeny of oxygen transport hemoglobins in plants. Oxygen transport Hbs have evolved from two phylogenetic classes of
nonsymbiotic Hbs (nsHbs). In each case, the oxygen transport proteins are pentacoordinate in the ferrous state (top inset structure), while the
precursor nsHbs are hexacoordinate (bottom inset structure). The oxygen transport leghemoglobins (Lbs) evolved from “class 2”” nonsymbiotic
Hb (nsHbs), while P. andersoniiis a class 1-derived oxygen transport Hb (ParaHb) thatis 93% identical to the nsHb from 7. tomentosa. The amino
acid sequences for ParaHb, TremaHb, rice nsHb, and soybean Lba are shown at the bottom, with the 11 differences between ParaHb and
TremaHb highlighted in blue. Also indicated on the sequences are the distal (E7) and proximal (F8) histidines, phenylalanine at position B10, and

the positions of conserved dimer interface amino acids (Int.).

favorable (2/—23), and holding a histidine near the heme iron
without allowing it to bind presents a formidable thermodynamic
challenge. Thus, an oxygen transport Hb must provide a protein
scaffold that can offset this coordination energy in order to
stabilize a pentacoordinate heme center.

The evolution of oxygen transport function in plant Hbs occurred
more recently (around 200 million years ago (20, 24—26)) than in
animal Hbs, making them a useful system for investigating protein
structural elements that are instrumental in this change of func-
tion. The phylogeny of plant Hbs can be divided into three general
classes, two of which are known predecessors of oxygen transport
globins (/2). The familiar oxygen transport “leghemoglobins”
(Lbs) common to the legume family evolved from “class 2" nsHbs
and still share ~40% sequence identity with nsHbs (compared to
less than 20% for red blood cell Hb and nonoxygen transport
Hbs in animals) (/3). Plant oxygen transport Hbs have also
evolved independently and much more recently from “class 1”7
nsHbs (19, 24, 25) (Figure 1). This more recent event has left pairs
of proteins that have different functions but share very similar
primary structures. An extreme example is found in Parasponia
andersonii (27) (a nonlegume which fixes N, in root nodules) and
Trema tomentosa (28) (which does not fix N»). Their Hbs are 93%

identical (differing in only 11 positions with no primary sequence
gaps), yet P. andersonii Hb (ParaHb) is a pentacoordinate oxygen
transporter and 7. tomentosa (TremaHDb) is predicted to be a
typical hexacoordinate nsHb (Figure 1).

ParaHb has been shown to be pentacoordinate in the ferrous
oxidation state and to have rate and affinity constants for oxygen
that are appropriate for transport (29, 30). However, little is
known about TremaHb or ferric ParaHb. The comparative
experiments presented here were designed to test whether these
proteins are truly as divergent in structure and chemistry as their
physiological expression would suggest or whether their behavior
mirrors the similarity of their sequence identity. The former result
would reveal a surprising difference in physical behavior for two
proteins sharing such high sequence identity, and the latter would
suggest that pentacoordinate oxygen transporters could play the
role of nsHbs and that hexacoordination per se is not an
important structural feature for their physiological function.

EXPERIMENTAL PROCEDURES

Production of Proteins. Recombinant rice nsHbl and
soybean Lba were produced as described previously (31, 32).
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Codon-optimized cDNA for P. andersonii (GenBank number
u27194) and T. tomentosa hemoglobins (GenBank number
1402313a) were synthesized by Epoch Biolabs using assembly
PCR. These cDNAs were inserted into a pET28a plasmid for
expression in the BL21 Star DE3 Escherichia coli strain. A second
sequence for T. tomentosa hemoglobin (GenBank number
y00296) was deposited more recently that differs from the former
by lacking the conserved Val''” amino acid. Both Trema cDNAs
were expressed in E. coli, but only the former (which included
Val''”) produced soluble hemoglobin.

The BL21 Star DE3 host strain was grown in 2 L Erlenmeyer
flasks that were inoculated using a 100 mL starter culture grown
overnight to saturation. The expression medium used was 1 L of
Terrific broth supplemented with 1 mL of 50 mg/mL kanamycin
per flask. The flasks were cultured at 37 °C while being shaken for
18—20 h at 250 rpm without induction before being harvested by
centrifugation (6000 rpm for 10 min). The collected cells were
lysed by homogenization before being purified in a three-step
process: (1) ammonium sulfate fractionation (60% and 90%), (2)
immobilized metal affinity chromatography (BD TALON),
and (3) size exclusion chromatography (HiPrep 26/60 Sephacryl
S-100 high resolution). Collected fractions were dialyzed into
10 mM Tris buffer and concentrated using Amicon Millipore
concentrators. Purification efficiency was measured by spectro-
scopic analysis of Soret/280 ratios. All absorbance spectra were
measured using either a Cary-50 Bio or an Ocean Optics
USB4000 spectrophotometer. Ferric protein was made by oxidiz-
ing each Hb with potassium ferricyanide followed by desalting
over a G-25 column. Ferrous hemoglobins were generated by
reducing ferric samples with sodium dithionite.

Kinetic Experiments. Flash photolysis and stopped-flow
reactions were used to measure CO binding for all proteins as
described previously (33, 34). Oxygen association and dissocia-
tion rate constants were measured by flash photolysis and rapid
mixing with CO, respectively (35). All kinetic traces were fit to
exponential decays using Igor Pro. Calculation of rate constants
for hexacoordination and CO binding used the method described
by Smagghe et al. (34). Affinity constants for azide were
measured using previously described methods (36).

Electrochemical and Quaternary Structure Analysis.
Midpoint reduction potentials were measured by potentiometric
titration using an apparatus described in detail previously (37).
The biphasic reduction curve exhibited by ParaHb was evident
under a range of conditions. This prompted our analysis of
the oligomeric state of the ferric proteins by equilibrium analy-
tical ultracentrifugation. This procedure followed one published
carlier (38) with the exception that a newer model Beckman
Coulter ProteomeLab XLA ultracentrifuge was used. Molecular
mass was calculated from the linear portions of the plots in
Figure 4 using eq 1, where M is molecular mass, r is the radial
position of the sample, v is partial specific volume (fixed at
0.72 mL/g), p is solvent density (fixed at 0.9982 g/mL), the
angular velocity @ = 3099 rads/s (29600 rpm), R = 8.31441 x
107 (g cm?)/(s* K mol), and T was 293 K.

~ M(1-vp)o? ,
In(Abs) = —SRT r (1)
RESULTS

The experiments presented here are designed to measure three
characteristics that distinguish the structure and reactivity of
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oxygen transport proteins from those of nsHbs. These character-
istics are endogenous histidine coordination in the ferric oxida-
tion state, endogenous histidine coordination in the ferrous
oxidation state, and the kinetics of oxygen binding. NsHbs are
hexacoordinate in both oxidation states, as described by the
reaction (33):

k—n ki
Hbypex < prem +L<Hb, (2)
ky 5%

In this equation, Hbyex and Hbyen are the hexacoordinate and
pentacoordinate forms of the Hb, and the rate constants for distal
histidine coordination (H) and exogenous ligand (L) binding are
written at the top (for association) and bottom (for dissociation)
of each step. The influence of distal histidine coordination on
equilibrium binding affinity can be evaluated by the equation:

KL, pent (3)

Ky =
eff 1+KH

Here Ky pen is k1 /1. (the affinity constant in the absence of the
influence of histidine coordination), and Ky (ky/k—y) is the
affinity constant for endogenous histidine coordination. Equa-
tion 3 predicts a decrease in affinity for exogenous ligand binding
when histidine coordination is tight.

The rates of exogenous ligand binding can be influenced by
histidine coordination as described by eq 4, which allows
measurement of ki and k_y; using appropriate ligands in the
ferric and ferrous oxidation states (33):

k- ki [L]

kos =7 7 4
T kntk-n+k[L] )

Equation 4 predicts a limited rate of exogenous ligand binding
when coordinated histidine dissociation is slow.

Coordination and Ligand Binding in the Ferric Oxida-
tion State. A principal distinction between oxygen transport
Hbs and nsHbs is hexacoordination in the latter, which is
generally much stronger in the ferric than the ferrous oxidation
state (21, 37). Coordination state is evident from the visible region
absorbance spectra in both oxidation states (39, 40) as exempli-
fied for hxHbs by rice nsHb and for pentacoordinate Hbs by
soybean Lba (Figure 2). The prominent band at 529 nm and
shoulder at 560 nm of rice nsHb are characteristic of a ferric, low-
spin hemichrome heme center. In contrast, the larger degree of
absorbance at 484 nm and the peak at 620 nm in the spectrum of
Lba are characteristic charge-transfer bands found in high-spin,
pentacoordinate ferric heme proteins. The absorbance spectra of
recombinant ParaHb is (as shown by Appleby et al. (19) for the
native protein) largely low spin (hexacoordinate) but with a
measurable fraction of high-spin character evident from a minor
620 nm absorbance band. However, TremaHb is entirely low spin
and functionally indistinguishable from rice nsHb.

To measure the impact of hexacoordination in ParaHb and
TremaHb, equilibrium affinities for the ferric ligand, azide, were
measured along with soybean Lba and rice nsHb as pentaco-
ordinate and hexacoordinate controls, respectively. The binding
curves for each are shown in Figure 2B. In these experiments, Lba
binds azide stoichiometrically with an affinity constant preclud-
ing measurement at this protein concentration (5 uM). The other
three proteins, however, bind azide with much lower affinities
(each constant is on the order of 3 mM), as would be expected
from eq 3 for hxHbs with higher values of K. The data in
Figure 2 reveal that TremaHb and ParaHb are predominately
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FiGure 2: Coordination and ligand binding in the ferric oxidation
state. (A) Absorbance spectra of oxidized TremaHb and rice nsHb
are typical of hexacoordinate, low-spin ferric hemoglobins. That
of soybean Lba is characteristic of a high-spin, pentacoordinate
complex. The ParaHb spectrum represents a mixture of high- and
low-spin heme. (B) Azide binding to each protein shows that
TremaHb, ParaHb, and rice nsHb bind with much lower affinity
than soybean Lba, indicating competition from histidine coordina-
tion in the former three Hbs.

hexacoordinate in the ferric oxidation states. Thus, they share
similarity to nsHbs rather than Lbs for this property.

Coordination and Ligand Binding in the Ferrous Oxida-
tion State. Heme coordination in the ferrous oxidation state is
evident from splitting of the visible bands seen in low-spin
complexes. Bishistidyl ferrous heme coordination results in
prominent peaks at 528 and 556 nm that resemble the visible
spectrum of cytochrome bs. Figure 3A shows the absorbance
spectra of rice nsHb, ParaHb, and TremaHb in this region. To
provide a reference for the degree of histidine coordination in
these proteins, absorbance spectra for human neuroglobin (Ngb)
(fraction of coordination ~1) and Lba (fraction of coordination ~0)
are included. The ratio of absorbance at 555 nm to that at
540 nm has been shown to reflect the fraction of hexacoordina-
tion (34) (Figure 3B). The line in Figure 3B was established
empirically for this relationship (34). These data estimate that
both TremaHb and ParaHb are fractionally coordinated at a
ratio less than 0.2.

The low degree of ferrous hexacoordination in TremaHb and
ParaHb is supported by the kinetics of CO binding. Figure 3C
demonstrates the effect of histidine coordination in rice nsHb,
showing CO binding time courses for [CO] ranging from 12 to
500 uM. In each case (Figure 3C—E), the y-axes are normalized
to absorbance change expected for the reaction. The time courses
for rice nsHb are relatively slow, show appreciable loss of
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amplitude only at the highest [CO], and coalesce to a concentra-
tion-independent rate constant as [CO] is raised (Figure 3F).
These phenomena are characteristic of hexacoordination as
exhibited by rice nsHb, described by eq 4 when Ky is appreciable,
and kg and k_y are on the order of k' (34). In contrast, CO
binding to ParaHb (Figure 3D) and TremaHb (Figure 3E) is
much faster, and the majority of the absorbance change is lost in
the dead time of the reaction at even moderate [CO] (the
maximum [CO] in Figure 3D,E is 125 uM). Furthermore, there
is a linear relationship between the observed rate constants and
[COJ. Lba is not included in Figure 3 because its rate of CO
binding is too fast for analysis by rapid mixing. These character-
istics are common to bimolecular CO binding in the absence of
appreciable Ky and demonstrate that ParaHb and TremaHb
resemble Lba and other pentacoordinate Hbs in the ferrous
oxidation state.

Values of k_y, can be estimated from the data in Figure 3 by
examination of the rate constant for binding to the slower
fraction (~15%) at the highest [CO] (34). These values are
reported in Table 1 along with the bimolecular rate constants
for CO association. Knowing k_yj, and Ky allows an estimation
of the rate constant for histidine binding (kyy,), which is also
reported in Table 1.

Electrochemical Analysis. Binding of the distal histidine to
form a bishistidyl heme complex is generally favored more in the
ferric oxidation state than the ferrous (27). The data above
suggest that hexacoordination is significant in ferric TremaHb
and ParaHb but not in the ferrous forms of each protein. Asis the
case for other hexacoordinate heme proteins, this should result in
midpoint reduction potentials that are more negative than for
Hbs that are strictly pentacoordinate (37). To test this hypothesis,
potentiometric titration was used to measure the midpoint
reduction potentials for ParaHb and TremaHb compared to
Lba and rice nsHb. As demonstrated previously (37), the mid-
point reduction potential for rice nsHb is =132 mV (versus SHE),
and that of Lba is +13 mV. As expected for histidine coordination
preferentially in the ferric oxidation state, the midpoint reduction
potential for TremaHb is —138 mV. Surprisingly, the ParaHb
redox titration is biphasic, with 50% of the population having a
midpoint reduction potential of 0 mV and 50% at —150 mV.

There are many ways in which heme coordination by histidine
can influence midpoint reduction potentials in hxHbs. For
example, differential coordination strength in the ferric and
ferrous oxidation states leads to lower reduction potentials in
all hxHbs due to tighter binding in the ferric oxidation state (37).
However, none of the known reactions can account for biphasic
equilibrium redox titration curves, as they are all at rapid
exchange on the time scale of a potentiometric titration and
would result in an observed average behavior. A mechanistic
explanation for biphasic redox titration requires the assumption
of dissimilar heme sites that are not interconverting. Alterna-
tively, but less likely, the same result would be expected from a
change in coordination state slower than the time scale (hours) of
the experiment.

Two dissimilar heme sites are difficult to rationalize with a
monomeric Hb (like Lba). Likewise, rice nsHb has a dissociation
equilibrium constant for dimerization of 86 uM (38), leaving it
mostly monomeric in our experiments (5 yuM in Hb con-
centration). However, the original purification of native ParaHb
reported it as a “readily dissociable dimer” (19). Our potentio-
metric titration results would be easier to explain if in fact
ParaHb had a much lower Kp, for dimerization. This possibility
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FiGuRrE 3: Coordination and ligand binding in the ferrous oxidation state. (A) Absorbance spectra of each Hb in the ferrous oxidation state are
compared to human neuroglobin (Ngb) which is completely hexacoordinate in ferrous oxidation state. (B) Empirical quantification of the ratio of
absorbance at 555 nm/540 nm indicates that ParaHb and TremaHb have a fraction of histidine coordination of <0.2. (C—E) Time courses for CO
binding to each Hb at varying [CO] reveal the fraction of hexacoordinate Hb and the rate constants for histidine binding and dissociation. (F) The
concentration dependence of the observed rate constant for the fast phase of CO binding to each Hb shows that ParaHb and TremaHb are

predominately pentacoordinate, and rice nsHb has an appreciable fraction of hexacoordinate heme.

was measured using equilibrium analytical ultracentrifugation to
analyze the quaternary structure of ferric ParaHb and TremaHb
(Figure 4B). In this experiment, rice nsHb, TremaHb, and
ParaHb were analyzed at a concentration of 5 uM (in heme).
At this concentration, rice nsHb is mainly monomeric and has an
apparent molecular mass of 17.3 kDa. However, at the same
concentration, TremaHb and ParaHb have molecular masses of
32.8 and 31 kDa, respectively, indicating that they are largely
dimeric even at this low concentration. From these dataand eq 1,
it can be estimated that Kp values for dimerization for these
proteins are no greater than 1 yuM. These results show that
ParaHb is in fact dimeric in our potentiometric titration experi-
ments and make asymmetric heme sites a plausible cause of the
biphasic redox titration curve observed for this protein.

Table 1
ferrous ligand binding and hexacoordination values
K copent @M ™57 OOl I Y (| K
Lba 13 ~0
rice Hb 6.8 75 40 1.9
ParaHb 10 ~T¢ ~70° ~0.1¢
TremaHb 43 ~5° ~50" ~0.1

“Estimated from the ferrous absorption spectrum and the amplitude of
CO binding at high [CO]. “kops at high [CO]. “Estimated from Ky and k_y.

Oxygen Binding. Our results so far suggest that in the ferric
oxidation state TremaHb and ParaHb resemble nsHbs, but in the
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FIGURE 4: Potentiometric titrations and equilibrium analytical ultra-
centrifugation analysis. (A) Nernst plots of potentiometric titrations
were used to measure the ferrous/ferric redox potential for each Hb.
(B) Each ferric Hb was analyzed at 5 uM by equilibrium analytical
ultracentrifugation monitored at 410 nm. The slopes of the plots for
ParaHb and TremaHb indicate a tighter dimer than that observed for
rice nsHb.

ferrous state, they both share more similarity with pentacoordi-
nate oxygen transporters like Lba. Our final test to distinguish
between oxygen transport Hbs and typical hexacoordinate Hbs
is a measurement of oxygen affinity and kinetics. ParaHb has
kinetic and affinity constants for oxygen similar to Lbs (12, 29).
To compare these results with those of TremaHb, Figure SA
shows oxygen binding (following flash photolysis), and Figure 5B
shows time courses for oxygen dissociation for both proteins
(again with Lba and rice nsHb as controls). The association
rate constants for TremaHb and ParaHb are similar (210 and
170 uM ™" 57", respectively). However, the oxygen dissociation
rate constants are quite distinct at 0.38 and 12's', respectively.
This 30-fold difference in respective oxygen dissociation rate
constants is a clear functional distinction between ParaHb and
TremaHb. The oxygen dissociation rate constant for TremaHb
(0.38s~") groups it with the nsHbs, and the rate constant for Para
Hb (12 s ') is consistent with the oxygen transport function of
the Lbs (Table 2).

DISCUSSION

The rationale for this investigation was the high level of
sequence similarity between ParaHb, a typical plant oxygen
transport protein, and TremaHb, which is predicted to be distinct
from known oxygen transporters in heme coordination and
oxygen binding kinetics. There were two possible outcomes
anticipated. The first was that TremaHb could have been
identical to ParaHb in its behavior, implying that the physical
differences between nsHbs and oxygen transport Hbs are not
necessary for nsHb function, which would mean that oxygen
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FIGURE 5: Kinetics of oxygen binding to ParaHb and TremaHb.
(A) Time courses for oxygen association and (B) dissociation for
ParaHb, TremaHDb, rice nsHb, and soybean Lba in air. The dissocia-
tion curves in (B) were measured against displacement by | mM CO.

Table 2

k/Oz.pcnt ka KOZ.pcnl KOZ

protein @M~ s ) @M @M

rice Hbl 60 0.038 1600 540
soybean Lba 130 5.6 23 23
T. tomentosa 210 0.38 550 500
P. andersonii (native) 165 15 11 11
P. andersonii (recombinant) 170 12 14 13

transporters could possibly function as nsHbs. The second
possible outcome was a difference between the two proteins,
demonstrating that a surprisingly small number of amino acid
changes are responsible for a large shift in structure and function.
With respect to oxygen binding, our results support the latter
conclusion. The oxygen affinity and binding kinetics of TremaHb
are not suitable for oxygen transport and completely in line with
class 1 nsHbs. However, with respect to hexacoordination, the
conclusions are mixed; both Hbs are predominately hexacoordi-
nate in the ferric oxidation state and mostly pentacoordinate in
the ferrous oxidation state. They are distinct from other nsHbs in
having ~20-fold (class 1) or ~800-fold (class 2) lower affinities
for ferrous distal histidine coordination. Furthermore, in con-
trast to both Lbs and class 1 nsHbs, ParaHb and TremaHb are
tightly associated dimers. The implications of these results to the
evolution of oxygen transport Hbs are discussed below.
Independent Evolution of Oxygen Transport Hbs in Plants:
Class I versus Class 2 Oxygen Transport Hemoglobins.
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Table 3

kHZ k—HZ klO;.penl kOZ Koz.pem KOZ
protein ) 6T K @M7T'sTh) 57 @M (M

class 1 nsHbs 130 75 1.7 67 0.14 1200 410

rice Hb E7L 620 51 12 12
class 2 nsHbs 1500 25 84 76 1.1 260 2.9
plant oxygen transporters 230 13 20 20
Lba E7V 400 24 17 17

The two phylogenetic classes of nsHbs that have given rise to
oxygen transport globins have distinct physical attributes, in-
cluding the degree of hexacoordination found in each and their
affinity constants for oxygen (Table 3) (12). In contrast, ParaHb
and Lbs (which evolved from class 1 and class 2 nsHbs, respec-
tively) are similar in their affinities for oxygen, and both lack
significant histidine coordination in the ferrous oxidation state.
The convergence of similar oxygen transport globins from dis-
similar starting points required different molecular changes in
each class of nsHb. In an effort to compare the molecular mechan-
isms that lead to the development of plant oxygen transport
globins, average values for the rate and affinity constants for
ferrous hexacoordination and oxygen binding for each nsHb
class are provided in Table 3 along with rate and affinity constants
for oxygen binding to the plant oxygen transport Hbs (taken from
Smagghe et al. (12)).

If we choose to define the requirements of an oxygen transport
Hb based solely on affinity and kinetics of oxygen binding, class 2
nsHbs are not far off the mark. With equilibrium constants
averaging 3 uM ' and dissociation rate constants averaging
115", they would require only slight modification to attain the
values shared by the Lbs. On the other hand, class 1 nsHbs would
have to significantly lower their affinity for oxygen (by ~20-fold)
and increase their oxygen dissociation rate constants (~10-fold).
In addition to these changes is the apparent requirement of a
pentacoordinate ferrous heme, based on the knowledge that all
observed oxygen transporter Hbs are pentacoordinate in this
oxidation state.

One possibility for overcoming the challenges of designing affi-
nity, kinetics, and coordination is to change the distal histidine to
an amino acid that cannot coordinate the heme iron. In fact, the
mutant protein E7L of rice nsHb (in which the distal histidine is
replaced by leucine) meets all of these requirements for oxygen
transport (4/) (Table 3). Likewise, histidine substitution muta-
tions in soybean Lba are well suited for oxygen transport based
on these criteria (35) (Table 3). However, all oxygen transport
Hbs in plants (and in nearly all other organisms) not only are
pentacoordinate but also contain histidine at position E7 near
the ligand binding site. When considering the constraints of
pentacoordinate ferrous heme and a nearby distal histidine, the
act of converting both classes of nsHbs to oxygen transporters
involves reducing the oxygen affinity values presented in Table 3
for class 1 and class 2 nsHbs (Ko, pent) to ~20 uM ™" The oxygen
affinities can be lowered by increasing the oxygen dissociation
rate constant by ~90- and ~12-fold for class 1 and 2 nsHbs,
respectively.

The molecular details resulting in the changes in oxygen
dissociation rate constants are still unclear, though some hints
are provided from biophysical studies of Lbs and nsHbs. Oxygen
release can be controlled by hydrogen bonding with the distal
histidine (42), by the nature of the proximal histidine—heme
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bond (43—45), and by control of geminate rebinding through
cavities and tunnels in the protein matrix surrounding the
heme (46, 47). Previous research indicates that the distal histidine
in class 2 nsHbs hydrogen bonds with bound oxygen (12), but the
distal histidine present in soybean Lba does not form this same
hydrogen bond (31, 35). This suggests that the evolution of
oxygen transport in class 2 Hbs resulted, at least in part, from the
loss of oxygen stabilization by the distal histidine. However, until
other class 2 nsHbs and Lbs are examined, this conclusion is
tentative because of potentially different mechanisms for regulat-
ing oxygen affinity in other Lbs (30, 48).

It is also known that class 1 nsHbs use a hydrogen bond to
stabilize bound oxygen (49, 50). Whether loss of this hydrogen
bond causes the decrease in oxygen affinity in ParaHb has
not been addressed but could be tested by analysis of ParaHb
and TremaHb distal His mutant proteins. If the loss of this
hydrogen bond were key to modulating oxygen affinity, it would
be expected that distal His mutation in TremaHb would increase
the oxygen dissociation rate constant, but that in ParaHb would
not. However, a comparison of the amino acid sequences of
these proteins reveals no obvious suspects that might influence
oxygen dissociation rate constants between the two, or that
would suggest a mechanism for regulating oxygen affinity
(Figure 1). Both have Phe at position B10 (36), an apolar side
chain at position F7 (45, 51), and there are no substitutions
predicted to be closer than ~10 A to the distal heme pocket.
Thus, a molecular explanation for the nearly 50-fold difference
in oxygen affinity between ParaHb and TremaHb will require a
detailed study of the structures of these Hbs and the behavior of
key mutant proteins derived from each.

Why Are Oxygen Transport Hbs Pentacoordinate and
Why Do They Retain a Distal Histidine? It has been
proposed that oxygen transport Hbs evolved from hexacoordi-
nate hemoglobins (hxHbs) in both plants and animals (19, 20, 52).
In both cases, the functions of the precursor hxHbs are not
yet clear, and the necessity of hexacoordination is accordingly
unknown (12, 53). The oxygen transport Hbs that evolved from
them share similar features of pentacoordinate ferrous heme,
relatively rapid oxygen dissociation, and in nearly all cases a
distal histidine. The few exceptions among known oxygen
transporters have substitutions of glutamine, which is capable
of electrostatic interactions with ligands similar to but somewhat
weaker than histidine (54—56). The requirement of a pentacoor-
dinate ferrous heme is probably due to the effect of hexacoordi-
nation on heme oxidation, as it has been shown that both plant
and animal hxHbs oxidize significantly faster than oxygen
transport Hbs (15, 36). For example, a bishistidyl myoglobin
mutant protein oxidizes much more rapidly than the wild-type
protein (57). The reason for this could be due to the ability of the
bishistidyl heme center to more rapidly transfer electrons (58) or
to the more negative reduction potentials that accompany dispro-
portionately strong ferric distal histidine coordination (15, 37).

The requirement for a distal histidine arises from the need for
stabilization of bound oxygen (in some Hbs), ligand discrimina-
tion, and slowing of heme oxidation and subsequent hemin
dissociation (59, 60). The examples given above of the His E7TL
mutant proteins of rice nsHb and soybean Lba have appropriate
kinetic and equilibrium constants for oxygen transport, but they
are much poorer than their respective wild-type proteins in
discriminating for oxygen against other potential ligands like
carbon monoxide (4/). Likewise, replacement of the distal
histidine in most Hbs increases heme oxidation due to lower
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oxygen affinity and increased solvent access to the heme pocket
(42, 61). Thus, oxygen transport Hbs require that histidine
be located precariously near the ligand binding site but not so
near as to coordinate the ferrous heme iron. This requirement of
the cognate globin reveals that the architecture of oxygen
transport proteins is a delicate balance of structure and coordi-
nation that is highlighted in comparison to their hxHb evolu-
tionary precursors.
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