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ABSTRACT

During the course of a plant’s life cycle, there are times when oxygen is a finite resource
such as in rapidly growing and metabolizing tissue, in flooding, or in waterlogged root systems.
When this occurs the plant develops alternative means of respiration for survival in order
to cope with this hypoxic stress. The hypoxic plant cell will use nitrate and nitrite as
alternative terminal electron acceptors. Increasing levels of nitrite during hypoxia are
connected to higher NO levels within plants. However, in plants overexpressing Hbs
there is decreased NO emission. Previous studies have confirmed that the Class 1
phytoglobin, Rice nonsymbiotic hemoglobin (nsHb) 1, could convert nitrite to NO (1). Earlier
experiments have also shown the correlation between oxygen affinity and phytoglobin
class (2), as well as the ability of hemoglobins to perform the NO dioxygenase reaction
in hypoxic environments (3, 4). In fact, plants over-expressing class 1 phytoglobins during
hypoxia released less NO (3), and had higher metabolic activity (5) as compared to WT
plants. Taken all together, the nitrite reduction reaction presented a promising connection
between NO detoxification and maintaining redox balance within the plant cell. This thesis
project set out to investigate the relationship, if any, between phytoglobin class and nitrite
reduction to NO. To further understand and delineate the functions of the distinct classes of
phytoglobins, a comparative kinetic analysis of nitrite reduction across classes was
performed. Overall, the capacity of phytoglobins to reduce nitrite to NO appears to cluster
according to phytoglobin class, with class 1 being consistently high performers as compared
to animal hemoglobins, and the recently evolved symbiotic and leghemoglobin classes
being the least efficient at nitrite reduction.
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CHAPTER 1
INTRODUCTION

Phytoglobins

Hemoglobins (Hbs) are a group of proteins that exist throughout all kingdoms of life
(6–9). The main role and function of Hb is that of an oxygen-sensing and binding protein,
although other specialized functions have been attributed. This protein type is best
characterized as having a globin polypeptide encompassing a heme prosthetic group (6, 8).
While Hbs can be found throughout various life-forms, with their structure and function being
similarly varied, the focus of the research in this thesis research is on plant hemoglobins.
Recent literature has sought to clarify nomenclature surrounding various plant hemoglobins,
and as such, has published new terminology; henceforth, plant hemoglobins will be referred to
as phytoglobins (phytogbs) (10).
Phytoglobins can be separated into several distinct phylogenetic classes based on DNA
sequence, expression patterns, and function: Class 0 (phytogb0), Class 1 (phytogb1), Class 2
(phytogb2), Leghemoglobin (Lb), Symbiotic (SymPhytogb), and Class 3 (phytogb3) (10). The
symbiotic hemoglobins are found in the root nodules of infected non-leguminous plants, while
leghemoglobins are located within the root nodules of infected legumes. Both SymPhytogbs
and Lbs facilitate nitrogen fixation within the root nodules by scavenging oxygen, thereby
establishing a mutually beneficial relationship between the plant and the invading
Rhizobacteria (11). Classes 0, 1, 2, and 3, are all considered nonsymbiotic hemoglobin (nsHb)
in that they do not play a role in the symbiotic relationship between plant and bacteria. Instead
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nsHbs reversibly bind gaseous and small molecule ligands,
and are implicated in facilitating oxygen diffusion and
scavenging, modulating cellular metabolism, and possibly
maintaining energy status of plant cells (6–9).
The overall protein structure of phytogbs can be
described as traditional, with a globin polypeptide folded
around a heme prosthetic group (6, 8). The heme is a
protoporphyrin ring with an Iron (Fe) ion in the center.
While there are several kinds of protoporphyrin rings,
phytogbs

are

populated

almost

exclusively

with

protoporphyrin IX (also referred to as heme b) (12). The
protoporphyrin ring coordinates the iron ion using four of
its nitrogen atoms, one from each of the pyrrole rings (13).
The fifth and sometimes sixth axial coordination site is
occupied by an amino acid residue from the globin
polypeptide, and they are therefore referred to as a
pentacoordinate
Figure 1. Pentacoordinate
versus hexacoordinate
hemoglobins. Panel A shows the
open distal pocket of a
pentacoordinate hemoglobin.
Panel B shows the distal
histidine coordinating the heme
iron in the sixth position as is the
case for hexacoordinate
hemoglobins. Shown are Lba (A)
and Rice nsHb1 (B). Adapted
from (13).

and

hexacoordinate

hemoglobin,

respectively (Figure 1) (13). The fifth coordination site is
termed proximal whereas the sixth coordination site is
termed distal. The globular polypeptide of the phytogb is
made up of six to seven α-helices organized in a classical
3-over-3 fold known as a globin-fold with the exception of
the phytogb2 class which fold into a truncated 2-on-2 fold
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(13). These α helices are generally coded as A, B, C, E, F, G, and H (14, 15). The proximal
coordination site is located close to or at the eighth amino acid position of the F helix (F8) (16).
This residue is nearly always histidine and, as such, is called the proximal histidine. The distal
coordination site, known for being the ligand binding site, is located close to or at the seventh
amino acid position of the E helix (E7) (6, 16). The identity of this distal residue can vary, but
is commonly found to be histidine in hexacoordinate hemoglobins (hxHbs) (12–14, 16).
Dependent on the phytogb, the quaternary structure can be monomeric or a homodimer with a
1:1 ratio between the heme prosthetic group and globin (8, 12–14, 17).

Symbiotic plant hemoglobins

Symbiosis is the phenomena of two organisms working and cohabitating together in a
mutually beneficial relationship, as is the case of some classes of phytoglobins with Rhizobia
and Frankia bacteria (11). Symbiotic phytoglobins located in legumes are termed
leghemoglobins, while all others residing in non-legumes are termed symbiotic phytoglobins
(10). It is widely accepted that SymPhytogbs and Lbs evolved from hexacoordinate
hemoglobins, most likely the phytogb2 class, some 200 million years ago possibly to fulfil this
symbiotic niche within the root nodule (13, 16, 18, 19).

Leghemoglobins (Lbs)
Leghemoglobins are a class of phytoglobins that exist within legume plants from which
their name is derived. Lbs are produced in the nodules of infected legume plants in millimolar
concentrations (16). These nodules are the site of symbiosis between the legume and the
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Rhizobacteria. Within these root nodules, nitrogen fixation occurs which converts atmospheric
nitrogen into biologically useful forms that can be assimilated into proteins and other
molecules both for the bacteria and the plant. However, the cellular machinery responsible for
this in bacteria, the nitrogenase complex, is extremely oxygen-sensitive. Therefore, it is crucial
that the Rhizobia bacteria sequester or scavenge oxygen away from the nitrogenase complex.
Lb is able to reversibly bind oxygen within these root nodules, facilitating diffusion away from
the nitrogenase complex but still allowing oxygen flux for the sake of bacterial respiration (11,
16, 20).
Located within root nodules of the plant Glycine max, Soybean leghemoglobin (Lba)
partakes in symbiosis with Rhizobacteria (11, 16, 20). Lba is a monomeric 15.5 kDa protein
approximately 145 residues in length. The secondary structure is characterized by seven α
helices, A through H minus the D helix that are stacked in a classical 3-over-3 sandwich (15).
The heme b prosthetic group is coordinated axially by a proximal histidine in the F8 position
(16). A histidine residue is present in the distal E7 position, however it does not coordinate
leading to Lba’s classification as a pentacoordinate hemoglobin (pxHb) (15, 16). The
pentacoordinate nature can also be detected within the absorbance spectra of the ferrous
(reduced, Fe2+) Lba as evidenced by a single peak in the visible region at 555 nm (Table 1).
Leghemoglobin can reversibly bind various gaseous ligands with differing affinities.
In the ferrous state in the absence of other ligands, the distal histidine hydrogen bonds with a
water molecule. An incoming ligand must compete and displace this water molecule. Oxygen
is able to do this by hydrogen bonding with the distal histidine and forming a covalent bond
with the ferrous iron atom. The strength of the hydrogen bonding is what allows the Hb to
discern between gaseous ligands. Lba can reversibly bind O2 with k’O2 (on-rate) of 130 μM-1s-
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1

, kO2 (off-rate) of 5.6 s-1, and a KO2 (affinity

A

B

constant) of 23 μM-1 (15). The reaction
associated with pxHb and ligand binding is
shown in Scheme 1. The occurrence of a
high on-rate coupled with a low off-rate
further supports Lba’s role in facilitating
oxygen diffusion within root nodules (16).

Figure 2. Comparison of both distal and
Lba is able to bind oxygen more efficiently, proximal pockets of the active site in myoglobin
(A) and Soybean leghemoglobin (B). Adapted
as compared to myoglobin (Mb) whose on- from (16).
rate is 17 μM-1s-1, due to the stronger coordination of the heme iron to the proximal histidine.

Furthermore, Lba regulates ligand binding within the distal pocket via hydrogen bonding using
a tyrosine residue in the B10 position in conjunction with the distal histidine (Figure 2) (16).
k’L

Hbpx

⇄
kL

HbL

Scheme 1
Another gaseous ligand that Lba encounters in the root nodule environment is nitric
oxide (NO) which is produced during physiological conditions by the bacteroidal nitrate
reductase. Lba binds NO with an association constant, k’NO, of 170 μM-1s-1, and a dissociation
constant, kNO, of 0.0002 s-1. These values are indicative of extremely tight binding of the NO
ligand resulting in a very high affinity constant, KNO, of 9,000,000 μM-1 (15). These rates are
understandable considering the toxic effects NO molecules as free radicals have on cells when
left unchecked, a phenomena collectively referred to as nitrosative stress (21).

KL =

𝒌𝒌 𝐨𝐨𝐨𝐨

𝒌𝒌 𝐨𝐨𝐨𝐨𝐨𝐨

Equation 1
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Nonsymbiotic plant hemoglobins

Plant hemoglobins that don’t participate in symbiosis, but may or may not exist in
legumes, are termed nonsymbiotic hemoglobins (nsHbs). The nsHbs are further categorized
into separate classes based on their DNA sequences and expression patterns within plants;
those classes being class 0, class 1, class 2, and class 3 (10). The biochemical and biophysical
properties between the different classes of nsHbs vary, and so do their functions (6–9).
Although some phytogbs may overlap between classes and even between nsHbs and
SymPhytogbs due to sequence similarity for nsHbs but functional characteristics of
SymPhytogbs, such is the case with Parasponia SymPhytogb (10).
Nonsymbiotic phytoglobins are widespread in the plant kingdom, being found in land
plants, bryophytes, and algae. Angiosperms, both monocots and dicots, are replete with both
phytogb1 and phytogb2. While so far only class 0 phytogbs have been found in gymnosperms.
Class 0 phytogbs also reside in algae and bryophytes. Truncated phytoglobins (class 3) can be
found in the tissues of algae and land plants, although this class so far has not been as
extensively researched as class 1 and 2 (10).
Although each phytoglobin class is present in certain plant types, the same cannot be
said for the protein’s expression pattern within plant organisms. Nonsymbiotic phytoglobins
can be expressed in a variety of tissues such as roots, stems, leaves, seeds, embryonic tissue
(6, 11, 13, 22–27), and even more specialized structures such as aleurone tissue (27, 28),
aerenchyma (29), and sometimes root nodules (25). Within the plant cell, phytoglobins have
also been found in the nucleus (23), plastids (30), and cytoplasm (26, 28, 31). Bearing in mind
the pervasiveness of phytoglobin expression within the plant organisms and the findings that
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protein expression seems preferentially induced within rapidly growing tissue (13, 27, 28), and
under stress conditions (3, 13, 19, 22, 25, 29, 31), it would seem that the biological functions
of nonsymbiotic phytoglobins are both essential to plant growth and development and to plant
survival in response to both biotic and abiotic stress. Further analysis on phytoglobin roles
within the plant will be reviewed later in the chapter with regards to individual phytoglobins
as protein localization varies, and circumstances that induce one phytogb can have the inverse
effect on another, indicating unique biological functions. Refer to Figure 3 for an overview of
all proposed phytoglobin functions.

Figure 3. Proposed biological functions of nonsymbiotic phytoglobins. Taken from (6).
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A feature unique to nonsymbiotic phytoglobins is the hexacoordination of the heme
group (13). As is the case with Lba, the heme is coordinated proximally by a conserved
histidine in the F8 position (16). However, in the distal pocket the heme is coordinated by a
second residue generally in the E7 position. This distal residue is commonly another conserved
histidine residue, although exceptions do exist (16). Other conserved residues worth
mentioning are those at the B10 and CD1 which are both phenylalanine residues (16). In order
for ligand binding to the heme iron to occur in the distal pocket of the active site, the distal

Figure 4. Reversible hexacoordination of phytoglobins. Adapted from (32).
histidine must first dissociate from the heme iron. Upon ligand dissociation and departure from
the heme iron, the coordinate covalent bond between the distal histidine and the heme iron can
be reestablished (Figure 4) (14, 16, 18). This flexible hexacoordination witnessed in nsHbs is
truly unique especially considering bis-histidyl coordination in other proteins such as
cytochrome b5 is irreversible. Reversible hexacoordination is possible in phytogbs because of
increased flexibility in the CD and EF loop regions allowing the E helix to move in a pistonlike motion (14, 18). The rate of reversible hexacoordination (Equation 2) can affect reaction
kinetics in that ligand binding would be limited by the speed at which the distal histidine
releases the heme iron, therefore the affinity constant expression is adjusted to take
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hexacoordination into account (Equation 3) (32). Hexacoordination was lost in later evolved
SymPhytogbs and Lbs due to amino acid substitutions and deletions in these key regions
resulting in shorter and more rigid CD and EF loops as well as a stabilization of the open
pentacoordinate state (14, 16, 18).

kH
KH =

KL
Equation 2

k -H

KL =

Equation 3

(1 + KH)

Class 0 phytoglobins
Nonsymbiotic phytoglobins that have neither sequence similarity nor comparable
oxygen affinity to class 1 or class 2 nsHbs are classified as class 0 (33, 34). The nsHbs of the
bryophytes are class 0, and phylogenetic analysis suggests that these phytogbs are the ancestral
predecessors of class 1 and 2 phytoglobins (33). In this research, the phytoglobin from moss
Physcomitrella patens was studied, and will be hereafter referred to as Moss Hb.
Moss hemoglobin is a monomeric 19.9 kDa protein approximately 180 residues in
length. The secondary structure is modeled to contain the typical six α helices albeit with Moss
Hb possessing a longer CD loop which is in line with the fact that Moss Hb is a more ancient
nsHb (33, 35). Spectroscopic analysis revealed a hexacoordinate heme with α and β band
maxima at 527 nm and 556 nm, respectively (Table 2). The distal (E7) and proximal (F8)
histidine residues are conserved and are the likely candidates to coordinate the heme.
Intriguingly, a tyrosine residue takes the place of a conserved phenylalanine in the CD1
position of Moss Hb. This TyrCD1 residue has been shown to influence the hexacoordination
of the heme iron, seemingly competing with the distal histidine to coordinate the heme (35).
Ligand binding studies on Moss Hb have demonstrated slow CO binding kinetics as well as
rapid autoxidation upon binding of O2, essentially excluding an oxygen transport function,
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leaving researchers to unsure as to the main function of these ancient phytoglobins
(unpublished work).

Class 1 phytoglobins
By far the most investigated class of nonsymbiotic phytoglobins, phytogb1
group has benefited from in-depth analysis of its biological role in plants. Class 1 nonsymbiotic
phytoglobins are expressed throughout the entirety of the plant organism. Overall, these
phytogb1 proteins are expressed at much lower concentrations, about micromolar range,
compared to their symbiotic counterparts (16). This class also possesses an extremely high
affinity for O2 and very low rates of oxygen dissociation, with affinity constants in the range
of 70 – 1000 μM-1 (2, 6). These features rule out functions such as oxygen transport and oxygen
sensing (6, 16, 27, 36). Phytogb1 genes are upregulated in plants exposed to stress conditions
such as light depravation, flooding, and hypoxia, which can indicate a role in energy
maintenance of the cell (3–5, 13, 16, 22, 27, 37). However, some phytogb1’s such as Rice
nsHb1 have been implicated in electron transport, and scavenging and detoxification of NO
due to the protein’s high reduction potential, induction by nitrate, nitrite, NO, and respiratory
inhibitors (4, 24, 37–39). For the sake of brevity, only phytogb1 proteins studied in the course
of the research (Barley nsHb1, Rice nsHb1, Soybean nsHb1) shall be addressed in this section.
Rice nonsymbiotic hemoglobin 1 is a homodimeric protein with each subunit being 166
residues long and roughly 18.4 kDa in size (17), however dimer formation is concentration
dependent and at in vivo concentrations the protein is likely to be in its monomeric form. Rice
nsHb1 has been shown to be localized to seeds, roots, and leaves, especially in rapidly growing
tissues (6, 13, 26, 36). This nsHb1 is induced by stress conditions such as hypoxia (28, 36),
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flooding (40), light depravation (40), as well as nitrate, nitrite, and NO, the latter two being
products of nitrate reduction by nitrate reductase (41). Oxygen binding studies have revealed
a k’O2 of 68 μM-1s-1, kO2 of 0.038 s-1, and an affinity constant of 1800 μM-1, which are all values
reminiscent of class 1 nonsymbiotic hemoglobins (17). Rice nsHb1 also binds other gaseous
ligands such as CO (17, 36, 42, 43) and NO (44). Notable reactions that are catalyzed by Rice
nsHb1 include NO dioxygenase reaction (NOD) (Figure 5) with an observed reaction rate of
90 s-1 (44), nitrite reduction to NO (1), and hydroxylamine reduction to ammonium (32, 45,
46), with bimolecular rate constants of 166 M-1s-1 and 25 mM-1s-1, respectively. See Reaction
(1) and Reaction (2) below.

Figure 5. NO reactions with hemoglobins. Taken
from (44).

Hb(II) + NO2¯ + H+  Hb(III) + NO + OH¯

(1)

2Hb(II) + NH2OH + 2H+  2Hb(III) + NH4+ + OH¯

(2)

Soybean nsHb1 is an 18 kDa, 161 residue protein that is expressed in stems, seeds,
roots, leaves, cotyledons, and at decreased levels in the root nodules (4, 13, 47). This nsHb has
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also been shown to express preferentially in regions undergoing elevated metabolic activity
possibly indicating a broad role in plant metabolism (47). The heme iron undergoes weak
hexacoordination coupled with very high oxygen affinity which are both marks of phytogb1.
Oxygen binding studies have shown a k’O2 of 59 μM-1s-1, kO2 of 0.013 s-1, and an KO2 of 4500
μM-1 (2). Soybean nsHb1 can also bind gaseous ligands such as CO (2).
Barley nonsymbiotic hemoglobin 1 is a homodimer with each subunit being 18.5 kDa
protein (18, 48) localized in root tissues and oxygen-deprived aleurone tissue (4, 8, 9, 13, 27,
28). It is induced by hypoxia (5, 8, 9, 27, 28), decline in ATP levels (5, 37), flooding (4),
respiratory inhibitors (37), and in plants given nitrate (4, 37). There is evidence that Barley
nsHb1 is involved in maintaining the energy status of the cell as data has shown that
overexpressing

Barley

nsHb1

have

higher

ATP:ADP ratio as compared to WT, whereas
suppression of the nsHb leads to higher ADP and
lower ATP levels when compared to WT cells (27).
These results led Hill to hypothesize a role for
Barley nsHb1 (Figure 6), operating with an
unknown reductase protein, in NADH oxidation
and turnover during periods of hypoxia (3, 5, 22,
27, 31). Oxygen binding studies have shown a k’O2
of 50 μM-1s-1, kO2 of 0.03 s-1, and an KO2 of 1700
μM-1 (2, 18). Barley nsHb1 can also bind gaseous
ligands such as CO (2, 18), and has demonstrated
NOD activity (49).

Figure 6. Proposed role of nsHb
induction in acclimation to and
survival in hypoxia. Taken from (31).
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Class 2 phytoglobins
Class 2 phytoglobins can be found in the stems, leaves, roots, flowers, and young fruits
of dicots, as well as during somatic embryogenesis (2, 4). Phytogb2 exhibit lower oxygen
affinities as compared to class 1 probably due to the stronger hexacoordination experienced in
class 2. The hexacoordination equilibrium constants, KH, of class 2 are 10-40 times larger than
those of class 1 (2, 25), and accordingly oxygen affinity constants are in the range of 2 – 9 μM1

(2). A role in plant hormone metabolism has been implicated for class 2 nsHbs based on their

upregulation by cytokinin, and there is evidence to suggest that phytogb2 expression influences
hormone function (4, 19, 25, 29). Phytogb2 are also induced by the cold, but not hypoxia
although overexpression improves plant survival during hypoxia (19, 34). Moreover, there has
been conjecture of NO-related functions considering their location and expression pattern
within the plant (4). The differences in factors controlling expression and oxygen affinities
suggest very different biological roles for phytogb1 and phytogb2. Case in point, class 2
phytoglobins have been linked to seed oil production as overexpression has led to a rise in
polyunsaturated fatty acids in seeds (34).
Chicory 1 nsHb is an 18.4 kDa protein, and is one of two class 2 phytoglobins present
in chicory plants. Expression of chicory 1 phytogb2 occurs during somatic embryogenesis and
appears to be a stress-induced (13, 30). Little work has been done beyond determining oxygen
binding kinetics which show k’O2 of 50 μM-1s-1, kO2 of 0.11 s-1, and an KO2 of 460 μM-1 (2).
Chicory 1 nsHb was also shown to bind gaseous ligands such as CO (2).
Tomato 2 nsHb is a 17.8 kDa, 156 residue class 2 phytoglobin expressed in both young
and mature leaves, but in decreasing abundance in older tissue, young stems, and in detectable
yet small amounts in all other plant tissue (50). Oxygen binding studies display rate constants
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in line with being a phytogb2 having a k’O2 of 45 μM-1s-1, kO2 of 0.4 s-1, and an KO2 of 113 μM1

(2). Tomato 2 nsHb also binds gaseous ligands such as CO, and exhibits much stronger

hexacoordination than Tomato 1 nsHb as evidenced by the 30-fold increase in KH (2). In
contrast to its class 1 counterpart, Tomato 2 nsHb is not induced by nutrient deprivation (50).
Thus, a biological function for Tomato 2 nsHb has not yet been established.

Class 3 phytoglobins
Phytoglobins traditionally possess six helices arranged in a 3-over-3 “sandwich”
tertiary structure. However, class 3 phytoglobins are organized into a 2-on-2 structure hence
the previous moniker of “truncated” nsHbs (2, 34). Unlike the name implies, these structures
are longer than those in class 1 and 2, so it comes as no surprise that phytogb3 bears very little
similarity to the other phytoglobin classes (2). In fact, class 3 phytoglobins bear more
resemblance to the truncated hemoglobins of bacteria (34). Class 3 phytoglobins are
omnipresent in the plant kingdom and are expressed in all plant tissue including the root
nodules of infected plants (21), and the highest expression levels appear in roots (51). And
while they may be expressed in the same locations as phytogb1 and phytogb2, induction does
not occur in response to hypoxia, instead these Hbs are downregulated by hypoxia (52).
Furthermore, there is some evidence to suggest phytogb3s are induced by auxin (51). Class 3
phytoglobins also differ from other classes in that their oxygen affinities are very low and they
demonstrate a slow hexa- to pentacoordinate transition not seen in other plant nsHbs (51, 52).
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Phytoglobins, Nitric Oxide, and Plant Hypoxia

During the course of a plant’s life cycle, there are times when oxygen is a finite resource
such as in rapidly growing and metabolizing tissue, in flooding, or in waterlogged root systems.
When this occurs the plant must have alternative means of respiration for survival in order to
cope with this hypoxic stress. To better elucidate these strategies, the hypoxic plant cell and
metabolic dangers posed by hypoxia must will be introduced in the following paragraph(s).
According to Gupta and Igamberdiev (39), anoxia is defined as the cytoplasmic oxygen
level at which cytochrome oxidase (COX) can no longer donate electrons to O2. Whereas
hypoxia is defined as the state in which cytoplasmic oxygen level is low enough to inhibit other
oxidases like alternative oxidase (AOX), but COX can still function in a reduced capacity. In
normoxia, the plant cell would use oxygen as its terminal electron acceptor. When oxygen
levels fall and this is no longer possible, the cell uses alternative electron acceptors. Nitrate
and nitrite are two possible alternatives (39). If none are available the cell will turn to
fermentative pathways (5).
Within the root system of plants there are two nitrate reductases (NR), one in the
cytoplasm (cNR) and one on the periplasmic membrane (PM-NR) facing the apoplast (31).
NRs are responsible for the conversion of nitrate to nitrite, and in turn, nitrite is assimilated to
ammonium in a six electron reduction catalyzed by nitrite reductase (NiR). However, the
suppression of NiR during hypoxia has been well documented, and by all indications nitrite
reduction to ammonia does not continue past this step, and assimilation into proteins is
unlikely. The inhibition of NiR and subsequent curtailing of nitrate assimilation signifies the
loss of a valuable player in NADH/NAD+ recycling. Without NADH oxidation, glycolysis will

16
not have the needed NAD+ to deposit electrons into, and this cycle too will be diminished
leading the cell down a path toward fermentation. However, research has shown that rice
coleoptiles grown on nitrate produce less ethanol than those given an assimilated nitrogen
source (i.e. ammonium) (31). The same phenomena was observed in soybean roots when fed
with nitrite (53) lending support to the notion that it is the reduction of nitrite produced by NR,
not nitrate, that lowered fermentative rates.
During hypoxia, there is a 2.5 fold increase in cNR activity which might help to explain
why metabolism swings away from ethanol and lactate forming fermentation pathways (31).
cNR is responsible for catalyzing the conversion of nitrate to nitrite, but it is also capable of
NO production from nitrite which is necessitated by the accumulation of nitrite in the cytosol
during hypoxia due to the suppression of NiR (22). In the apoplast, most nitrite is expected to
be converted to NO by the plasma membrane nitrite:NO reductase (Ni-NOR). Evidence that
plants grown on nitrite produce more NO and less fermentative products (53), and also have
increasing ATP/ADP levels, reinforces the concept of nitrite acting as a terminal electron
acceptor during hypoxia (39). On a subcellular level, there is also evidence demonstrating
nitrite reduction by mitochondrial complexes during hypoxia contributes to NAD(P)H
oxidation and higher ATP levels (39).

H+ + NAD(P)+

NAD(P)H
NO3¯

NO2¯
NR

NAD(P)H

H+ + NAD(P)+

NO2¯

NO
NR

Ni-NOR

Figure 7. Reaction schemes for nitrate reductase (NR) catalyzed reduction of nitrate to nitrite,
and the nitrate reductase (NR) and/or nitrite:NO reductase catalyzed reduction of nitrite to
nitric oxide.
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Expression of phytoglobins in plants has also been shown to facilitate NAD(P)H
oxidation and increase ATP synthesis (5, 21, 22, 27, 28, 31, 37, 49). Induction of phytoglobins
has been connected to falling ATP levels as well (37). Furthermore, hemoglobins expressed in
plants have been demonstrated to be effective NO scavengers and detoxifiers via the NO
dioxygenase reaction in which NO and oxygen are catalytically converted to nitrate, and by
the ability of the heme iron to tightly bind NO (4, 28, 44). In low oxygen environments where
phytoglobins can still bind due to their high oxygen affinity constants (2), although oxidative
phosphorylation may not be occurring, this reaction is still possible and vital to recycle nitrate

Figure 8. The Hb/NO cycle under low oxygen conditions. Taken
from (39).
in the hypoxic plant cell. This is termed the Hb/NO cycle. Nitric oxide’s role in the plant is
both vital and a threat. This gaseous molecule has been implicated in many signaling pathways
and in the regulation of numerous proteins. Control over this ligand is imperative as it is a free
radical capable of triggering cellular damage if left unchecked, a condition known as
nitrosative stress (4, 21, 22, 24, 25, 29, 34, 54, 55).
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Phytoglobins have also been revealed to act as nitrite reductases converting nitrite to
NO which quickly dissociates from the active site to rebind another ferrous protein (1). This
reaction is dependent on a ferrous phytoglobin and an in vivo reductant has yet to be universally
established for all plants, although there are some prospects (44, 49, 56). But this nitrite
reduction reaction raises the possibility that perhaps phytoglobins contribute to plant survival
during hypoxia by partaking in NADH oxidation directly or otherwise. It is also plausible that
the nitrite reduction reaction is an important part of the Hb/NO cycle. Increasing levels of
nitrite during hypoxia are connected to higher NO levels within plants, however in plants
overexpressing Hbs there is less NO emission. Phytoglobins could be controlling the levels of
NO by preemptively reducing the levels of nitrite within the plant cell. Even at hypoxic levels,
the phytoglobin can still acts as a NO dioxygenase scavenging the oxygen still present to
convert the NO back to nitrate. If this were the case, we would expect that the efficiency of
nitrite reduction to NO would correlate with oxygen affinity. And as correlations between
oxygen affinity and phytoglobin class have already been established (2), the goal of this thesis
research was to ascertain if nitrite reduction to NO is linked to phytoglobin class.
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CHAPTER 2
RESULTS

Spectroscopic Analysis of Hemoglobins

To both ensure viable proteins collected either from the -80°C freezer or newly
expressed and purified were used, spectroscopic analysis was done using a Cary 60
spectrophotometer, which was also used to characterize ferric vs ferrous and hexacoordinate
vs pentacoordinate states. The reference spectra obtained in the ferric, ferrous, ferric:NO, and
ferrous:NO states were used to construct component spectra waves in IgorPro. These
component spectra were manipulated using IgorPro software to fit the reaction endpoint
spectra in order to identify the species present at the end of the Hb nitrite reaction.
Ferrous protein was obtained by adding dithionite (DT) powder in excess, and
subsequent removal of excess DT by means of a G-25 desalting column. The spectra were
collected and compared to published results to confirm complete reduction. If published visible
spectra did not exist, then reduction was verified by binding of carbon monoxide (CO) and
observation of a complete shift to a CO-bound spectra as CO will not bind to the ferric protein.
Hexacoordinate hemoglobins in the deoxyferrous state are characterized by two peaks in the
visible region at approximately 530 nm and 560 nm, the α- and β-band, respectively (Table
2). This is typical of a low-spin heme iron. Whereas the pentacoordinate hemoglobins in the
deoxyferrous state are characterized by a single broad peak, referred to as a Q band, in the
visible region centered around 555 nm, this being emblematic of a high spin heme iron (Table
2).
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Ferric protein was obtained by adding crystals of potassium ferricyanide in excess, and
subsequent removal of excess potassium ferricyanide by means of a G-25 desalting column.
Hexacoordinate hemoglobins in the ferric state are characterized by a broad peak in place of
the α-band with the β-band being present only as a shoulder. Pentacoordinate hemoglobins in
the ferric state possess two weak Q bands, one being broadly centered around 500 – 550 nm
and another at about 600 – 650 nm. These descriptions of ferric spectra typify the heme iron’s
low-spin state and high-spin state found in hexacoordinate and pentacoordinate hemoglobins,
respectively.
Spectra for NO-bound hemoglobins were achieved by mixing 2 mM NO-saturated
buffer in a 1:1 ratio with the hemoglobin sample. Ferrous NO-bound Hb spectra are generally
characterized by a broad peak between 530 nm and 580nm, however for some hemoglobins
this broad peak is broken up by two very shallow peaks. Ferric NO-bound Hb spectra are
different in that it has two very distinct peaks in the visible region at approximately 530 and
565 nm.

Symbiotic Phytoglobin

A

B

Figure 9. Soy leghemoglobin spectra. Panel A shows the ferrous and ferrous:NO
bound states. Panel B shows the ferric and ferric:NO bound states. Note the
characteristic high-spin character of the heme iron in the pentacoordinate ferrous
and ferric state.
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Class 0 Phytoglobin

A

B

Figure 10. Moss leghemoglobin spectra. Panel A shows the ferrous and ferrous:NO
bound states. Panel B shows the ferric and ferric:NO bound states.

Class 1 Phytoglobins

A

B

Figure 11. Barley nsHb1 spectra. Panel A shows the ferrous and ferrous:NO bound states.
Panel B shows the ferric and ferric:NO bound states.
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B

A

Figure 12. Rice nsHb1 spectra. Panel A shows the ferrous and ferrous:NO bound states.
Panel B shows the ferric and ferric:NO bound states.

A

B

Figure 13. Soybean nsHb1 spectra. Panel A shows the ferrous and ferrous:NO
bound states. Panel B shows the ferric and ferric:NO bound states.
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Class 2 Phytoglobins

A

B

Figure 14. Chicory I Hb spectra. Panel A shows the ferrous and ferrous:NO bound
states. Panel B shows the ferric and ferric:NO bound states. Note the characteristic
low-spin character of the heme iron in the hexacoordinate ferrous and ferric state.

A

B

Figure 15. Tomato 2 Hb spectra. Panel A shows the ferrous and ferrous:NO bound
states. Panel B shows the ferric and ferric:NO bound states.
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Class 3 Phytoglobin

A

B

Figure 16. Rice 3 Hb spectra. Panel A shows the ferrous and ferrous:NO bound
states. Panel B shows the ferric and ferric:NO bound states.

Truncated Hemoglobin

A

B

Figure 17. Synechocystis truncated hemoglobin spectra. Panel A shows the ferrous and
ferrous:NO bound states. Panel B shows the ferric and ferric:NO bound states.
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Reactions of Hemoglobins with Nitrite

Prior investigation into the nitrite reductase ability of deoxyferrous hexacoordinate Hbs
has laid the groundwork for our mechanistic understanding of this reaction (1, 57). There are
two separate processes at play within phytoglobin’s reduction of nitrite to NO. The first being
the two electron reduction of nitrite to NO by the deoxyferrous hemoglobin. And the second
process being the release of NO by ferric Hb followed by immediate rebinding of NO to
another ferrous heme. This reaction as a whole was described previously in Chapter 1 of this
thesis, see Reaction (1), but is repeated and further refined here:

kNO2Hb(II) + NO2¯ + H+

Hb(III) + NO + OH¯

(3)

kNO
(II)

Hb

+ NO

Hb(II):NO

(4)

The release of NO from the ferric heme is fast as compared to the reaction of the deoxyferrous
heme with nitrite which has been demonstrated with neuroglobin, whose NO off-rate constant
(kNO = 6.2 s-1) is much larger than any of the observed rate constants listed in this thesis chapter
(1) . However, the reaction with phytoglobins does not release detectable levels of NO as
determined by an NO electrode (1). This result, or lack thereof, is reasonable when considering
that ferrous hemoglobin’s affinity for the NO ligand is extremely large (15, 58). Hence, the
proposed and kinetically sensible chain of events entails the reaction of ferrous phytogb with
nitrite resulting in the release of NO from the ferric heme which, in turn, goes on to
immediately bind another ferrous phytogb.
In view of the sequence of events described above, the associated kinetics can be
streamlined if consideration is paid to two assumptions. The first being that Reaction (3) is the
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rate-limiting step, thereby permitting reaction kinetics to be tracked via the oxidation of ferrous
Hb. This is an allowable assumption because the ferric Hb NO off-rate and ferrous Hb NO
binding affinity are so much greater than the kNO2- of the nitrite reduction reaction. The second
assumption is that Reaction (4) is irreversible. This is a rational assumption again due to ferrous
hemoglobin’s very high NO binding affinity (58). Under our reaction conditions, this explains
why the reaction reaches its endpoint upon binding of NO to all available ferrous Hb protein.
This rapid binding of NO to remaining ferrous Hb also means that the reaction consumes two
hemoglobin molecules per one nitrite molecule reduced. Using pseudo-first order conditions,
the observed rate constants of the Reactions (3) and (4) can be traced via the disappearance of
deoxyferrous Hb and are described in Equation 4:

-dHb(II)
dt

= 2kNO2- [Hb(II)][NO2̄ ]

Equation 4

This stoichiometric relationship was corroborated by measuring observed rate constants for the
nitrite reaction in the presence of excess reductant and finding them to be approximately half
of previously determined kobs at that nitrite concentration (1). Bimolecular rate constants can
then ascertained by plotting kobs as a function of nitrite concentration (Table 6).

Reaction endpoint
Upon the addition of nitrite to deoxyferrous hemoglobin, oxidation of the ferrous
spectra commenced until the reaction reached an endpoint presumably composed of
ferrous:NO and ferric Hb. Panel A of Figures 18 – 26 depict the absorbance changes in the
α/β bands of hxHbs or the Soret band of pxHbs. Component spectra with percent contributions
from ferrous:NO and ferric Hb were manipulated in IgorPro until they corresponded to the
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reaction endpoint spectra. Panel C of Figures 18 – 26 show the component spectra overlaid on
top of the reaction endpoint spectra along with the individual ferrous:NO and ferric Hb
reference spectra. The reaction endpoints for anaerobic nitrite reduction by phytoglobins are
on average 55% ferric and 45% ferrous:NO Hb. This evidence supports the finding that
deoxyferrous Hb reacts with nitrite to form ferric Hb and ferrous:NO Hb regardless of
phytoglobin class. Refer to Table 3 for results specific to each Hb.

Kinetics of Nitrite Reduction to NO
To measure the observed rate constant (kobs) of deoxyferrous hemoglobin’s anaerobic
reduction of nitrite to NO, time courses of the reaction progress from deoxyferrous state to the
reaction endpoint were measured every 15 – 30 seconds for a 10 to 25 minute period by
following the decrease in the β-band of the deoxyferrous hexacoordinate Hb spectra or by the
rise of the Soret band of the reaction endpoint pentacoordinate Hb spectra. Panel B of Figures
18 – 26 show the time course of the reaction depicted in Panel A for each of the Hbs. These
time courses were normalized against their own endpoints. A single exponential fit was
calculated for each time course to obtain the kobs, measured in s-1. Every reaction for each nitrite
concentration was performed at least three times, so that the average and standard deviation
could be calculated.
To measure the bimolecular rate constant (kNO2-), the reaction was performed with
varying nitrite concentrations ranging from 50 μM to 300 μM. The average kobs was graphed
as a function of nitrite concentration, and the slope of the line represented the kNO2- measured
in M-1s-1 (Table 3). Panel D of Figures 18 – 26 shows the plots of kobs as a function of nitrite.
Standard deviations are depicted as error bars.
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Comparison of the nitrite reduction between phytoglobin classes reveals somewhat
conflicting results. Class 1 phytoglobins seem to exhibit similar reaction rates of nitrite
reduction with Barley nsHb1, Rice nsHb1, and Soybean nsHb1, producing bimolecular rate
constants of 81.9 M-1s-1, 85.1 M-1s-1, and 125.9 M-1s-1, respectively. The average kNO2- for class
1 is ~100 M-1s-1. The kNO2- calculated for Rice nsHb1 differs slightly from the previously
published result of 166 M-1s-1 (1). When repeating the experiment for Rice nsHb1 in the
presence of DT, the bimolecular rate constant obtained was approximately 35 M-1s-1 which is
expected according to Equation 4 (Figure 20). Therefore, the difference in kNO2- is not
noteworthy and may only be indicative of variance in protein preparation. The class 0
phytoglobin from moss Physcomitrella patens was also able to reduce nitrite to NO with a

kNO2- of 173.7 M-1s-1. Moss Hb therefore is not considerably different from Class 1
phytoglobins. Conversely, Class 2 phytoglobins were not consistent within their class. Tomato
2 Hb reduced nitrite to NO with a kNO2- of 35.1 M-1s-1 while Chicory I Hb had the highest
recorded kNO2- of the study at 219.0 M-1s-1, which is more than two-fold greater than the
average kNO2- for class 1 phytogbs. Lba was tested for nitrite reduction as a representative
symbiotic hemoglobin resulting in a kNO2- of 27.4 M-1s-1. Rice 3 Hb from class 3 was measured
for nitrite reduction and was found to be the slowest reaction with a kNO2- of 14.3 M-1s-1. Class
3 are most divergent to all other phytoglobins in terms of sequence similarity; so to test a
hemoglobin considered analogous to class 3, a truncated bacterial hemoglobin from
Synechocystis was tested as well. The kNO2- of SynHb was determined to be 28.1 M-1s-1.
Unfortunately, this result is noticeably lower than a previously reported value (1), and could
be attributable to protein degradation over a period time in deep freeze.
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Data tables of observed rate constants
Class 0 phytoglobins
[Nitrite]
(µM)
50
100
150
200
250
300

Moss Hb
kobs
SD
-1
s
0.02238
0.03144
0.03532
0.04786
0.05226
0.06277

0.00036
0.00075
0.00053
0.00095
0.00108
0.00289

Class 1 phytoglobins
[Nitrite]
(µM)
50
100
150
200
250
300

Barley nsHb1
kobs
SD
-1
(s )
0.00513
0.00811
0.01273
0.01590
0.02230
0.02300

0.00056
0.00114
0.00086
0.00096
0.00118
0.00150

Leghemoglobin
[Nitrite]

Lba
SD

(µM)

kobs
(s-1)

50
100
150
200
250
300

0.00194
0.00319
0.00440
0.00613
0.00739
0.00865

0.00011
0.00024
0.00032
0.00020
0.00036
0.00015

Rice nsHb1
kobs
SD
-1
(s )
0.00613
0.01235
0.01394
0.01985
0.02239
0.02870

0.00016
0.00138
0.00263
0.00398
0.00381
0.00547

Soybean nsHb1
kobs
SD
-1
(s )
0.00912
0.01518
0.02224
0.02650
0.03590
0.03990

0.00217
0.00300
0.00290
0.00167
0.00045
0.00186
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Class 2 Phytoglobins
[Nitrite]
(µM)
50
100
150
200
300

Chicory I nsHb
kobs
SD
-1
(s )
0.01467
0.02547
0.03964
0.04643

0.00118
0.00203
0.00331
0.00406

Tomato 2 nsHb
kobs
SD
-1
(s )
0.00379
0.00543
0.00699
0.00890
0.01083

0.00021
0.00030
0.00044
0.00020
0.00075

Class 3 Phytoglobin/Truncated
[Nitrite]
(µM)
100
150
200
250

Rice 3 nsHb
kobs
SD
-1
(s )
0.00193
0.00287
0.00363
0.00391

0.00017
0.00017
0.00019
0.00031

[Nitrite]

SynHb
SD

(µM)

kobs
(s-1)

50
100
150
200
250
300

0.00252
0.00407
0.00536
0.00696
0.00880
0.00920

0.00029
0.00014
0.00068
0.00039
0.00079
0.00122
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Figure 18. Reaction of Moss Hb with nitrite. Panel A, Spectral changes related to the reaction of Moss Hb with 50 μM nitrite
are shown at 30 s intervals upon addition of nitrite. Panel B, Time course of the reaction between Moss Hb and 50 μM nitrite.
Absorbance c change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous nitrosyl
(Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species present
in the reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit that
gives an observed bimolecular rate constant of 173.7 M-1s-1.
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Reaction of Barley I Hb with nitrite. Panel A, Spectral changes related to the reaction of Barley I Hb with 100 μM
nitrite are shown at 15 s intervals upon addition of nitrite. Panel B, Time course of the reaction between Barley I Hb and 100 μM
nitrite. Absorbance change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous
nitrosyl (Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species
present in the reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit
that gives an observed bimolecular rate constant of 81.9 M-1s-1.
Figure
20 19.
Figure
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Figure 20. Reaction of Rice nsHb1 with nitrite. Panel A, Spectral changes related to the reaction of Rice nsHb1 with 100 μM
nitrite are shown at 15 s intervals upon addition of nitrite. Panel B, Time course of the reaction between Rice nsHb1 and 100 μM
nitrite. Absorbance change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous
nitrosyl (Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species
present in the reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit
that gives an observed bimolecular rate constant of 85.1 M-1s-1 and 35.5 M-1s-1 without and with excess DT, respectively.

34
C

B

D

34

A

Figure 21. Reaction of Soy nsHb1 with nitrite. Panel A, Spectral changes related to the reaction of Soy nsHb1 with 250 μM
nitrite are shown at 15 s intervals upon addition of nitrite. Panel B, Time course of the reaction between Soy nsHb1 and 250 μM
nitrite. Absorbance change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous
nitrosyl (Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species
present in the reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit
that gives an observed bimolecular rate constant of 125.9 M-1s-1.
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Figure 22. Reaction of Soy Leghemoglobin (Lba) with nitrite. Panel A, Spectral changes related to the reaction of Lba with 200
μM nitrite are shown at 15 s intervals upon addition of nitrite. Panel B, Time course of the reaction between Lba and 200 μM nitrite.
Absorbance change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous nitrosyl
(Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species present in
the reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit that gives
an observed bimolecular rate constant of 27.4 M-1s-1.
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Figure 23. Reaction of Chicory I Hb with nitrite. Panel A, Spectral changes related to the reaction of Chicory I Hb with 100 μM
nitrite are shown at 15 s intervals upon addition of nitrite. Panel B, Time course of the reaction between Chicory I Hb and 100 μM
nitrite. Absorbance change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous nitrosyl
(Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species present in
the reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit that gives
an observed bimolecular rate constant of 219 M-1s-1.
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Figure 24. Reaction of Tomato 2 Hb with nitrite. Panel A, Spectral changes related to the reaction of Tomato 2 Hb with 250 μM
nitrite are shown at 15 s intervals upon addition of nitrite. Panel B, Time course of the reaction between Tomato 2 Hb and 250 μM
nitrite. Absorbance change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous nitrosyl
(Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species present in the
reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit that gives an
observed bimolecular rate constant of 35.1 M-1s-1.
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Figure 25. Reaction of Rice 3 Hb with nitrite. Panel A, Spectral changes related to the reaction of Rice 3 Hb with 200 μM nitrite
are shown at 15 s intervals upon addition of nitrite. Panel B, Time course of the reaction between Rice 3 Hb and 200 μM nitrite.
Absorbance change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous nitrosyl
(Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species present in
the reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit that gives
an observed bimolecular rate constant of 14.3 M-1s-1.
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Figure 26. Reaction of Synechocystis Hb (SynHb) with nitrite. Panel A, Spectral changes related to the reaction of SynHb with 200
μM nitrite are shown at 15 s intervals upon addition of nitrite. Panel B, Time course of the reaction between SynHb and 200 μM
nitrite. Absorbance change from deoxyferrous Hb to its endpoint spectrum is normalized. Panel C, shows Ferric and Ferrous nitrosyl
(Ferrous:NO) reference spectra, reaction endpoint spectrum, and a component spectrum used to determine the species present in the
reaction endpoint spectrum. Panel D, Observed reaction rates as a function of nitrite concentration with a linear fit that gives an
observed bimolecular rate constant of 28.1 M-1s-1.
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CHAPTER 3
DISCUSSION

This thesis project set out to investigate the relationship, if any, between phytoglobin
class and nitrite reduction to NO. Previous studies had confirmed that Class 1 phytoglobin,
Rice nsHb1, could convert nitrite to NO (1). Earlier experiments have also shown the
correlation between oxygen affinity and phytoglobin class (2), as well as the ability of
hemoglobins to perform the NOD reaction in hypoxic environments (3, 4). In fact, plants overexpressing class 1 phytoglobins during hypoxia released less NO (3), and had higher metabolic
activity (5) as compared to WT plants. Taken all together, the nitrite reduction reaction
presented a promising connection between NO detoxification and maintaining redox balance
within the plant cell. To further understand and delineate the functions of the distinct classes
of phytoglobins, a comparative kinetic analysis of nitrite reduction across classes was
performed.
Overall, the capacity of phytoglobins to reduce nitrite to NO appears to cluster
according to phytoglobin class, with class 1 being consistently high performers when judged
against previous animal hemoglobins in the literature (57). Indeed, previous studies have
shown that neuroglobin reduces nitrite with a kNO2- of 5.1 M-1s-1 (57) which is almost 3-fold
smaller than the lowest performing phytoglobin in the research presented here. Moss Hb
mimics class 1 in its efficiency at reducing nitrite to NO, yet there is not enough information
to ascertain if this is true for the entirety of class 0 phytoglobins. Symbiotic phytoglobins and
class 3 phytoglobins occupy the other end of the spectrum in that they produce lower kNO2lending credence to the notion that nitrite reduction is not a biological function of the phytogb3
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class. And the biological role of symbiotic leghemoglobins has been well characterized as that
of an oxygen carrier proteins, so it comes as no surprise that Lba is not an effective nitrite
reductase.
The results that were unforeseen involved the contrasting kNO2- of phytogb2 class
Tomato 2 Hb and Chicory I Hb, the latter exhibiting a 6-fold higher kNO2-. While more work
in studying nitrite reduction among class 2 phytoglobins would need to be done, possible
correlations between oxygen affinity (KO2) and kNO2- can be used to infer which of the two
class 2 phytogbs the true outlier is. Recent work on a class 2 phytogb from A. thaliana’s ability
to reduce nitrite to NO has produced a kNO2- of 7.3 M-1s-1 which suggests that Tomato 2 Hb is
in agreement with other studied class 2 phytoglobins (59). Analyzing the kNO2- as a function
of KO2 reveals a positive correlation between the two variables (Figure 29). These results
suggest that phytoglobins possessing higher oxygen affinities are also inclined to be more
efficient in converting nitrite to NO. The KO2 has not been calculated for any class 0
phytoglobins even though the class has been characterized as having moderate to high oxygen
affinity (10). In spite of this class 0 description, previous work in the Hargrove lab has shown
that Moss Hb binds oxygen and it undergoes autoxidation at an extremely rapid rate
(unpublished work). Coupled with the finding that lower oxygen affinities are associated with
increasing rates of autoxidation (60, 61) hints at the possibility that Moss Hb is a phytoglobin
with low oxygen affinity. Consequently, Moss Hb cannot be reasonably represented on the
graph. The KO2 of Rice 3 Hb has not been determined either, but the phytogb3 from A. thaliana
has been quantified and was used here as an estimate in order to plot the kNO2- of Rice 3 Hb;
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for a more reliable comparison, the KO2 of rice 3 Hb or the kNO2- of phytogb3 from A. thaliana
should be determined.
Analysis of the kNO2- versus KO2 graph (Figure 29) reveals that Tomato 2 Hb is in
agreement with the positive trendline while Chicory I Hb is not. It would seem that Chicory I
Hb is an intriguing outlier. Studies on the correlation between oxygen affinity and
hexacoordination have indicated that a stronger hexacoordination (higher KH) will produce a
lower oxygen affinity (Table 2) (2), and it’s important to note that all class 1 and 2
hexacoordinate hemoglobins studied presently here conform to that relationship. So how is it
a strongly hexacoordinated class 2 phytoglobin with lower oxygen affinity than phytogb1 class
is able to reduce nitrite to NO more efficiently?
The answer may lie in the structure of the distal active site. Class 1 phytoglobins
possess conserved residues (Table 1) at the B10, CD1, E7, E10 and E11 positions which are
Phe, Phe, His, Ser, and Val, respectively. Alternatively, Chicory I Hb possesses a Tyr at B10
and a Lys at E10 with all other conserved residues being the same. The role of the B10 residue
in hxHbs is to stabilize both the oxyferrous complex as well as contribute to high affinity ligand
binding to ferric hxHb (62). B10 mutations of the conserved Phe to Tyr in Rice nsHb1 showed
a greater than 1000-fold increase in autoxidation demonstrating the role of Phe as a stabilizer
of the oxygen ligand. It is possible that the decreased stabilization of the bound ligand to
ferrous Hb by Tyr in the B10 position could provide a more optimal distal pocket environment
for the nitrite reduction reaction to occur. Experiments done recently to enhance nitrite
reductase (NiR) activity by redesigning the active site in Mb highlighted the role of the
hydrogen bonding network in NiR activity possibly via a fine-tuning of substrate binding (63).
Separate crystal structures obtained of mutated ferric F43H/H64A Mb bound to nitrite and NO
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showed disruption of the hydrogen-bond network upon reduction of nitrite to NO (63).
Therefore, it is within the realm of possibility that the Tyr residue at the B10 position in
Chicory I Hb alters the hydrogen-bonding network within the active site in such a way as to be
more favorable towards nitrite reduction to NO. The Tyr in the B10 position may also
contribute to release of NO more readily from the ferric heme as studies have shown a
decreased affinity for ligands in the ferric state of F40Y mutants of Rice nsHb1 (62).
Additionally, the conserved Ser residue at E10 of class 1 phytoglobins is a lysine in
Chicory I Hb. Lysine in the E10 position of neuroglobin has been shown to be involved in a
hydrogen-bonding network that includes the heme propionate sidechain which has been shown
to stabilize hexacoordination (59). Similar to TyrB10 residue, the LysE10 could alter the
hydrogen bonding network within the active site.
Considering other anomalies within conserved sites, it is conceivable that the high
autoxidation rate of Moss Hb (unpublished work) may be the effect of a Tyr located in the
conserved CD1 position. The presence of a Tyr within the distal active site could also explain
the increased kNO2- relative to phytogb1 for Moss Hb, a class 0 phytoglobin. Although this
increase in kNO2- is considered kinetically negligible, the possible structural features
responsible for this increase are worth noting due to Moss Hb’s phylogenetic status as an
ancient hemoglobin.
This study has demonstrated nitrite reduction to NO by phytoglobins is inherently
linked to phytoglobin class, albeit with one exception that warrants further investigation. The
correlation also extends to oxygen affinity, with phytoglobins possessing higher oxygen
affinities also exhibiting higher rates of nitrite reduction to NO. Plants overexpressing
phytoglobins have been shown to release less NO (3), have lower levels of alcohol
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dehydrogenase (ADH) activity (31), higher ATP levels (5), and lower ratios of NADH/NAD
(31).
Reflecting on the fact that phytoglobins role as a NO dioxygenase even in low oxygen
environments has already been established, the possibility exists that phytoglobins also use the
nitrite reduction reaction to feed into the NOD reaction to recycle nitrate in hypoxic cells. The
nitrate reductase reaction does not appear to support NO release, as this research has shown
that NO binds ferrous phytogb rapidly, but the reaction may serve as a preemptive NO
detoxification measure as well as an avenue to maintaining redox balance in the cell. During
hypoxia, the plant cell will use nitrate and/or nitrite as a terminal electron acceptor. Nitrite has
been shown to be the source of NO emissions in plants and when allowed to accumulate can
lead to nitrosative stress and cell death. The decrease in NO emission in Hb+ plants may be
the sole result of phytogb scavenging of NO as NO/heme complexes have been detected in
plant roots (22), but may also be due to the depletion of available nitrite by phytoglobins
coupled with subsequent NO scavenging which has been demonstrated in vitro during the
course of this work. It is reasonable to think that an in vivo reductant for phytoglobins exists,
and there have been some viable contenders (44, 49, 56). Allowing for this means that in order
to perform the nitrite reductase reaction the ferrous phytogb must be regenerated which could
feasibly lead to oxidation of NADH, either directly or by proxy thru an in vivo reductant. This
scenario could explain the lower NADH/NAD ratios seen in plants overexpressing
phytoglobin. Thus, supporting both a biological role of nitrite reduction to NO in maintaining
redox balance in the cell, and for increasing plant survival during hypoxia by means of
detoxifying nitrite and NO.

45
From an evolutionary standpoint, these results suggest that the most recently evolved
phytoglobins, both symbiotic and leghemoglobins, lost their ability to reduce nitrite to NO.
Whereas the more ancient phytoglobins, class 0 and class 1, which have substantial nitrite
reduction to NO capabilities when compared to other animal Hbs could have given plants a
biological advantage in the primordial oxygen-poor environment that once existed on earth.
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CHAPTER 4
METHODS

Frozen protein aliquots of Barley I Hb, Chicory I Hb, Lba, Soy nsHb1, and SynHb,
were retrieved from the Hargrove laboratory -80°C freezer. These proteins were expressed and
purified by previous lab members using similar methods as those described below. The
proteins were shown to be functional via absorbance spectroscopy by reducing them to the
ferrous form, and demonstrating CO-binding characteristics.

Protein Expression
Plasmids containing pET28b vector with Hb gene-specific inserts were retrieved from
the Hargrove laboratory -80°C freezer inventory (Rice nsHb1, Moss Hb, Rice 3 Hb, and
Tomato 2 Hb). The plasmids were transformed into E. coli XL1Blue supercompetent cells
(Agilent), plated onto LB plates with 50 μg/mL Kanamycin sulfate (Kan) used for selection,
and allowed to incubate overnight at 37°C. Colonies were plucked from each plate and 10 mL
LB + Kan liquid cultures were inoculated. The cultures were allowed to grow overnight at
37°C while shaking. Plasmid isolation was performed on 5-10 mL of liquid starter culture
using a QIAprep Spin Miniprep kit (Qiagen). Purified DNA was sent to the ISU DNA Facility
for sequencing. Upon receipt of the DNA sequences, identities of each gene insert were
confirmed using NCBI’s standard nucleotide BLASTn program and database. Upon analysis
of the insert sequence and vector flanking sequences using SerialCloner, it was determined that
the genes for Rice nsHb1, Moss Hb, Rice 3 Hb, and Tomato 2 Hb proteins, were already Histagged at the N-terminus.
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Plasmids containing pET28b vector with His-tagged Hb gene inserts were transformed
into E. coli BL21 cells, plated onto LB + Kan plates, and allowed to incubate overnight at
37°C. Colonies were plucked from each plate and 10 mL, and subsequently 50 mL, LB + Kan
liquid cultures were inoculated; cultures were allowed to grow overnight at 37°C while
shaking. Cells were then grown in twelve one-liter flasks containing TB media and 50 μg/mL
Kanamycin sulfate for selection. The flasks were allowed to shake at 250 rpm and the cells
grew 18-20 hours at 37°C. The cells were harvested by centrifugation at 4000 rpm for 12
minutes at a temperature of 4°C using a J6-MI Beckman Coulter centrifuge. Red-to-pink cell
pellets were obtained and resuspended in Lysis buffer (20 mM TRIS, pH 8.5, 10 mM
Imidazole).

Protein Purification
Resuspended cells were incubated with DNase (1 μg/mL) for a total of 15 minutes, and
afterwards lysed using a homogenizer for a total of three rounds. The homogenized cells were
centrifuged at 19,000 rpm for 50 minutes at a temperature of 4°C using an Avanti J-E series
Beckman Coulter centrifuge to pellet cellular debris. Crude lysate of Hb protein was obtained
as red supernatant.
The crude lysate was then loaded onto an affinity chromatography column packed with
Ni-NTA resin (Qiagen). The column was washed with Lysis buffer until the flow-through no
longer had absorbance at 280 nm, followed by ten column volumes of Wash buffer with 1 M
NaCl (20 mM TRIS, pH 8.5, 20 mM Imidazole), and lastly, three column volumes of Wash
buffer. Bound protein was eluted with two column volumes of Elution buffer (20 mM TRIS,
pH 8.5, 250 mM Imidazole). Elution fractions with the highest protein concentration, as
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determined by soret peak at ~410 nm, were pooled and dialyzed into 100 mM Phosphate buffer
(pH 7.0) or 20 mM TRIS buffer (pH 8.5).
Protein was concentrated using SpinX-UF spin concentrators (Corning) until the
A410/A280 ratio was approximately greater than two-and-a-half. The efficacy of protein
purification protocols and the degree of final protein sample purity was assessed by running
samples on an SDS-PAGE.

Reactions of Hb with nitrite

Reagent preparation
Anaerobic one-liter solutions were prepared by first boiling vigorously for thirty
minutes, then immediately capped. The solutions were then continuously purged with nitrogen
gas in the 4°C cold room until the liquid was at room temperature. The bottles were sealed
until entering the anaerobic chamber (95% argon and 5% hydrogen, Coy Laboratories).
Anaerobic deionized water and anaerobic 100 mM Phosphate buffer (pH 7.0) were prepared
in the same fashion.
In the anaerobic chamber, ferrous Hb was prepared by adding DT powder in excess of
protein concentration. To remove excess DT, ferrous Hb samples were then run over a G-25
(Sigma) desalting column which had been poured and equilibrated with anaerobic 100 mM
Phosphate buffer (pH 7.0) in the anaerobic chamber. Ferrous Hb samples were transferred to
an airtight cuvette, diluted to 10-15 μM using anaerobic 100 mM Phosphate buffer (pH 7.0)
and oxidation state was verified spectroscopically using a USB-4000 spectrophotometer
(Ocean Optics). Anaerobic solutions of 10 mM sodium nitrite were also prepared within the
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anaerobic chamber using anaerobic water. The anaerobic 10 mM nitrite solution was
transferred to an airtight glass vial. Both the airtight cuvettes and glass vials were sealed using
a screw cap with septum, and then removed from the anaerobic chamber for further
experiments.

Kinetics measurements
Enzymatic assays of the reaction between deoxyferrous Hb and nitrite were performed
in accordance with pseudo-first order reaction parameters. Under these conditions, the
concentration of the enzyme is held constant, and the substrate concentration should be at least
five times greater than enzyme concentration. The Hb protein concentration was held constant
at 10-15 μM which was measured using the absorbance of the soret peak, approximate
extinction coefficient rice nsHb1 (ε410 = 117 mM-1cm-1), and Beer’s Law. The variation in
phytoglobin extinction coefficients was not enough to greatly impact measurements of protein
concentration. Using a gastight Hamilton syringe, aliquots of anaerobic 10 mM nitrite stock
solution were added to the sealed cuvettes so as to reach the experimental nitrite
concentrations. The experimental nitrite concentrations used in the assay were 50 – 300 μM,
in 50 μM increments. All Hb nitrite reactions were repeated at least three times.
Using “scanning kinetics” mode of a Cary 60 spectrophotometer, spectra was measured
from 300 nm to 700 nm every 15 – 30 seconds for at least ten minutes. Several slower reactions
were recorded upwards of twenty-five minutes. Reaction progress was monitored via the
decrease in absorbance of the β band in the visible region of the deoxyferrous Hb spectra (see
Table 2) for hxHbs. Reaction progress was monitored via the increase in the Soret peak
absorbance of the reaction endpoint spectra for pxHbs Lba and Rice 3 Hb, which were 408 nm
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and 416 nm, respectively. Time courses were constructed for further kinetic analysis for each
reaction using scanning kinetics Cary 60 spec software.

Data analysis using IgorPro
The absorbance changes from deoxyferrous Hb to reaction endpoint were normalized
for each reaction. Single exponential fits of each time course were performed using IgorPro to
obtain an observed rate constant, kobs, for each reaction. The observed rate constants were
averaged at each nitrite concentration used. The average observed rate constants were then
plotted as a function of nitrite concentration, and a linear fit of the data was used to determine
the bimolecular rate constant, kNO2,̄ from the slope of the line.

Reference and Component Spectra

Reagent preparation
Anaerobic one-liter solutions of deionized water and 100 mM Phosphate buffer, pH
7.0, were prepared as previously described in this chapter.

Ferrous Hb spectra
Deoxyferrous Hb samples were prepared in airtight cuvettes to a concentration of 10 –
15 μM as previously described in this chapter. Using “scan” mode of the Cary 60
spectrophotometer, reference spectra of the deoxyferrous Hbs (also referred to as ferrous) were
measured from 300 – 700 nm.
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Ferric Hb spectra
In the anaerobic chamber, ferric Hb was prepared by adding several Potassium
ferricyanide crystals to the Hb sample. To remove excess Potassium ferricyanide, ferric Hb
samples were then run over a G-25 (Sigma) desalting column which had been poured and
equilibrated with anaerobic 100 mM Phosphate buffer, pH 7.0, in the anaerobic chamber.
Ferric Hb samples were transferred to an airtight cuvette, diluted to 10-15 μM using anaerobic
100 mM Phosphate buffer, pH 7.0, and oxidation state was verified spectroscopically using a
USB-4000 spectrophotometer (Ocean Optics). The airtight cuvettes are sealed and removed
from the anaerobic chamber for further experiments. Using “scan” mode of the Cary 60
spectrophotometer, reference spectra of the ferric Hbs were measured from 300 – 700 nm.

NO-bound Hb spectra
NO-saturated buffer was prepared using 100 mM Phosphate buffer, pH 7.0, by purging
with nitrogen gas for twenty minutes, followed by purging with NO gas for thirty seconds.
Both the nitrogen gas and NO gas had first been bubbled through a 20% NaOH solution to
remove any gaseous contaminants. After purging with NO gas, the glass vessel is sealed and
shook to ensure proper dispersal of NO molecules into the solution, and the concentration of
NO is approximately 2 mM. The vessel containing NO-saturated buffer is then brought into
the anaerobic chamber.
In the anaerobic chamber, deoxyferrous and ferric Hb samples are prepared as
described above, however the protein is not only diluted with anaerobic 100 mM Phosphate
buffer, pH 7.0. To prepare NO-bound Hb samples, 500 μL of NO-saturated buffer is added to
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the protein sample to bring to volume, resulting in a final NO concentration of 1 mM. The rest
of the volume needed to bring the Hb concentration to 10 – 15 μM is made up of the anaerobic
100 mM Phosphate buffer, pH 7.0. The airtight cuvettes are sealed and removed from the
anaerobic chamber for further experiments. Using “scan” mode of the Cary 60
spectrophotometer, reference spectra of the ferric nitrosyl (Ferric:NO) and ferrous nitrosyl
(Ferrous:NO) forms of Hb were measured from 300 – 700 nm.

Component spectra
Using IgorPro, Hb reference spectra for ferrous, ferrous:NO, ferric, ferric:NO, as well
as the nitrite reaction endpoint were overlaid. Upon comparison of the αβ bands of each Hb
reference spectra to the nitrite reaction endpoint, it can be concluded that the reaction products
are comprised of ferric and ferrous:NO species. A component spectra of both species, ferric
and ferrous:NO, was created using the IgorPro software. This component spectra was
manipulated, in terms of the percent contributions of each Hb species, until it most closely
resembled the nitrite reaction endpoint spectra.
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Phytoglobin
Class 3
Phytoglobin Class 0

Leghemoglobins

Phytoglobin Class 2

Phytoglobin Class 1

Figure 27. Phylogenetic analysis of selected phytoglobins. Phytoglobins used in this research
are highlighted by orange rectangles. Adapted from (9).
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Figure 28. Chart displays the bimolecular rate constants for the reactions of Hb
with nitrite. The rate constants are grouped according to phytoglobin class.
Synechocystis truncated hemoglobin is grouped with Rice class 3 phytoglobin as
those proteins are analogous.
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Relationship between Ko2 and Nitrite Reduction
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Figure 29. Graph displays the correlation between nitrite reduction and oxygen affinity. The trendline is fitted to class 1
phytoglobins and extrapolated to the y-axis to demonstrate the slightly positive correlation between the two variables. The
class 3 phytoglobin Rice 3 Hb was plotted using the published oxygen affinity constant for A. thaliana’s class 3 phytoglobin
(52). Class 0 phytoglobin from Moss was not plotted as there is no published oxygen affinity constants for a class 0
phytoglobin.
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Table 1. Representative hemoglobins of several different organisms including animal, bacteria and plant. The position of the
conserved residue is labeled according to the helix and amino acid location within that helical designation. For example, amino
acids identified as the conserved B10 residues are located in the tenth amino acid position within the B helix. Residues marked
with an asterisk are considering heme coordinating residues.
Conserved residues in representative hemoglobins that have roles in ligand binding and heme coordination.
Hemoglobinsa
E7b
Type
B10
CD1
E10
E11
F7

F8c

Pentacoordinate, symbiotic, plant

Tyr

Phe

His

Lys

Leu

Val

His*

Mossd

Hexacoordinate, nonsymbiotic, plant

Phe

Tyr*

His*

Tyr

Val

Thr

His*

Barley I χ

Hexacoordinate, nonsymbiotic, plant

Phe

Phe

His*

Ser

Val

Thr

His*

Rice nsHb1 χ

Hexacoordinate, nonsymbiotic, plant

Phe

Phe

His*

Ser

Val

Thr

His*

Soybean nsHb1

Hexacoordinate, nonsymbiotic, plant

Phe

Phe

His*

Ser

Val

Thr

His*

Chicory I

Hexacoordinate, nonsymbiotic, plant

Tyr

Phe

His*

Lys

Val

Val

His*

Tomato 2

Hexacoordinate, nonsymbiotic, plant

Phe

Phe

His*

Lys

Val

Ile

His*

Rice 3

Pentacoordinate, nonsymbiotic, plant

Tyr

Phe

Gln

Phe

Leu

----

His*

SynHb e χ

Hexacoordinate, truncated, cyanobacteria

Tyr

Phe

Gln*

His*

Gln

Ala

His*

Myoglobin χ

Pentacoordinate, animal

Leu

Phe

His

Thr

Val

Ser

His*

Hemoglobins marked with χ have resolved x-ray crystallography structures as evidence of bis-histidyl coordination. The
coordinating residues of all other Hbs on this list has deduced from sequence alignments and analysis of visible absorbance
spectroscopy.
b
The E7 residue is considered to be the amino acid that coordinates the heme on the distal side of most hexacoordinate Hbs.
c
The F8 residue is considered to be the amino acid that coordinates the heme on the proximal side of most Hbs.
d
The CD1 residue of Moss Hb has been suggested to compete with bis-histidyl coordination (35).
e
Both the E7 and E10 residues of SynHb have been implicated in distal coordination of the heme (64).
a
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Soy Leghemoglobin χ

57
Table 2. Kinetic parameters of oxygen binding are described as on-rate (k’O2), off-rate (kO2), and the affinity constant (KO2).
Kinetic parameters of hexacoordination are described as on-rate (kH), off-rate (k-H), and the affinity constant (KH). There is no data
to describe the kinetics of hexacoordination for Soy leghemoglobin or Myoglobin as they are pentacoordinate. Neither of these
kinetic parameters have been established for Moss Hb or Rice 3 Hb.
Kinetic parameters for oxygen binding and hexacoordination for phytoglobins and other select hemoglobins.
Hemoglobin

k’O2

kO2

KO2,pent

KO2

kH

k-H

μM-1s-1

s-1

μM-1

μM-1

s-1

s-1

Soy Leghemoglobin

130

5.6

23

23

Barley 1

501

0.032

17001

4401

1701

621

2.81

(113, 248)

Rice nsHb1

601

0.0382

16001

5401

752

402

1.92

(132, 257)

Soy nsHb1

59

0.013

4500

1500

160

80

2

(2)

Chicory I

50

0.11

460

1.7

2900

11

260

(2)

Tomato 2

45

0.4

113

1.8

1400

30

60

(2)

2402

0.0142

17,000a

57b

42002

141

3001

(142, 258)

17

15

1.1

1.1

Myoglobin
a
b

This value was calculated using Equation 1 on page 5 of this paper.
This value was calculated using Equation 3 on page 9 of this paper.

Reference

(16)

(15)

50

SynHb

KH
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Table 3. The spectral characteristics ascribed to deoxyferrous hemoglobins include the wavelengths associated with the Soret
peak, and the αβ bands found in the visible region of the spectra. All wavelengths are in units of nanometers.
Spectral characteristics of hemoglobins in the deoxyferrous state
Q-bands
Hemoglobin

b

α

β

Moss

421

527

556

Barley I

424

528/534a

556/562a

Rice nsHb1

420

527

556

Soy nsHb1

423

527b

555

Lba

423

-----

555

Chicory I

424

528

557

Tomato 2

425

529

558

Rice 3

431

-----

556c

SynHb

424

527

559

Each of the α and β band regions of Barley I Hb contain doublet peaks
shoulder
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a

Soret

59
Table 4. The spectral characteristics ascribed to ferric hemoglobins include the wavelengths associated with the Soret peak, and
the Q-bands, α and β, found in the visible region of the spectra. All wavelengths are in units of nanometers.
Spectral characteristics of hemoglobins in the ferric state
Q-bandsb
Hemoglobin

b

α

β

Moss

409

531

556a

Barley I

409

532

560a

Rice nsHb1

405

531

561a

Soy nsHb1

406

532

561a

Lba

402

496 – 500

625

Chicory I

410

534

556a

Tomato 2

410

534

562a

Rice 3

409

500/541

580

SynHb

407

----

542

Shoulder
Peaks within the visible spectrum of pentacoordinate hemoglobins are not referred to as α- or β-bands, but more generically as Qbands.
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a

Soret
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Table 5. The spectral characteristics ascribed to ferrous NO-bound and ferric NO-bound hemoglobins include the wavelengths
associated with the Soret peak, and the Q-bands, α and β, found in the visible region of the spectra. All wavelengths are in units of
nanometers. NO-bound spectra were prepared by saturating Hb protein samples with 2 mM NO-saturated buffer to a final
concentration of 1 mM NO.
Spectral characteristics of hemoglobins in the ferrous:NO and ferric:NO bound states
Ferrous:NO
Hemoglobin

Q-bands
Soret

Q-bands

α

β

Soret

α

β

Moss

417

537

566

419

533

566/620c

Barley I

415

541

564

415

531

564

Rice nsHb1

413

540 – 570a

----

415

530

564

Soy nsHb1

414

540

562

416

530

564

Lba

414

542

567

416

532

564

Chicory I

415

540 – 570a

----

413

532

565

Tomato 2

416

540 – 570a

----

416

540

566

Rice 3

420

543

547

419

541

566

SynHb

412

540 – 570a

----

408

538

567b

The ferrous NO-bound spectra of these hemoglobins is characterized by one broad peak between 540 – 570 nm.
shoulder
c
The ferric NO-bound spectra of Moss Hb has a third Q-band at approximately 620 nm.
b
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a

Ferric:NO
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Table 6. All bimolecular rate constants are in units of M-1s-1.
Bimolecular rate constants for the reactions of hemoglobins with nitrite
Hemoglobin

Class

Bimolecular rate constant

Reaction products

kNO2-

%Ferric : %Ferrous:NO

0

173.7

65% :35%

Barley I

1

81.9

45% : 55%

Rice nsHb1

1

85.1

70% : 30%

Soy nsHb1

1

125.9

50% : 50%

Lb

27.4

45% : 55%

Chicory I

2

219.0

70% : 30%

Tomato 2

2

35.1

55% : 45%

Rice 3

3

14.3

45% : 55%

28.1

50% : 50%

Soy leghemoglobin

Synechocystis

Truncated Bacterial
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Moss

62
REFERENCES
1.

2.
3.
4.
5.

6.
7.
8.
9.

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

R. Sturms, A. A. DiSpirito, M. S. Hargrove, plant and cyanobacterial hemoglobins
reduce nitrite to nitric oxide under anoxic conditions. Biochemistry. 50, 3873–3878
(2011).
B. J. Smagghe et al., Correlations between oxygen affinity and sequence
classifications of plant hemoglobins. Biopolymers. 91, 1083–1096 (2009).
C. Dordas, B. B. Hasinoff, J. Rivoal, R. D. Hill, Class-1 hemoglobins, nitrate and NO
levels in anoxic maize cell-suspension cultures. Planta. 219, 66–72 (2004).
C. Dordas, Nonsymbiotic hemoglobins and stress tolerance in plants. Plant Sci. 176,
433–440 (2009).
A. W. Sowa, S. M. G. Duff, P. A. Guy, R. D. Hill, B. B. Buchanan, Altering
hemoglobin levels changes energy status in maize cells under hypoxia. Proc. Natl.
Acad. Sci. U. S. A. 95, 10317–10321 (1998).
R. Arredondo-Peter, M. S. Hargrove, J. F. Moran, G. Sarath, R. V Klucas, Plant
Hemoglobins. Plant Physiol. 118, 1121–1125 (1998).
R. C. Hardison, A brief history of hemoglobins: Plant, animal, protist, and bacteria.
Proc. Natl. Acad. Sci. U. S. A. 93, 5675–5679 (1996).
A. Sowa, P. Guy, S. Sowa, R. Hill, Nonsymbiotic haemoglobins in plants. Acta
Biochim. Pol. 46, 431–445 (1999).
V. Garrocho-Villegas, S. K. Gopalasubramaniam, R. Arredondo-Peter, Plant
hemoglobins: What we know six decades after their discovery. Gene. 398, 78–85
(2007).
R. Hill, M. Hargrove, R. Arredondo-Peter, Phytoglobin: a novel nomenclature for
plant globins accepted by the globin community at the 2014 XVIII conference on
Oxygen-Binding and Sensing Proteins [version 1; referees: 2 approved].
F1000Research. 5 (2016), doi:10.12688/f1000research.8133.1.
C. A. Appleby, The origin and functions of haemoglobin in plants. Sci. Prog. 76, 365–
398 (1992).
E. J. Ross, V. Lira-Ruan, R. Arredondo-Peter, R. V Klucas, G. Sarath, Recent Insights
into Plant Hemoglobins. Rev. Plant Biochem. Biotechnol. 1, 173–189 (2002).
J. A. Hoy, M. S. Hargrove, The structure and function of plant hemoglobins. Plant
Physiol. Biochem. 46, 371–379 (2008).
M. S. Hargrove et al., Crystal structure of a nonsymbiotic plant hemoglobin. Structure.
8, 1005–1014 (2000).
M. S. Hargrove et al., Characterization of recombinant soybean leghemoglobin a and
apolar distal histidine mutants. J. Mol. Biol. 266, 1032–1042 (1997).
S. Kundu, J. T. Trent, M. S. Hargrove, Plants, humans and hemoglobins. Trends Plant
Sci. 8, 387–393 (2003).
M. D. Goodman, M. S. Hargrove, Quaternary Structure of Rice Nonsymbiotic
Hemoglobin. J. Biol. Chem. 276, 6834–6839 (2001).
J. A. Hoy et al., Plant Hemoglobins: A Molecular Fossil Record for the Evolution of
Oxygen Transport. J. Mol. Biol. 371, 168–179 (2007).
B. Trevaskis et al., Two hemoglobin genes in Arabidopsis thaliana: The evolutionary
origins of leghemoglobins. Plant Biol. 94, 12230–12234 (1997).
T. Ott et al., Symbiotic leghemoglobins are crucial for nitrogen fixation in legume root

63

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

33.

34.

35.
36.

37.
38.

39.
40.

nodules but not for general plant growth and development. Curr. Biol. 15, 531–535
(2005).
M. Perazzolli, M. C. Romero-Puertas, M. Delledonne, Modulation of nitric oxide
bioactivity by plant haemoglobins. J. Exp. Bot. 57, 479–488 (2006).
C. Dordas, J. Rivoal, R. D. Hill, Plant haemoglobins, nitric oxide and hypoxic stress.
Ann. Bot. 91, 173–178 (2003).
C. Seregélyes et al., Nuclear localization of a hypoxia-inducible novel non-symbiotic
hemoglobin in cultured alfalfa cells. FEBS Lett. 482, 125–130 (2000).
M. Mira, R. D. Hill, C. Stasolla, P. Bozhkov, Regulation of programmed cell death by
phytoglobins. J. Exp. Bot. (2016), doi:10.1093/jxb/erw259.
R. D. Hill, Non-symbiotic haemoglobins—What’s happening beyond nitric oxide
scavenging? AoB Plants (2012), doi:10.1093/aobpla/pls004.
E. J. H. Ross et al., Nonsymbiotic hemoglobins in rice are synthesized during
germination and in differentiating cell types. Protoplasma. 218, 125–133 (2001).
R. D. Hill, What are hemoglobins doing in plants? Can. J. Bot. 76, 707–712 (1998).
K. H. Hebelstrup, A. U. Igamberdiev, R. D. Hill, Metabolic effects of hemoglobin
gene expression in plants. Gene. 398, 86–93 (2007).
A. U. Igamberdiev, K. H. Hebelstrup, C. Stasolla, R. D. Hill, in Gasotransmitters in
Plants (2016), pp. 157–173.
B. J. Smagghe et al., Immunolocalization of non-symbiotic hemoglobins during
somatic embryogenesis in chicory. Plant Signal. Behav. 2, 43–9 (2007).
A. U. Igamberdiev, R. D. Hill, Nitrate, NO and haemoglobin in plant adaptation to
hypoxia: An alternative to classic fermentation pathways. J. Exp. Bot. 55, 2473–2482
(2004).
N. S. Athwal, J. Alagurajan, A. H. Andreotti, M. S. Hargrove, Role of Reversible
Histidine Coordination in Hydroxylamine Reduction by Plant Hemoglobins
(Phytoglobins). Biochemistry. 55, 5809–5817 (2016).
V. Garrocho-Villegas, R. Arredondo-Peter, Molecular cloning and characterization of
a moss (Ceratodon purpureus) nonsymbiotic hemoglobin provides insight into the
early evolution of plant nonsymbiotic hemoglobins. Mol. Biol. Evol. 25, 1482–1487
(2008).
K. J. Gupta, K. H. Hebelstrup, L. A. J. Mur, A. U. Igamberdiev, Plant hemoglobins:
Important players at the crossroads between oxygen and nitric oxide. FEBS Lett. 585,
3843–3849 (2011).
S. Kakar, thesis (2010).
R. Arredondo-Peter et al., Rice Hemoglobins’ Gene Cloning, Analysis, and O,Binding Kinetics of a Recombinant Protein Synthesized in Escherichia coli. Plant
Physiol. 115, 1259–1266 (1997).
X. Nie, R. D. Hill, Mitochondrial Respiration and Hemoglobin Gene Expression in
Barley Aleurone Tissue. Plant Physiol. 114, 835–840 (1997).
N. Manac’h-Little, A. U. Igamberdiev, R. D. Hill, Hemoglobin expression affects
ethylene production in maize cell cultures. Plant Physiol. Biochem. 43, 485–489
(2005).
K. J. Gupta, A. U. Igamberdiev, The anoxic plant mitochondrion as a nitrite: NO
reductase. Mitochondrion. 11, 537–543 (2011).
V. Lira-Ruan, G. Sarath, R. V. Klucas, R. Arredondo-Peter, Synthesis of hemoglobins

64

41.

42.
43.

44.

45.

46.
47.

48.

49.

50.

51.
52.

53.

54.
55.

56.

in rice (Oryza sativa var . Jackson) plants growing in normal and stress conditions.
Plant Sci. 161, 279–287 (2001).
Y. Ohwaki, M. Kawagishi-Kobayashi, K. Wakasa, S. Fujihara, T. Yoneyama,
Induction of class-1 non-symbiotic hemoglobin genes by nitrate, nitrite and nitric
oxide in cultured rice cells. Plant Cell Physiol. 46, 324–331 (2005).
M. S. Hargrove, A Flash Photolysis Method to Characterize Hexacoordinate
Hemoglobin Kinetics. Biophys. J. 79, 2733–2738 (2000).
B. J. Smagghe, G. Sarath, E. Ross, J. L. Hilbert, M. S. Hargrove, Slow ligand binding
kinetics dominate ferrous hexacoordinate hemoglobin reactivities and reveal
differences between plants and other species. Biochemistry. 45, 561–570 (2006).
B. J. Smagghe, J. T. Trent, M. S. Hargrove, NO dioxygenase activity in hemoglobins
is ubiquitous in vitro, but limited by reduction in vivo. PLoS One. 3 (2008),
doi:10.1371/journal.pone.0002039.
R. Sturms, A. A. DiSpirito, D. B. Fulton, M. S. Hargrove, Hydroxylamine Reduction
to Ammonium by Plant and Cyanobacterial Hemoglobins. Biochemistry. 50, 10829–
10835 (2011).
N. S. Athwal et al., Electron self-exchange in hemoglobins revealed by deutero-hemin
substitution. J. Inorg. Biochem. 150, 139–147 (2015).
C. R. Andersson, E. O. Jensen, D. J. Llewellyn, E. S. Dennis, A. W. J. Peacock, A new
hemoglobin gene from soybean: A role for hemoglobin in all plants
(nonsymbiotic/leghemoglobin/evolution). Plant Biol. 93, 5682–5687 (1996).
S. M. G. Duff, J. B. Wittenberg, R. D. Hill, Expression , Purification , and Properties
of Recombinant Barley ( Hordeum sp .) Hemoglobin. J. Biol. Chem. 272, 16746–
16752 (1997).
A. U. Igamberdiev, N. V. Bykova, R. D. Hill, Nitric oxide scavenging by barley
hemoglobin is facilitated by a monodehydroascorbate reductase-mediated ascorbate
reduction of methemoglobin. Planta. 223, 1033–1040 (2006).
Y. H. Wang, L. V. Kochian, J. J. Doyle, D. F. Garvin, Two tomato non-symbiotic
haemoglobin genes are differentially expressed in response to diverse changes in
mineral nutrient status. Plant, Cell Environ. 26, 673–680 (2003).
R. A. Watts et al., A hemoglobin from plants homologous to truncated hemoglobins of
microorganisms. Proc. Natl. Acad. Sci. U. S. A. 98, 10119–24 (2001).
N. Mukhi et al., Structural and Functional Significance of the N- and C-Terminal
Appendages in Arabidopsis Truncated Hemoglobin. Biochemistry. 55, 1724–1740
(2016).
H. C. Oliveira, I. Salgado, L. Sodek, Involvement of nitrite in the nitrate-mediated
modulation of fermentative metabolism and nitric oxide production of soybean roots
during hypoxia. Planta. 237, 255–264 (2013).
M. Delledonne, NO news is good news for plants. Curr. Opin. Plant Biol. 8, 390–396
(2005).
H. Yamasaki, H. Shimoji, Y. Ohshiro, Y. Sakihama, Inhibitory Effects of Nitric Oxide
on Oxidative Phosphorylation in Plant Mitochondria. NITRIC OXIDE Biol. Chem. 5,
261–270 (2001).
M. Sainz et al., Plant hemoglobins may be maintained in functional form by reduced
flavins in the nuclei, and confer differential tolerance to nitro-oxidative stress. Plant J.
76, 875–887 (2013).

65
57.
58.
59.

60.
61.
62.
63.
64.

M. G. Petersen, S. Dewilde, A. Fago, Reactions of ferrous neuroglobin and cytoglobin
with nitrite under anaerobic conditions. J. Inorg. Biochem. 102, 1777–1782 (2008).
S. Van Doorslaer et al., Nitric oxide binding properties of neuroglobin: A
characterization by EPR and flash photolysis. J. Biol. Chem. 278, 4919–4925 (2003).
N. Kumar, A. Astegno, J. Chen, A. Giorgetti, P. Dominici, Residues in the distal heme
pocket of arabidopsis non-symbiotic hemoglobins: Implication for nitrite reductase
activity. Int. J. Mol. Sci. 17 (2016), doi:10.3390/ijms17050640.
T. Shibata et al., Relationship between oxygen affinity and autoxidation of myoglobin.
Inorg. Chem. 51, 11955–11960 (2012).
B. A. Springer, S. G. Sligar, J. S. Olson, G. N. Phillips, Jr., Mechanisms of Ligand
Recognition in Myoglobin. Chem. Rev. 94, 699–714 (1994).
B. J. Smagghe et al., Role of phenylalanine B10 in plant nonsymbiotic hemoglobins.
Biochemistry. 45, 9735–9745 (2006).
L. Bin Wu et al., Regulating the nitrite reductase activity of myoglobin by redesigning
the heme active center. Nitric Oxide - Biol. Chem. 57, 21–29 (2016).
A. N. Hvitved, J. T. Trent, S. A. Premer, M. S. Hargrove, Ligand Binding and
Hexacoordination in Synechocystis Hemoglobin. J. Biol. Chem. 276, 34714–34721
(2001).

