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Abstract

Phytoglobins (Pgb) (plant hemoglobins) are heme-containing proteins and less well known in comparison to the
mammalian counterparts hemoglobin (Hb) and myoglobin (Mb). They share the same secondary structure as other
globin-related proteins, six to eight a-helices comprising the myoglobin-fold (Mb-fold) with one prosthetic heme
moiety per subunit. Pgbs are divided into different classes, where the non-symbiotic Pgbs (nsPgb) are found in vast
number of plants. Unlike their mammalian counterparts, nsPgbs usually have an additional coordination site
interacting with the iron called the distal histidine, in addition to the proximal histidine below the heme plane. Even
though they bind oxygen (O2), the proposed functions of these proteins are linked to nitric oxide (NO) metabolism,
redox balance and energy maintenance, especially in hypoxic conditions, to a higher extent than oxygen transport.

One aim of this thesis was to generate mutant(s) with altered characteristics using site-directed mutagenesis and
investigate the role of these residues. One residue in particular was a conserved cysteine residue located at position
86 (C86A) in sugar beet (Beta vulgaris ssp. vulgaris) nsPgb BvPgb1.2. After crystallization and structure
determination, this cysteine-to-alanine substitution had no impact on the tertiary and quaternary structure but major
implications regarding functionality were observed. The mutant had faster autoxidation rate and increased thermal
stability, while the wild-type (WT) protein showed higher peroxidase activity. Both species appeared as homodimers
and did not show any heme loss, unlike human hemoglobin.

To gain more information regarding the intra- and intermolecular interactions in nsPgbs, triple-labeled BvPgb1.2
was expressed, purified and analyzed using 2D Nuclear Magnetic Resonance (NMR). 83% of the expected amide
cross-peaks were assigned. The majority of the non-assigned residues were located in G and H a-helices, which
are proposed to be an important area of dimer interactions. Hydrogen bonding between specific residues (T53 and
E123) and a hydrophobic cluster in opposing monomers were suggested to be important in dimer formation.
Structure predictions were conducted to gain knowledge regarding the role of the conserved cysteine in dimerization
and mapping the lost residues in the crystal structure. These residues were located at highly flexible regions in the
N- and C-termini, as well as in the loops for helices CD/DE. Small angle X-ray scattering (SAXS) confirmed
maintained a dimeric quaternary structure at low protein concentrations (~0.15 mg/ml) and physiological salt
concentrations for WT and C86A. Different protein-dependent oligomerization tendencies were observed for the
proteins, where the effects for C86A were most prominent. High degree of dimerization was observed for both
proteins, not affected by the imposed cysteine-substitution to great extent.

To evaluate the biotechnical applicability of these proteins, encapsulation of BvPgb1.2 and Mb were carried out
using a lipid-based sponge phase system. High protein concentrations were correlated with increased aggregation
tendencies, especially for BvPgb1.2. This effect seemed to be reversible upon agitation and the internal sponge
phase structure was maintained. When analyzed with size exclusion chromatography (SEC), no protein leakage
was detected for the nsPgb. To study toxicological effects of BvPgb1.2 WT, C86A and Mb, these proteins were
labeled with fluorescent markers and studied in vivo using a zebrafish model. The globins were injected into brain
and lateral muscle tissues to study potential accumulation and toxicity. Granules of C86A and Mb were detected in
brain tissue, while all proteins were observed in the muscle tissues. In general, either no/low oxidative stress was
observed for the penta- or hexacoordinated globins, except for the most concentrated granules of BvPgb1.2 WT,
indicating good tolerance in this model system.

The results highlighted in this thesis provide valuable insights in order to improve/strengthen several areas within
biotechnology, including potential generation of resilient crops, iron supplements and oxygen therapeutics.
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All the figures displaying 3D-structural models and protein structure comparisons
were performed using Chimera software from UCSF [1, 2]. Note: It has been an
effort in the globin community over the last years to present these proteins as
“Phytoglobins” instead of symbiotic/non-symbiotic plant hemoglobins [3].
Moreover, “leghemoglobin” or “legHb” are old terms for symbiotic Pgbs from
legumes. Since the literature is based on the old description, it should be noted that
these terms are equivalent. In addition, the partial pressure of oxygen at which 50%
saturation of the hemoglobin is reached (pso), is equivalent to the molar affinity
constant Ky, for phytoglobins, which is usually used in the literature. Conventional
one or three letter abbreviations of amino acids residues are used and not included
in the Abbreviations section (except for the cysteine (position 86) and tyrosine
(position 115) residues).



Popular Summary

When people hear the word “Hemoglobin”, they probably recognize this term from
high school biology as the protein transporting oxygen from the lungs to the tissues
in the human body. This property, to carry and deliver oxygen through the blood, is
essential for life, as we know it. However, it is less well known that plants also
contain hemoglobins, which is strange since this protein is associated with blood
and as far as we know, plants do not have blood. So why would plants need these
kinds of proteins when they do not use hemoglobin in red blood cells to transport
oxygen?

It was in the late 1930s when plant hemoglobins were discovered for the first time.
It was found in the root nodules of soybean, a household legume in several cultures.
This protein was classified as a symbiotic hemoglobin, because legumes form a
symbiosis with soil-living bacteria. In this relationship, the hemoglobin regulates
the oxygen levels in the soil while the bacteria supply the plant with nitrogen in
return. In other words, a perfect match. It would take another four decades before a
new set of hemoglobins were found in other plants than legumes, hence given the
name non-symbiotic hemoglobins. Today, we have classified these proteins into
three classes; class I, class II and class III non-symbiotic hemoglobins and some
form is found in all plants we know of. We call them phytoglobins instead (phyto
meaning plant) and the exact role of these proteins is still under investigation.
However, substantial progress has been made in this area since phytoglobins were
first discovered. The general understanding is that non-symbiotic phytoglobins bind
oxygen too tight and release it too slow to function as an efficient oxygen carrier.
Instead, these proteins are proposed to function as nitric oxide regulators in plants,
an important signaling molecule produced under stressful conditions. Therefore, it
is believed that this kind of globin helps the plants in their stress response and
combat this by regulating the levels of produced nitric oxide while maintaining a
healthy redox and energy balance under these circumstances, instead of oxygen
delivery.

Since phytoglobins seem to have a vast array of functions and contain the heme
moiety, they have sparked a great biotechnical interest in utilizing them for human
purposes. For instance, iron deficiency is one of the leading micronutrient
deficiencies in the world and could lead to anemia. This condition affects
approximately 42% of children less than five years old and 40% of pregnant women
according to World Health Organization estimations. The current treatment for



anemia is primarily supplementation with inorganic iron salts, which commonly
results in iron overload and unpleasant side effects, including nausea, constipation
and fatigue. Heme iron is generally accepted as a more bioavailable option in terms
of iron, not having to ingest huge doses and is not affected by absorption inhibitors
as the inorganic form. Would phytoglobins be a suitable replacement to relieve this
current problem and increase the level of dietary iron in a sustainable manner instead
of meat products?

Over the years, Hemoglobin-based oxygen carriers have received more attention as
artificial blood substitutes to counteract the constant shortage of blood donors
around the world. However, despite of great efforts, these oxygen therapeutics are
still limited. Problems include lack of stability, causing harmful side reactions and
insufficient production volumes. Even though phytoglobins are not meant to
transport oxygen, would it be possible to engineer these proteins while maintaining
their stable structure and deliver oxygen to the most oxygen-deprived tissues?

In a constantly changing world, there is always a great need of stable and sustainable
food production, something that many of us take for granted in our generation. In
order for us to adapt to climate change and still produce sufficient amounts of food,
resilient crops are needed to combat these problems. Since phytoglobins are known
to help plants survive during stressful conditions, would overexpression or gene
insertion of these proteins directly in plants provide more resilient features?

The biotechnical applications of phytoglobins are many, but more knowledge and
research regarding these proteins are needed in order for us to utilize them to our
advantage. Work presented in this thesis is primarily based on class I non-symbiotic
phytoglobins from sugar beet, including their characteristics and generating
mutant(s) with altered properties. By using protein engineering, structural and
functional features were investigated as well as intra- and intermolecular protein
interactions. In addition, efforts have been made to find suitable practical solutions
for these proteins that could facilitate their applicability in biotechnology and
biomedicine. This work has been an attempt to further understand the biochemical
features of phytoglobins and how to translate them into practical use to relieve some
of the issues we are facing in the modern world.



Popularvetenskaplig Sammanfattning

Néar man hor ordet “Hemoglobin” kidnner man formodligen igen detta fran
grundskolans biologi och paminns om att det dr proteinet som transporterar syre fran
lungorna till resterande védvnader i kroppen. Egenskapen att transportera syret
genom blodet dr en forutsittning for livet som vi kénner till det idag. Dock ar det
inte lika kéant att vaxter ocksa innehaller hemoglobiner, vilket dr underligt da vaxter
inte innehaller nagot blod. Sa varfor behdver vixter dessa proteiner da de inte
anviander hemoglobin i roda blodkroppar for syretransport?

Under 1930-talet uppticktes vixthemoglobin for forsta géangen. Det hittades i
rotknélar hos sojabdnor, en vanlig baljvaxt i flera kulturer. Detta protein kallades
for ett symbiotiskt hemoglobin dé& baljvixter formar en symbios med jordlevande
bakterier. I detta forhallande ar det hemoglobinet som reglerar syrehalterna i jorden
medan bakterierna levererar kvave till vixten. Med andra ord sé ar detta valdigt
gynnsamt for bada parter. Det skulle ta ytterligare fyra artionden innan en ny klass
av hemoglobiner hittades i andra véxter dn baljvixter. Darfor fick dessa namnet
icke-symbiotiska hemoglobiner. Idag har vi delat in dessa proteiner i tre klasser;
klass I, klass II och klass III icke-symbiotiska hemoglobiner och nagon form av
dessa aterfinns i alla vaxter som undersokts. Vi kallar de for fytoglobiner (fyto for
vixt) och den exakta rollen som de har undersoks fortfarande. Dock har det gjorts
betydande framsteg inom detta omrdde genom aren sedan fytoglobiner forst
uppticktes. Den generella uppfattningen é&r att icke-symbiotiska fytoglobiner binder
syre alldeles for hart och 10sgor det for ldngsamt for att kunna fungera som en
effektiv syretransportdr. Istdllet har man foreslagit att denna typ av globiner
fungerar som regulator av kvaveoxid i véxter, vilken &r en viktig signalmolekyl som
bland annat produceras under stressfulla forhallanden. Dérfor tror man att dessa
proteiner hjilper vixten hantera stressresponser genom att reglera méngden
kvdveoxid och bevara en gynnsam redox- och energibalans under dessa betingelser
istéllet for att leverera syre.

Eftersom fytoglobiner verkar ha manga olika funktioner hos véxter och det faktum
att de innehéller hemgruppen har de vickt ett stort biotekniskt intresse i hur dessa
kan anvindas for ménsklig vinning. Till exempel dr jarnbrist ett av de ledande
bristtillstdnden runt om i virlden och kan leda till blodbrist (anemi). Denna akomma
drabbar ungefir 42% av vérldens barn under fem ar och 40% av gravida kvinnor
enligt Vérldshélsoorganisationen. Den nuvarande behandlingen for anemi &r framst
att ta tillskott med oorganiska jarnsalter, vilket vanligen resulterar i 6verdosering av
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jdm och otrevliga bieffekter, som illamaende, forstoppning och utmattning.
Hemjérn &r generellt sett som ett mer biotillgingligt alternativ, ddr méngden tillfort
jarn darfor kan minskas samt att upptaget inte forhindras av andra faktorer som for
den oorganiska formen. Skulle fytoglobiner vara ett passande alternativ for att lindra
de nuvarande problemen och 6ka médngden jarn fran kosten pé ett hallbart sétt istillet
for att 4ta mer kottprodukter?

Genom aren har dven forskningen mot artificiellt blod, s& kallade Hemoglobin-
baserade syrebérare, fatt mer uppmérksamhet for att motverka den konstanta bristen
pa bloddonatorer. Men trots stora satsningar kvarstir fortfarande problem som
instabilitet, astadkommande av skadliga sidoreaktioner och otillrdcklig
produktionsméngd. Aven om fytoglobiner inte 4r gjorda for att transportera syre,
skulle inte en mdjlig 16sning kunna vara att designa dessa proteiner utifran detta
men samtidigt behalla dess stabilitet och da kunna leverera syre till de mest
syrefattiga vdvnaderna?

I en konstant fordnderlig vérld finns det alltid behov av en stabil och hallbar
livsmedelsproduktion, vilket 4r ndgot som ofta tas for givet i var generation. For att
vi skall kunna forhélla oss till de rddande klimatférdndringarna och fortfarande
producera tillrickliga miangder mat s behovs formodligen mer motstandskraftiga
grodor som kan std emot detta. Eftersom fytoglobiner tros hjilpa véxter i att
overleva under stressande forhéllanden, vore inte ett alternativ vara att dveruttrycka
eller introducera motsvarande gener direkt i vixterna for 6kad talighet?

De biotekniska applikationerna av fytoglobiner &r manga men mer grundlidggande
kunskap och forskning behdvs for att kunna anvénda dem till var fordel. Arbetet
som presenteras i denna avhandling dr baserat pd klass I icke-symbiotiska
fytoglobiner fran sockerbeta, dir deras funktioner &r i fokus samt framtagandet av
nya mutanter med nya egenskaper. Strukturella och funktionella egenskaper har
undersokts genom anvindningen av proteindesign, dir &dven intra- och
intermolekyldra interaktioner har haft ett betydande fokus. Det har dven gjorts
forsok att finna praktiska tillimpningar for att 6ka den biotekniska och
biomedicinska potentialen angaende dessa proteiner. Detta arbete har utvidgat den
existerande kunskapen géllande egenskaperna hos fytoglobiner och hur man skulle
kunna anvénda dem i praktiken for att 16sa de utmaningar som den moderna vérlden
stér infor.
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Abstract

Phytoglobins (Pgb) (plant hemoglobins) are heme-containing proteins and less well
known in comparison to the mammalian counterparts hemoglobin (Hb) and
myoglobin (Mb). They share the same secondary structure as other globin-related
proteins, six to eight a-helices comprising the myoglobin-fold (Mb-fold) with one
prosthetic heme moiety per subunit. Pgbs are divided into different classes, where
the non-symbiotic Pgbs (nsPgb) are found in vast number of plants. Unlike their
mammalian counterparts, nsPgbs usually have an additional coordination site
interacting with the iron called the distal histidine, in addition to the proximal
histidine below the heme plane. Even though they bind oxygen (O.), the proposed
functions of these proteins are linked to nitric oxide (NO) metabolism, redox
balance and energy maintenance, especially in hypoxic conditions, to a higher extent
than oxygen transport.

One aim of this thesis was to generate mutant(s) with altered characteristics using
site-directed mutagenesis and investigate the role of these residues. One residue in
particular was a conserved cysteine residue located at position 86 (C86A) in sugar
beet (Beta vulgaris ssp. vulgaris) nsPgb BvPgbl.2. After crystallization and
structure determination, this cysteine-to-alanine substitution had no impact on the
tertiary and quaternary structure but major implications regarding functionality were
observed. The mutant had faster autoxidation rate and increased thermal stability,
while the wild-type (WT) protein showed higher peroxidase activity. Both species
appeared as homodimers and did not show any heme loss, unlike human
hemoglobin.

To gain more information regarding the intra- and intermolecular interactions in
nsPgbs, triple-labeled BvPgbl1.2 was expressed, purified and analyzed using 2D
Nuclear Magnetic Resonance (NMR). 83% of the expected amide cross-peaks were
assigned. The majority of the non-assigned residues were located in G and H o-
helices, which are proposed to be an important area of dimer interactions. Hydrogen
bonding between specific residues (T53 and E123) and a hydrophobic cluster in
opposing monomers were suggested to be important in dimer formation. Structure
predictions were conducted to gain knowledge regarding the role of the conserved
cysteine in dimerization and mapping the lost residues in the crystal structure. These
residues were located at highly flexible regions in the N- and C-termini, as well as
in the loops for helices CD/DE. Small angle X-ray scattering (SAXS) confirmed
maintained a dimeric quaternary structure at low protein concentrations (~0.15
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mg/ml) and physiological salt concentrations for WT and C86A. Different protein-
dependent oligomerization tendencies were observed for the proteins, where the
effects for C86A were most prominent. High degree of dimerization was observed
for both proteins, not affected by the imposed cysteine-substitution to great extent.

To evaluate the biotechnical applicability of these proteins, encapsulation of
BvPgbl.2 and Mb were carried out using a lipid-based sponge phase system. High
protein concentrations were correlated with increased aggregation tendencies,
especially for BvPgbl1.2. This effect seemed to be reversible upon agitation and the
internal sponge phase structure was maintained. When analyzed with size exclusion
chromatography (SEC), no protein leakage was detected for the nsPgb. To study
toxicological effects of BvPgb1.2 WT, C86A and Mb, these proteins were labeled
with fluorescent markers and studied in vivo using a zebrafish model. The globins
were injected into brain and lateral muscle tissues to study potential accumulation
and toxicity. Granules of C86A and Mb were detected in brain tissue, while all
proteins were observed in the muscle tissues. In general, either no/low oxidative
stress was observed for the penta- or hexacoordinated globins, except for the most
concentrated granules of BvPgb1.2 WT, indicating good tolerance in this model
system.

The results highlighted in this thesis provide valuable insights in order to
improve/strengthen several areas within biotechnology, including potential
generation of resilient crops, iron supplements and oxygen therapeutics.
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1 Introduction

1.1 Background and Aims

In the modern world, the importance of new and improved methods to relieve the
impact of difficult challenges facing humanity has never been greater. For instance,
is the world adapted to the increasing need of food to feed a growing population
worldwide? Can the crops used today withstand the potential effects from climate
change? Perhaps we need additional knowledge of how to create crops that are more
resilient in order to fulfil current and future needs. Adaption to constantly changing
conditions and finding creative solutions have always been important hallmarks of
humankind. This is a vital ability and important to maintain during coming decades,
in order to combat modern concerns regarding the climate. Regardless if is sudden
draughts, flooding, temperature changes or altered soil conditions, the need for
science and technology to solve these issues is always imminent.

Apart from environmental factors, there is always a need to find new ways to
promote human health and alleviate conditions for suffering individuals. One
example of this is the increasing rate of nutrition deficiencies occurring around the
world. For instance, iron deficiency, ultimately leading to anemia if not treated
properly, is one of the most common deficiencies of micronutrients and has been on
a steady rise during the latest decades [4]. Iron deficiency, with subsequent anemic
conditions, is a major public health problem according to the World Health
Organization and is defined by hemoglobin (Hb) levels <12 and 13 g/deciliter in
women and men, respectively [5]. This affects young children and pregnant women
in particular, where approximately 42% and 40% of these groups are estimated to
be suffering from this condition, respectively [6]. The occurrence of this and related
conditions are most predominant in developing countries but on the rise on a global
scale. One explanation could be increasing propensity to eat more vegetarian diets
for sustainability and health reasons. Even though plants also contain iron, it is
primarily of inorganic forms with a lower bioavailability (<5%) [7] in comparison
to meat-based sources (15-35%) [8]. An aspect of this difference is the impact of
several plant-derived chemicals (phytochemicals) serving as anti-nutrients.
Examples are phytate (phytic acid), polyphenols and oxalic acid but also calcium
and other divalent metal ions have a negative effect on iron absorption [9]. A recent
study showed high levels of phytate in current plant-based meat substitutes, in
addition to low quantities of bioavailable iron [10]. The nutritional limitations of
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these products are problematic, especially in providing sufficient amounts of vital
micronutrients, in addition to the high anti-nutrient content. These implications adds
to the difficulty in maintaining a plant-based diet and still providing appropriate
amounts of bioavailable macro- and micronutrients to the body.

Traditionally, meat has been the main source or iron and other micronutrients, where
the heme iron is more efficient in terms of absorption and utilization by the human
body. The heme iron comes primarily from heme-binding proteins, such as
myoglobin (Mb) in muscle tissue and hemoglobin (Hb) from blood. Mentioned
inhibitors for inorganic iron do not affect the heme-derived iron. Furthermore, iron
in the free ferric (Fe’") oxidation state is more prone to precipitation, further
diminishing absorption [9]. Thus, by changing our eating habits toward a more
plant-based diet, there is a risk of lowering the amount of bioavailable iron and other
nutrients crucial for maintenance of healthy bodily functions. Could there be an
option to have an increased plant-based diet and still provide sufficient amount of
iron for the body to thrive?

Another important need is development of Hemoglobin-based oxygen carriers
(HBOC:s). These are pharmaceutical products designed to mimic the function of Hb
and deliver additional oxygen (O,) when applied. The need for new blood donors is
always high and new solutions have to be engineered to keep up with this demand
to aid in emergency situations, such as surgeries, accidents or transfusions. Most of
current HBOCs are based on engineered human or bovine Hb but often come with
several drawbacks, such as severely increasing blood pressure by nitric oxide (NO)
scavenging, oversupply of O, (low O; affinity) and lower cardiac output [11, 12].
In addition, issues regarding storage capacity, biocompatibility and prehospital
availability have been focal points for modern HBOCs [13]. Could O,-carrying
proteins from other sources, such as plants, be a future solution to this concern?
Would it be possible to ensure O, supply to even the most O,-deprived tissues and
provide a universal product simultaneously?

Plant hemoglobins (phytoglobins, Pgb) were first discovered in root nodules of
legumes in 1939 [14], where these proteins were believed to aid in nitrogen-fixation
by providing proper O conditions for the soil bacteria. Ever since, several different
kinds of Pgbs have been discovered with different proposed functions for particular
plants and tissues. For instance, non-symbiotic phytoglobins (nsPgb) were
discovered for the first time in the 1980s in non-leguminous plants [15, 16]. These
proteins have been found in a vast array of plants in some form and have different
functions than the symbiotic ones found in legumes. Their functions are linked to
NO metabolism, maintaining energy status and redox balance, especially in hypoxic
conditions, in addition to aid the plant in response to several abiotic and biotic
stresses [17, 18]. Due to the variability of catalyzed reactions and involvement in
numerous processes regarding stress responses in plants, it is difficult to pinpoint
any specific functions for these proteins. However, this versatility could be a
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blessing in disguise, opening up possible biotechnical applications where these
could potentially be useful.

The aim of this thesis is to expand the current understanding regarding the
characteristics of Pgbs in general and nsPgbs in particular. One important technique
in examining the roles of amino acid residues in these proteins is site-directed
mutagenesis, where a single or several residues can be substituted and their causal
effects studied [19]. In addition, this technique could provide information how to
engineer these proteins and make them more suitable for practical applications in the
future and help to elucidate their structure and function in vivo. This ability, to
generate new and improved proteins with desired properties, is an important tool in
solving some of the mentioned problems that we are currently facing but also in the
future.

This thesis is primarily based on five papers and manuscripts, which have been
developed during my doctoral years. The focus has been on class I nsPgbs from
sugar beet (Beta vulgaris ssp. vulgaris). Moreover, identification of novel Pgbs,
especially in oat (Avena sativa), have also been of interest (not included in the
thesis).

The aim of Paper I was to examine the role and function of the conserved cysteine
residue at position 86 in sugar beet nsPgb BvPgbl.2. We found, by successfully
crystallizing and solving the crystal structures for both the wild-type (WT) and
cysteine-substituted mutant (C86A), that it had only minor impact on the overall
structure of the protein. In addition, both proteins appeared as dimers when analyzed
at low protein concentrations. However, the functionality was drastically altered.
For instance, the autoxidation rate and thermal stability increased for the mutant
while the WT showed 3-fold higher initial peroxidase activity. However, none of
the nsPgbs showed any heme loss in contrast to the positive control. The absent
heme loss tendency indicated high stability and potentially their less reactive nature
in comparison to pentacoordinated Hbs. In this work, we have highlighted the
important role of the cysteine regarding the function and activity, even though this
residue seemed to be of less structural importance.

In Paper II, we expressed triple-labeled (*H, *C and '*N) BvPgb 1.2 WT in order
to analyze the internal protein dynamics and potential dimerization interactions
using 2D Nuclear Magnetic Resonance (NMR). The protein was analyzed in its
cyanide- and O,-bound forms. In total, 137 of the 165 expected amide cross-peaks
were assigned (83%) for cyano-BvPgb1.2. The non-assigned residues were mostly
located in the G and H a-helices, which are one of the proposed regions to be
involved in the dimerization, ultimately forming the homodimer. Here, we
highlighted the protein dynamics in BvPgb1.2 and identification of flexible regions,
features of importance to better understand the functions of nsPgbs in planta and
for various biotechnological applications.
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In Paper 111, we investigated the role of the conserved cysteine during dimerization
in more detail using small angle X-ray scattering (SAXS). Both proteins maintained
their dimeric quaternary structure at high/low protein and salt concentrations.
Different protein-dependent oligomeric states were observed for BvPgb1.2 WT and
C86A, where the mutant seemed to oligomerize to greater extent. Thus, the main
function of the conserved cysteine residue is probably associated with activity and
redox balance rather than dimeric quaternary structure stabilization. In addition, we
performed structure simulations using AlphaFold for both BvPgb1.2 WT and C86A
to map the residues missing electron density in the crystal structures, generating a
complete structure prediction model. Furthermore, the dimeric crystal structure of
C86A was used to investigate important residues in dimer formation in more detail.

In Paper IV and V, we examined practical applications of these nsPgbs and their
potential toxic effects in biological systems, respectively. In Paper IV, we
examined the heme interactions in a lipid sponge phase system that has been used
to encapsulate and potentially protect/delivery proteins to desired locations in the
body. This was conducted with one pentacoordinated and one hexacoordinated
hemeprotein (Mb and BvPgb1.2 WT, respectively). Major and possibly reversible
aggregation tendencies were observed for high BvPgbl.2 concentrations (60
mg/ml), but to lesser extent for Mb. Properties such as isoelectric point (pI), buffer
strength, lipid composition and iron coordination might be taken into consideration
to optimize the encapsulation in this and similar systems.

In Paper V, the heme-containing proteins were also analyzed in a toxicological trial
using a zebrafish model. Mb, BvPgb 1.2 WT and C86A were fluorescently labeled
using two activated ester-markers. Thus, the accumulation and effect of the proteins
could be observed. Labeled C86A and Mb accumulation were detected after
injection in brain tissue, but no associated oxidative damage in surrounding tissues
were detected. BvPgb1.2 WT was not found in the brain, but all globins were
observed in lateral muscle tissues. Most injections showed no or low level of
oxidative stress, except for the most concentrated granules of labeled BvPgb1.2 WT.
If this effect is consistent or a result of the microinjection procedure itself remains
to be proven. Different behavior between protein accumulation in brain and muscle
was also found, where fluorescent granules were found close to the site of injection
in the muscle tissues. In general, no excessive oxidative stress was observed for
either the penta- or hexacoordinated globins, indicating good tolerance in this model
system.

The theme of this thesis is class I nsPgbs, whether in regards of expanding the
knowledge of previously unknown features and characteristics (Paper I-III) or their
practical applicability (Papers IV and V). In addition, finding novel Pgbs to be
analyzed and characterized have also been within the scope but not included in the
main thesis. In the concluding chapter, the highlights of the presented work are
summarized and potential future prospects are discussed. In the end, the goal was to
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provide new biotechnical tools and proteins that could be of use for humanity and
improve human health in a sustainable manner.

1.2 Hemoglobin and Heme: Structure and Function

An essential basis for life among vertebrates is the transportation of O, from the
lungs to the different cells and exportation of carbon dioxide (CO;) and hydrogen
ions in the opposite direction. Mentioned ligands are bound, transferred and released
to different tissues by the protein Hb in a reversible manner [20]. While Hb is
transported around the body in red blood cells by the circulatory system and deliver
O, where it is needed, Mb is located in muscle tissues. Here, Mb serves as both O,
supplier/storage and generator of cellular energy when needed by the cells [21].

The transition from an anaerobic to aerobic existence provided the opportunity to
utilize more energy than previously. Approximately 15 times more energy from
glucose can be harnessed in the presence of O due to the involvement of oxidative
phosphorylation in the mitochondria [21]. Because of the importance of these
globins, they are among the most heavily studied proteins in vertebrates. Mb and
Hb were the first proteins to be crystallized and structure determined using X-ray
crystallography [22-24].

The reason why Hb can carry O, and other ligands is due to the presence of the
prosthetic group heme. This group is indicated in Figure 1, in addition to the
quaternary structure of human Hb A [25]. The protein exists as a tetramer in its
functional form, equipped with one heme moiety per subunit. A central water cavity
is also present between the dimers of subunits a;-B; and a,-f.. Each subunit consists
of six to eight a-helices, depicted A-H, which folds into the motif called the
myoglobin fold (Mb-fold) [25, 26]. The fold consists of a 3/3 sandwich structure
formed between helices A, B, C and E over helices F,G and H, forming a
hydrophobic core containing the heme group [26]. Moreover, the short helix D is
usually located in the loop region preceding helix E and in close proximity to helix
C.
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Central water cavity

)

~ Heme

Figure 1. Quaternary structure of human Hb A (PDB-ID: 2HHB [27]). The four subunits forming the tetramer, heme
moieties and central water cavity are depicted. Adopted and modified from [25].

The prosthetic heme group, also called protoporphyrin IX, consists of four pyrrole
rings linked by methine bridges to form a tetrapyrrole ring with a central iron atom.
(Figure 2A) [21, 28]. The bound iron generates the red color of both muscles and
blood seen throughout the animal kingdom. Beside the ability to transport and/or
store O,, heme-containing proteins also perform several enzymatic reactions,
including peroxidase functions (reacting with hydrogen peroxide (H,O-)) and serve
as electron transporters in redox maintenance [29]. Furthermore, other ligands than
O, are capable of binding to the heme, including NO, carbon monoxide (CO) and
cyanide (CN") among others [25].

Different oxidation states are important in binding and transportation of O,. For
instance, the ferrous oxidation state (Fe*") is capable of binding O, while the ferric
form (Fe*") is not, rendering it inactive [21]. The iron atom can form two additional
bonds adding to the four ones from the nitrogen in the tetrapyrrole ring. It is possible
for the centered iron to interact with two additional sites located on either side of
the heme plane and these binding sites are referred to as the fifth and sixth
coordination sites [30]. Thus, Hbs are divided into pentacoordinated (five iron
coordination sites) and/or hexacoordinated (six iron coordination sites) depending
of the number of interactions with the central iron. In pentacoordinated Hbs, the iron
interacts with a histidine located in the F-helix, usually at position F8, termed the
proximal histidine [25, 26, 30]. In contrast, all six coordination sites are occupied in
hexacoordinated Hbs. In both cases, the heme group is linked to the protein
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backbone by the proximal histidine and this residue has been shown to be important
in anchoring the prosthetic group to the protein. Hexacoordinated Hbs have an
additional histidine residue in the binding pocket, referred to as the distal histidine
[21]. The distal histidine is crucial for stabilization of the bound O, by donation of
a hydrogen bond or interacting with the iron itself [30]. This histidine is located in
the E-helix (E7), above the heme plane [25]. Therefore, Hbs can be classified by
penta- or hexacoordination depending on the involvement of the distal histidine in
iron stabilization. Although, Hbs may have different degrees of distal histidine
involvement in ligand stabilization, giving them features from both classes. Figure
2B displays the interactions of the proximal (Hp) and distal histidine (Hp) residues.
Here, it is evident that pentacoordinated Hbs also contain the distal histidine residue,
but it is not interacting with the central iron.

Pentacoordinate

Hexacoordinate

Figure 2. (A): Structure of the prosthetic heme moiety. (B): Orientation of the proximal (Hp) and distal histidine (Hb) in
penta- and hexacoordinated Hbs. Adopted and modified from [31] and [30], respectively.

Pentacoordinated globins are usually involved in traditional O, binding, transport or
storage, exemplified by human Hb A in red blood cells and Mb in muscle tissues.
On the other hand, examples of hexacoordinated globins are also found in the animal
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kingdom, namely neuroglobin (Ngb) and cytoglobin (Cgb), but also the more
recently discovered nsPgbs in plants are hexacoordinated [30, 32]. Due to the
additional stabilization provided by the distal histidine, these proteins are not
associated with O, transport because of the tight binding and slow release of O,. For
example, human Ngb is present in brain, retina and several tissues in the nervous
system and its exact function is not fully determined [32, 33]. The current proposed
model suggests involvement in the protection against hypoxic and oxidative stress,
probably through a NO scavenging mechanism. This model indicates the
neuroprotective properties of Ngb, especially during O,-deprived conditions [32].
In similar fashion, Cgb is proposed to scavenge NO during fibroblast proliferation
and providing cellular protection in oxidizing conditions [34, 35]. This protein is
found in many different tissues in humans and upregulated under hypoxia.
Furthermore, cells expressing nsPgbs have been found to prevent cell death in
hypoxic conditions, in addition to increased level of ATP and low NO accumulation
in these cells [36]. In particular, class I nsPgbs are important for maintenance of the
redox balance and energy conversion in O,-deprived environments [37, 38].

Although the precise functions of penta- and hexacoordinated globins are not fully
understood, it is evident that the two coordination states of the heme iron provide
different characteristics and functionalities. The rest of the chapter will investigate
the origin of Pgbs in particular, how/why they evolved, what is known in terms of
how they affect plant tissues and their current proposed functions in vivo.

1.3 Phytoglobins: From Origin to Characterization

1.3.1 Evolution of Globins

Since the first crystal structures of Hb and Mb were published in the 1960s, a vast
number of different globins and related proteins have been discovered, ranging from
simpler bacteria to more advanced eukaryotic organisms. The development in
recombinant DNA technology, sequencing output and computer power over the last
50 years have significantly facilitated the ability to sequence entire genomes and
compare these to elucidate ancestral traits.

In the globin case, there are three lineages in the bacterial super family that either
belongs to two structural classes; 3/3- and 2/2-fold globins [26]. The two lineages
belonging to 3/3-fold are the F family, where flavohemoglobins and similar single-
domain globins are found and the S family, where so called globin-coupled sensors
and related proteins are included [39, 40]. The final lineage, the T family, possesses
the unconventional 2/2-fold, mainly due to conversion of helix F into a loop and
shortening of helix A. The T family is divided into three different subfamilies [26],
but will not be examined in further detail. It should be noted that this kind of
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phylogenetic analysis is a continuous process since more globin-like proteins are
discovered due to easier access of genomic data. For instance, the discovery of
hexacoordinated nsPgbs, Ngbs and Cgbs further added to the great variability of
these proteins. One of the more recent additions of hexacoordinated globins, called
androglobin, contains both protease/globin domains. These globins have been found
in testis tissue and may be part of a more novel metazoan globin lineage [41].

It is evident that all globins from vertebrates and non-vertebrates, as well as
symbiotic and non-symbiotic Pgbs and several microbial eukaryotes, possess the
conventional 3/3-sandwich fold and have homologous gene sequences to the F
family of bacterial proteins [26]. Globins from the T family have been found in
plants and a number of microbial eukaryotes [42]. In contrast, fungi seem to be the
only group with flavohemoglobins and single domain globins from the S lineage
and archaea only express globins from the S family [43, 44].

A phylogenetic tree model of globin evolution can be seen in Figure 3A. The
analysis was conducted using genomic sequencing originating from different
species, including globins from plants, algae (Chlorophyte and Stramenopile),
vertebrates and members of the bacterial F and T families [45]. A close relationship
between vertebrate Ngb and nsPgbs (depicted plant nsHb) was found, originating
from bacterial flavohemoglobins. This evolution of eukaryotic globins might have
been a result of horizontal gene transfer (transfer of genetic material between
bacterial cells) from respective bacterial lineages. The origin of this transfer
involved one or both of the crucial events of endocytosis, the basis for life as we
know it; creation of mitochondria involving a a-proteobacterium and chloroplasts
involving cyanobacterium [40, 42, 46]. Therefore, horizontal gene transfer form an
ancestor of the proteobacteria to the last eukaryote common ancestor (~1200 million
years ago (mya)) could be a representation of current vertebrate Ngb, algal and plant
3/3-folded globins [45]. In addition, the relationship between penta- and
hexacoordinated globins is also evident in Figure 3A. This suggests that ancestors
of Ngb first developed into Cgb and later into the pentacoordinated vertebrate Mb
and /B subunits of Hb. Moreover, both class II nsPgbs and symbiotic Pgbs (sPgb,
Lbs) are both derived from the ancestral class I nsPgb [45]. Thus, it is reasonable
that pentacoordinated Pgbs originated from hexacoordinated ancestors [32, 47, 48].

A representation of the evolution from bacterial to vertebrate and other eukaryotic
globins and the relationship between them can be seen in Figure 3B. Here, globins
from the F family, containing the conventional 3/3 Mb-fold, developed from the
chimeric form of flavohemoglobins to the current form of single-domain Hbs, losing
its original reductase domain. These events were the foundation and further
developed into the current globins, mainly: globins in vertebrates (Hb, Mb, Ngb and
Cgb), Pgbs, fungi and other microbial eukaryotes.
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Figure 3. (A): Phylogenetic tree of globin evolution. Present vertebrate Ngb, Cgb and Pgbs originated from a bacterial
flavohemoglobin ancestor. Majority of bootstrap values (red) were 100% (high percentage of support). Longer distance
between the branches indicates more sequence diversity. More separated branches represent more genetic
distance/timed evolved. (B): Schematic representation of modern globins originating from the bacterial flavohemoglobin
F family. Abbreviations: Agna: Agnatha (fish), Bact: Bacterial, Chlor: Chlorophyte, Fgb: single-domain flavohemoglobin,
FHb: chimeric flavohemoglobin, GbX: Globin in fish, amphibians and reptiles, GIbY: Globin in amphibians, nsHb: nsPgb,
Plant Lbs: symbiotic Pgbs, Stram: Stramenopile, SDFgbs: single domain flavoglobins and Vert: Vertebrate. Adopted
and modified from [45] and [26], respectively.

The historic timeline of globin development took place over millions of years,
rendering it difficult to predict exactly when important stages in the evolution
occurred. Globins are probably more than 3000 million years old and prokaryotic
ancestors contained early members of the F, S and T families [42]. Several genomic
transitions occurred during these years to ultimately form the current globins. The
first transition is believed to occurred between 450 to 800 mya and developed
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members of bryophytes, such as mosses [49]. This was the period when plants
started to colonize the land, instead of being limited to aquatic life. The second
major event, approximately 320 mya, yielded the first spermatophytes (seed plants),
which were split into ancestors of gymnosperms (woody plants) and angiosperms
(flowering plants). The third and fourth transitions diversified the early angiosperms
and formed monocotyledons (monocots) and dicotyledons (dicots) (both between
140 to 180 mya) [26, 50]. It is also postulated that genome duplication events, in
addition to horizontal gene transfers, took place prior to the second and third events,
which were important stages for genome diversification and generation of new
genomic varieties [51].

The first observed ancestors of non-symbiotic/symbiotic Pgbs and Pgbs from
legumes are approximately 150 and 60 million years old, respectively. Therefore, it
is likely that symbiotic Hbs emerged from early versions of non-symbiotic Hbs and
spread among flowering plants [26]. However, it is not entirely clear if globins from
legumes stems from the same origin as all other sPgb [52]. Although, it is likely that
leguminous Hbs arose from class II nsPgbs, since these hexacoordinated globins are
found in early dicots, whereas the more recent development of legumes suggests
transition to the pentacoordinated sPgb found in leguminous root nodules [53].

In summary, 3/3 land plant nsPgbs emerged from an ancient ancestor shared with
algae and developed into class I and II through the diversification of angiosperms
~140 to 180 mya (later split into monocots and dicots). Whether or not symbiotic
globins in legumes or non-legumes coevolved, these proteins emerged at a later
stage and probably originate from early versions of class I nsPgbs [26]. During this
event, the iron coordination of the heme transitioned from its hexacoordinated
precursors to the pentacoordinated sPgbs. Examples of these alterations were
decreasing length of the loop between helices C/D and N- and C-terminals, leading
to a less mobile distal histidine [54]. Thus, the ability for the distal histidine to
interact with the heme iron and adopt both penta- and hexacoordinating
configurations was lost in this transition. Finally, it should be mentioned that 2/2
truncated Pgbs (trPgb, class III nsPgb) emerged from a bacterial ancestor through a
horizontal gene transfer to early ancestors of all eukaryotes or at least the ones
shared by algae and land plants [26].

1.3.2 Classification of Phytoglobins

Ever since Pgbs were first discovered in the 1930s [14], the elucidation of their
origin and characteristics have been a major focal point. In the 1980s, nsPgbs where
observed for the first time in non-nodulating plants [15], adding to the diversity of
these proteins. Today, Pgbs are divided into different classes depending on their
evolution and features. Here, the main classes are presented and described in terms
of suggested functions and characteristics.
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1.3.2.1 Class I Non-Symbiotic Phytoglobins

Class I nsPgbs are usually expressed in low pM concentrations (5-20 uM) when
induced in vivo [55, 56]. These proteins have a very high O, affinity, (Kn~2 nM),
making them unlikely to function as O, transporters in plants [47, 57]. Instead, these
proteins are proposed to have NO scavenging functions due to the increased levels
of this compound and upregulations of class I nsPgb in abiotic and biotic stressful
environments [58, 59]. Elevated levels of NO has been linked to control several
developmental stages in plants, for instance seed dormancy and root development
[60], in addition to environmental impact from cold and hypoxia [61]. These levels
are probably modulated by class I nsPgbs, aiding the plant in adaptive response
mechanisms and these proteins are present in all angiosperms [44].

Class I nsPgbs appears as dimers in its active configuration, comprised of monomers
~17-19 kDa in size. Dimeric interactions are proposed to occur in the interface of
helices G and BC loop region with a dissociation constant in the uM-level [56, 62].
The dimer interactions and flexible regions for class I nsPgbs are discussed in
Chapter 3 (Paper II and III). These proteins usually contain one or two conserved
cysteine residues, located in the E helix [56]. When this residue in barley nsPgb
(Hordeum vulgare) (position 79) was mutated to serine, an intermolecular disulfide
bond was detected in the WT protein using mass spectrometry and suspected to
stabilize the quaternary structure and maintaining proper redox balance [63].
Moreover, the distal histidine tends to interact with the bound ligand through
hydrogen bonding. This interaction could be disrupted when the cysteine is absent
due to solvent entry into the heme pocket. The features of cysteine substitution in
class I nsPgbs will be further examined in Chapter 2 (Paper I).

In regards of hexacoordination, the hexacoordination equilibrium constant (Kg),
binding constant for the distal histidine residue, is comparably low (Ky~2) in class
I nsPgbs [30, 64]. This results in an equilibrium between penta- and
hexacoordination states, allowing ligands to bind when the distal histidine is
directed away from the heme iron. This causes very high O, affinity observed for
these proteins, especially regarding slow O, release (0.038 s') [47, 48] compared to
O, transporting Hbs (> 5 s™') [44]. The tight binding and slow release of O, further
implicate their involvement in NO scavenging in hypoxic conditions, preferably in
association with a reducing agent (reductase activity and NAD(P)H) to regain the
active Fe?" state [65, 66]. The reaction between O, and NO in nsPgbs yields nitrate
(NOs), which the plant can more easily metabolize. Nitrogen in NOs3™ and
ammonium ions (NH;") can be incorporated into new amino acids and
stored/transported to support growth and overall metabolism [67]. The elevated
expression levels of class I nsPgbs under anaerobic and other stressful environments
where NO is produced imply their importance in plant survival and resiliency under
these conditions [68]. A representation of this proposed mechanism is illustrated in
Section 1.3.3.
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1.3.2.2  Class Il Non-Symbiotic Phytoglobins

Class II nsPgbs are found in non-leguminous dicots/early angiosperms and less
information exits regarding this class in comparison to class I [44, 69]. Unlike class
I nsPgbs, class II proteins have a lower oxygen affinity (Kx~300 nM) [70]. Hence,
their function is more linked oxygen supply in plants, especially in developing
tissues and are not normally expressed under hypoxic conditions [17, 30]. In
addition, this class have tighter hexacoordination (Ku~100) [47], indicating heavy
involvement of the distal histidine occupying the sixth coordination site instead of
ligand. Therefore, a possible function for these proteins might be O, sensing, storage
and/or diffusion and share characteristics with sPgbs [32]. However, overexpression
of a class Il nsPgb in Arabidopsis showed earlier bolting, hence involvement in NO
metabolism might be possible [55]. In addition, this overexpression produced
significantly increased amounts of total lipid content in seed and increased the
energy status up to 5 times the normal level [70]. Nevertheless, no precise functions
have been attributed for this class and they might be involved in a diverse range of
processes in plants. Expression of this class have been observed in roots, stems,
flowers, leaves and immature fruits in several plants, including tomato (Solanum
lycopersicum) [71]. Further characteristics will be discussed in the section regarding
class II nsPgb from sugar beet in Section 2.1.

1.3.2.3  Class Il Non-Symbiotic Phytoglobins (Truncated Phytoglobins)

As previously mentioned, trPgbs possess the unconventional 2/2 globin fold due to
shortening or absence of helices A and F. These proteins have lower O, affinity
(Km~1500 nM) [72] in comparison to the 3/3 folded counterparts. TrPgbs are usually
pentacoordinated in their oxygenated state, but have also shown transient
hexacoordination tendencies [72]. The functions related to these proteins have not
been elucidated but they could be involved in O, delivery in oxygenated
environments. For instance, downregulation of truncated globins in bacteria made
them more sensitive in environmental changes, such as presence of H,O, and high
O; solution pressures [73]. A trPgb from Arabidopsis showed expression in roots
and shoot tissue but was downregulated under hypoxic conditions, opposite to class
I nsPgbs [74]. This observation in addition to the lower O, affinity indicates
different functions than NO scavenging. These proteins are present in both
monocots and dicots [44].

1.3.2.4  Symbiotic Phytoglobins

SPgbs were first detected in nitrogen-fixating root nodules of soybean (Glycine
max). Hence, the old terminology for sPgbs are “legHb” due to the first observation
in legumes [30]. SPgbs are usually monomeric and have moderate O, affinity
(Ku~50 nM) [47]. These proteins have rapid O, binding (230 uM™'s™), especially
compared to class I and class I nsPgbs (24 and 1.3 uM™'s™!, respectively), but do not
show any hexacoordinated configuration (Ky=0) [47, 75].
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The root nodules expressing the proteins are usually red due to their high
concentration iz vivo (up to 0.7 mM) and these proteins are believed to be important
in maintaining proper O levels for the sensitive nitrogenase process in nitrogen
fixation [30]. This process is an interplay between the plant and Rhizobium bacteria,
where the sPgb buffers the O, levels and facilitate fixation of atmospheric nitrogen
into useable NOs™ for the plant. The symbiosis is crucial for the nitrogen-fixating
ability in legumes and help to promote/maintain soil fertility by increasing the level
of fertilizing nitrogen [76]. This effect was demonstrated by gene silencing of three
sPgbs in the legume Lotus japonicas, where growth was affected and maintained
only when nitrogen fertilizer was added. The mutants showed increased levels of O,
in the nodules, indicating the importance of these proteins in regulating O in
nitrogen-fixating symbiosis, especially when external nitrogen is not added [77, 78].
Furthermore, increase of oxide radicals and peroxide, in addition to disrupted energy
balance in these mutants highlighted there importance in nitrogen fixation [79]. Due
to the more recent development of leguminous plants and the sequence similarity
between sPgbs and class II nsPgbs, this underlines the transition from
hexacoordinated ancestors to the pentacoordinated symbiotic globins, as previously
mentioned [53].

1.3.3 Function of Class I Non-Symbiotic Phytoglobins

Some of the characteristics of class I nsPgbs were described in previous sections.
Here, one of the proposed models of why these proteins are expressed and what
functions they might have in plants is described.

NO has been linked to several functions in plants. This signaling molecule is
overproduced in response to abiotic stress factors, such as low nutrient availability,
high salinity, drought, high/low temperatures and radiation [80]. Here, NO
influences hormonal signals, interacting with reactive oxygen species (ROS) and
modulating both gene expression and protein activity to adapt to stressful
environments. It also mediates signals in biotic stress, such as pathogenic infections
[81]. In response to plant hormones, NO can induce seed germination, control root
elongation, facilitate different developmental stages and promote iron uptake [82].
However, this molecule is also a free radical that can induce oxidative damage and
toxic effects if overproduced and not neutralized [83]. Thus, it is crucial for the plant
to regulate this signaling molecule and mitigate its toxic implications in response to
mentioned factors. One important aspect here might be elevated expression levels
of class I nsPgbs.

As mentioned before, the expression of nsPgbs occurs in a variety of tissues and due
to a vast range of stimuli. For example, they are expressed in calli (wound healing),
seeds, roots and stems in members of monocot and dicot families [84]. Metabolic
stimuli shown to upregulate levels of class I nsPgbs include hypoxia and sucrose
[85, 86], low energy levels in cells (low ATP status) [38] and in rapid growing
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tissues, such as root meristems in germinating seeds [56]. Hypoxic conditions have
also been linked to decreased ATP levels and class I nsPgb expression is further
exacerbated by calcium ions [55]. Moreover, elevated expression levels have also
been observed when plants have been exposed to osmotic stress and high salinity,
heat and cold exposure, infections, treatment with various compounds (NO, nitrite
(NOy), NOys, salicylic acid and H,O; [18, 82]. Furthermore, hormone regulation
also stimulate class I nsPgb expression, exemplified by elevated expression levels
seen in roots when treated with polyamines and jasmonic acid [87].

In general, these proteins are expressed and upregulated when plants respond to
stressful conditions in order to combat whatever stimuli it may be, abiotic or biotic.
One attempt of summarizing proposed events in NO metabolism and related
responses under hypoxic conditions is shown in Figure 4. Here, these proteins may
be used to regenerate NAD(P)" from NAD(P)H to maintain glycolysis and ATP
production, thus regulating energy levels. The reduction in ATP during hypoxia
stimulates the production of NO, which is toxic in high concentrations. The class I
nsPgb oxidizes NO into NOj;™ by incorporating O, and is reduced back to its active
Fe®" state through the reductive capacity of NAD(P)H and reductase activity. This
allows the protein to be regenerated and react with additional NO. In the end, both
NAD(P)H and NO are oxidized, contributing to maintenance of the redox balance
and energetic status of the plant cells, ultimately promoting survival [17, 18]. In
addition, these proteins may also be involved in signal transduction pathways for
several plant hormones, including auxins, ethylene, abscisic acid and cytokinins,
adding to the ones previously mentioned.
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Figure 4. Proposed function of class | nsPgbs (nsHb) in NO metabolism and energy maintenance under hypoxic
conditions. Class | nsPgbs (nsHb1) are induced by low energy levels and NO accumulation. By incorporating O2 to form
NOjs', the toxic effects of NO are circumvented, promoting redox and energetic status maintenance. Adopted and
modified from [17] and [18].

Due to the ability for class I nsPgbs to aid in adaption and survival in hypoxic-
related conditions, these might be useful for metabolic engineering applications.
Many mentioned studies have shown to improve the resiliency of plants under
different stresses, an important property in the modern world due to changing
climate and other factors leading to spoiled harvests. For example, overexpression
of nsPgb in barley showed promoted plant development and efficient utilization of
atmospheric NO upon NO fumigation, in contrast to plants with nsPgb knockdown
and WT protein [88]. Studies like this, in addition to overexpression and induction
upon stressful growing conditions of other nsPgbs mentioned in this thesis, highlight
the potential applicability of these proteins and similar ones in plant resistance
programs, producing crops that are more resilient.
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1.3.4 Recombinant Expression of Phytoglobins

The majority of mentioned work regarding functionality of nsPgbs have been
conducted in vivo, by either gene expression analysis, overexpression or suppression
of these proteins. Although these procedures are crucial to investigate the impact
and functionalities of these proteins in plants, it is difficult to study specific protein
interactions and characteristics. The focus of this section is previous work regarding
the recombinant expression of nsPgbs and other globins.

One of the first globins from a non-leguminous plant was isolated from Parasponia
[16]. From this point, questions concerning evolution of plant hemoglobin genes
were raised and how this new, isolated type of protein could provide new
information in terms of origin and function in plants. A few years later, another
protein was solubilized, purified and characterized from the non-leguminous
Casuarina glauca, but the expression of the Pgb was still inside the root nodules
[89].

The first nsPgb in monocots was discovered in barley, especially in seed and root
tissues under anaerobic conditions [90]. Furthermore, cDNA of this gene was cloned
and expressed in Escherichia coli (E. coli), the first recombinantly expressed nsPgb
[91]. The barley nsPgb consisted of an 18.5 kDa protein and a dimeric native
quaternary structure was observed. It had a very slow O, dissociation rate, as well
as hexacoordinated spin state [91]. Ever since, several other nsPgbs have been
expressed using recombinant techniques. Soon after, class I and class Il nsPgbs from
Arabidopsis thaliana were expressed for the first time [92]. It was concluded that
these two classes probably have different functionalities in the plant. In addition,
two nsPgbs from rice (Oryza sativa) once again showed the extremely high O;
affinity of class I nsPgbs and removal of the distal histidine revealed the
hexacoordinated implications [64]. Examples of recombinant expression and
crystallization of globins using E. coli as the expression system can be seen in Table
1. Today, these are important characteristics of class I nsPgbs and other globins,
laying the foundation of future globin-related research.

Table 1. Examples of recombinant globin expression and protein crystallization using E. coli as expression
system.

Type of Protein (Origin) PDB-ID References
nsPgb (Hordeum vulgare) 20IF [53]
nsPgb (Arabidopsis thaliana) 3ZHW [93]
nsPgb (Oryza sativa) 1D8U [62]
nsPgb (Trema tomentosa) 3QQQ [94]
nsPgb (Parasponia andersonii) 3QQR [94]
nsPgb (Beta vulgaris ssp. vulgaris) 7208 [95]
Hb (Homo sapiens) 2HHE [96]
Mb (Homo sapiens) 3RGK [97]
Ngb (Homo sapiens) 10J6 [98]
Cgb (Homo sapiens) 1URV [99]
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One potential limiting factor in recombinant expression of Pgbs and other heme-
containing proteins is the heme synthesis and incorporation into the final
holoprotein. The heme synthesis pathway of E. coli can be seen in Figure 5. Here,
a-ketoglutarate (a-KG) from the tricarboxylic acid cycle is converted into d-
aminolevulinic acid (ALA) by a set of different enzymatic reactions [100]. Further
catalysis leads to the formation of protoporphyrin IX-structure before the iron
incorporation by the enzyme ferrochelatase (HemH). Even though the bacteria are
capable of heme production intrinsically, low ALA accumulation/production is
severely diminishing the amount of functioning hemeprotein. However, this
problem is often mitigated by addition of ALA when protein expression is induced
[91]. Moreover, overexpression of uroporphyrinogen III synthase (HemD) and
coproporphyrinogen III oxidase (HemF) enzymes in the bacterial heme pathway
have shown to increase ALA accumulation [100].
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Human-derived Hb genes have also been expressed in different expression hosts.
When human Ngb was discovered, this protein was expressed in E. coli, purified
and characterized [101]. It was found that humans, like plants, have
hexacoordinated Hbs and the similarities between Ngb and nsPgbs were observed.
Production of human Hb has also been conducted successfully in yeast [102] and
vertebrate Mb has been overexpressed in tobacco plants (Nicotiana benthamiana)
to increase the iron content in these plants [103]. Moreover, efficient production and
excretion of soy bean sPgb in the yeast Pichia pastoris by genetic engineering
reduced the need of cell lysis and purification [104]. The recombinant expression of
Hbs have opened up vast opportunities for biomedical use, both for pharmaceutical
and nutritional applications.

This thesis is primarily based on a class I nsPgb from sugar beet (BvPgb1.2). Here,
0.3 mM of ALA is used to boost production of protein [105] in a similar manner as
for nsPgb from barley. Even though ALA production and accumulation might be a
bottleneck, it is not a linear increase in Pgb expression. Instead, when higher and
lower concentrations of ALA were added for induction, no significant increase or
decrease of nsPgb expression was observed, respectively (unpublished results).
Thus, the precise concentration of ALA might not be of great importance as long as
it is supplemented. However, high optical density at 600 nm (ODsgo) and addition
of isopropyl p-D-1-thiogalactopyranoside (IPTG) are needed for proper Hb
expression, at least using the T7 expression system. An ODggo >2 is preferred for
human fetal Hb and several nsPgbs [105, 106], while lower cell densities might be
used for other recombinant proteins in E. coli, such as lactate dehydrogenase [107].
Therefore, expression protocols are usually protein specific and have to be
customized for the particular proteins.

Efficient purification of proteins is essential for maximizing protein yields and
ensure sufficient purity. For BvPgb1.2, a two-step chromatography protocol has
been developed to produce high-purity protein fractions used for further
characterization and usage. The first step involves anionic exchange
chromatography, where buffer pH is normally set to approximately one pH-unit
above the pl of the protein to promote ionic interactions between the colon resins
and protein. The protein fractions are later eluted using an increasing salt gradient
[105, 108]. The elevated salt concentrations disrupt the protein-resin interactions,
promoting elution.

The second step relies on hydrophobic interaction chromatography, where proteins
are separated based on surface hydrophobicity. The obtained fractions after anionic
exchange are saturated with ammonium sulfate to allow precipitation of
contaminating proteins before applied to the column [95, 105]. The hydrophobic
interactions are weakened through a water gradient, decreasing the conductivity of
the medium. Therefore, the elution process in hydrophobic chromatography stands
in contrast to ionic exchange procedures, which have been effective in BvPgbl1.2
purification. Although, buffer concentrations and elution conditions are highly
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protein-dependent. Thus, careful optimization of expression and purification
protocols are of great importance to achieve sufficient amounts and purity of
protein.

The functionality of purified, recombinant BvPgb1.2 can be seen in Figure 6. The
figure displays the characteristic Soret peak for oxygenated nsPgb (412 nm, blue),
reduced with sodium dithionite (NAD) (424 nm, orange) and CO-saturated (416 nm,
gray). The shift in Soret peak and heme-specific peaks (between 500-600 nm)
indicate an active and functioning recombinant globin. Advances in recombinant
expression and chromatography procedures have made it possible to produce high-
quality protein samples, which greatly facilitated further protein characterization.
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Figure 6. UV-Vis spectrum for oxygenated (blue), reduced (orange) and CO-saturated (gray) recombinant BvPgb1.2.
The protein was expressed and purified as described above. The shift in Soret and heme peaks for the different
states/ligands indicate a functional globin.
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2 Phytoglobins: Structural and
Biochemical Features

As previously stated, some forms of Pgbs are found in essentially every plant, where
the expression of different classes may be different depending on the origin of the
plant. This thesis is primarily based on class I nsPgbs from biennial sugar beet,
which will be highlighted in the following chapters.

2.1 Sugar Beet Phytoglobins

Even though several Pgbs from different plants exist and have been studied to
varying degrees, there is a need to search for additional proteins, adding information
and open up possibilities for utilization. Biennial sugar beet is a valuable crop, both
for economical and sustainable reasons [109]. This plant is a eudicot (part of the
dicots), having two seed leaves upon germination [110]. Since other members of
this clade of plants have shown expression of class I, II and III nsPgbs, similar
findings were suspected for sugar beet. When genomic information from this
eudicot was investigated, four novel Pgbs were discovered, namely two class I
nsPgbs (BvPgb1.1 and BvPgb1.2), one class II (BvPgb2) and one class III, truncated
globin (BvPgb3) [110]. BvPgbl.1 and 1.2 showed 67% sequence identity and both
displayed ~57% identity compared to BvPgb2. Furthermore, BvPgb1.1 had a longer
N-terminal, which is probably cleaved when translocated to the chloroplast.
BvPgbl1.2 and 2 were found in the cytoplasm until they are transported to their final
locations. Similar proteins have been found in the cytosol, nucleus and plastids in
plant cells [110].

Phylogenetically, these nsPgbs are related to similar proteins from both monocots
and dicots (Figure 7) [44]. Here, the globin sequence from a trPgb in Arabidopsis
thaliana served as base (outgroup) for the rest of the phylogenetic tree, showing
class I for monocots, class I and class II for dicots and sPgbs (Lbs). The nsPgbs from
sugar beet, BvPgbl.1 (Bvull-1), BvPgbl1.2 (Bvull-2) and BvPgb2 (Bvul2), are also
highlighted in the figure. The relationship between the class I, class Il and symbiotic
globins should be noted. This analysis underlined the previous mentioned aspect
regarding the evolution of globins, where class I nsPgbs from monocots and dicots
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served as the foundation for further development into class II nsPgbs and later into
symbiotic ones [26, 45]. The tendency to go from hexacoordination to more
pentacoordinated features is evident here.

Figure 7. Phylogenetic tree of globin origin for class | nsPgbs in monocots (green), class | and Il in dicots (blue and
purple, respectively) and sPgbs (Lbs) in legumes (red). The transitions from class | to class Il nsPgbs and later to sPgbs
(Lbs) were observed. The absence of class Il nsPgbs in monocots is also evident. Atha3 was used as outgroup and the
majority of bootstrap values were close to 100% except Efer1/Dcar1 branches (<70%). Adopted and modified from
[44].

In terms of expression, BvPgb2 was the most widely expressed protein in many
tissues of the sugar beet while BvPgb1.2 were mostly found in seeds and early plant
development, together with the second class I globin [110]. Class I nsPgbs have
previously been shown to be heavily expressed in germinating seeds, probably to
maintain energy and redox balance in the early developmental stages [55].

41



Moreover, BvPgbl.1 and 2 were expressed throughout plant development, where
BvPgb2 was the most prominent one. Differential expression during vernalization
(promoted flowering) and different photoperiods (long and short days) was
observed for both proteins, where BvPgb2 showed the highest overall expression.
This might indicate the important role of this protein throughout plant development.
Even though BvPgbl.2 was expressed to a lower degree, its importance in seed
germination was highlighted.

Spectroscopic measurements and other characterizations of the same proteins were
also conducted. It was found that the class I nsPgbs appeared as dimers, while the
class II protein consisted in its monomeric form. The degree of hexacoordination
showed tighter and less flexible tendencies for BvPgb2, which is in line with the
previous knowledge of difference between the classes [105]. In addition, O binding
constants and affinities were in accordance with previously reported results (Section
1.3.2) [47]. Furthermore, when reactions with NO were followed, BvPgb1.2 showed
the highest NO dioxygenase activity, the ability to convert NO into NOs". This
further strengthened the observation of class I nsPgbs being mostly expressed in
germinating seeds, where nitrate levels are high. Nitrite reductase activity was also
observed for all proteins and was most predominant under low O, and nitrogen
levels. From this and several other studies regarding characteristics of nsPgbs, it is
evident that the function of the proteins will ultimately depend on the current state
of the plant and environmental factors, changing the amounts of available ligand
concentrations. Even though NO scavenging under hypoxic condition may be one
of primary roles for these kinds of proteins (mechanism in Section 1.3.3), the great
versatility of possible reactions they could participate in makes it difficult to
pinpoint the “correct” function [111].

Due to the versatility of these proteins, new and interesting approaches regarding
the applicability of nsPgbs from sugar beet have also been investigated. For
instance, BvPgb2 was immobilized and evaluated for its direct electron transfer
properties between the protein and carbon electrodes. Its intrinsic electrochemical
and catalytic potential displayed high stability and could be suitable to use in this
kind of electrode, especially in reaction with H,O, [112]. The same protein was
overexpressed both in Arabidopsis thaliana and tomato, resulting in increased
resistance against drought and osmotic pressure, in addition to increased intrinsic
iron levels, especially in the tomato plants [113]. Moreover, both BvPgb1.2 and 2
were deployed in electrical sensors to detect and signal for reactive oxygen and
nitrogen species, utilizing their electrochemical and catalytic features in this kind of
application [114]. Here, the heme reduction potentials were determined to -349 mV
for BvPgb1.2 and ranging between -345 and -457 mV for BvPgb2, depending on
the hexacoordinated state.

The structural features of BvPgbl.2 in particular will be described in the next
section. This protein was crystallized and characterized together with a cysteine-
substituted mutant [95]. Since there are several similarities and common ancestry
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between human Ngb and class I nsPgbs [45], a comparison of the crystal structures
is presented in Figure 8. The characteristic 3/3 globin fold is present in both proteins
with only small differences in positioning of helices and loops. However, the loop
between helices D and E is not present in the BvPgb1.2 structure due to lack of
electron density information after X-ray diffraction. This loop is depicted for the
Ngb. In addition, the distal and proximal histidine residues in helices E and F,
respectively, are marked in Figure 8. Even though the heme plane has shifted
slightly in relation to each other, both proteins showed the characteristic
hexacoordination where both histidine residues interact directly with the heme iron.
A sequence comparison between these proteins is shown below, where (*) indicates
an identical residue match, (:) denotes residues with similar properties and (.) with
different properties [115].

Human_MNgbk (10J6) ---------------- MERPEPELIRQSWRAVSRSPLEHGTVLFARLFALEPDLLPLFQY 44
BvPghl.2 (7Z05) MSFTNVINYPASDGTVIFTEEQEALVVOSHNVMKKNSAELGLKELFLKIFETAPTAKKMFSE 5@
HE. T S S H
Human_Ngbk_(1036) MNGROFSSPEDSLSSPEFLDHIRKVMLWIDA - - -AVTHNVEDLSSLEEY LASLGRKHRAVGY 181
BvPghl.2 (7Z05) WRDSDVPLEQN- - -QKLKGHAMSYFVMTCKSAAQLRKAGKVTFGESS LKHMGSVHLKYGY 117
. *r. HER N HE I wE
Human_Ngbk_(1036) KLSSFSTVGESLLYMLEKS LGPAFTPATRAAWSQLYGAVVQAMSRGWDGE - - - - 151
BvPghl.2 (7Z05) WDEHFEVTRFALLETIKEAVPEMWSPEMKNAWAEAFNHLVAATKAEMQRLSTOP 171
& aEE s e .

Although, the sequence identity is relatively low (18.9%), the iron coordination and
tertiary structure are conserved, adding to the versatility of globins. As mentioned
ecarlier, these types of proteins were probably the ancestors of the O
transporting/storing Hb and Mb in vertebrates, as well as class Il and symbiotic
versions in plants, transitioning from hexa- to pentacoordinated characteristics.
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Figure 8. Structure comparison of BvPgb1.2 (PDB-ID: 7ZOS) (green) and human Neuroglobin (PDB-ID:10J6 [98]) (light
blue). The iron coordinating distal and proximal histidine residues are highlighted, as well as the D/E loop.

2.2 Biochemical Implications of Conserved Cysteine in
Phytoglobins

2.2.1 Autoxidation and Structural Impact of Cysteine-Substituted
Mutant C86A.

Several interesting amino acid residues have been conserved throughout the
evolution of Hbs and Pgbs, which might have important properties in terms of
structural stability and/or functionality. In addition to the proximal and distal
histidine residues, other conserved residues found in all Pgbs, except trPgbs, are
phenylalanine (loop CD1 and B10) and proline (helix C2). [72, 116]. Another
example of such conserved residues is the cysteine located at position 86 in
BvPgb1.2. Implications of cysteine residues in the globin family have been studied
in the past. In human Hb, Cys93 in the B-subunits has been proposed to be important
for the subunits to combine into the functional quaternary structure in a correct
manner, in addition to affect the redox potential and O, affinity [117, 118].
Moreover, cysteine residues a-Cys104 and f-Cys112 are located in the interior of
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the globin and suggested to participate in salt bridge formation between subunits,
stabilizing the final folded state [119].

Class I nsPgbs have one or several cysteine residues, usually located in helix E [62,
63]. This is where the cysteine in BvPgb1.2 and the corresponding residue in barley
nsPgb are found. The residue in barley, in position 79, was substituted to a serine
residue in previously published work. This residue seemed to be indirectly involved
in reduction of metHb (ferric form) formation and NO turnover [66]. Furthermore,
the mutant appeared as a monomer to a higher degree instead a homodimer. The
authors hypothesized that the removal of the cysteine led to destabilization of
quaternary structure and decreased protection of the Fe’" state inside the heme
pocket, probably due to disrupting disulfide bridge formation between monomers
[63]. To further characterize the importance of the conserved cysteine, we
constructed a cysteine-substituted mutant at position 86 in BvPgb1.2 (C86A) and
analyzed its implications regarding structure, stability and functionality (Paper I)
[95].

Autoxidation is one feature used to examine the proneness of Hbs to transition from
its reduced Fe?' state to the oxidized and inactive Fe’*, in addition to superoxide
(O2*) formation [120]. The complete autoxidation of BvPgb1.2 WT and C86A can
be seen in Figure 9 (WT: A and B, C86A.: C and D, at 25 and 37 °C, respectively).
The oxidation process was most evident at 542 and 576 nm, indicated in Figure 9
(arrows). The mutant was substantially more prone to reach the inactive Fe'" state
in comparison to the WT, estimated at 576 nm.
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Figure 9. (A) and (B): Complete autoxidation spectra for BvPgb1.2 WT. (C) and (D): Complete autoxidation spectra
for C86A mutant. The spectra were collected at 25 (A and C) and 37 °C (B and D), respectively. Adopted and modified
from [95] (Paper I).

The autoxidation rate (A) was 16.7 and 14.4-fold faster for the mutant at 25 °C and
37 C°, respectively (Table 2). In accordance, the scaling time (t) and half-life (t,2)
were higher for the WT but similar values for WT at 25 °C and C86A at 37 °C were
observed. Even though the cysteine substitution affected the tendency to oxidize
substantially in BvPgb1.2, the difference was less prominent in comparison with the
corresponding results for the barley nsPgb, which reported a 1000-fold increase in
autoxidation for the mutated protein [63]. In addition, no differences in dimerization
between the proteins were observed, unlike the more predominant monomeric form
in barley nsPgb (described in Chapter 3). Corresponding autoxidation rates for
human Hb were determined to 0.13 and 0.44 h™' at 25 and 37 °C, respectively [121].
This pinpoints the slower tendency to reach the oxidized Fe’* state for
hexacoordinated globins, implicating their increased oxidative stability.

Table 2. Autoxidation rate (A), scaling time (t) and half-life (t12) for BvPgb1.2 WT and C86A at 25 and 37 °C.

BvPgb A(h?) t(h) ti2 (h)

WT 25 °C 0.014 £0.002 72.2+0.180 50.1 £ 0.125
WT 37 °C 0.214 + 0.003 4.68 + 0.069 3.24 + 0.005
C86A 25 °C 0.234 £ 0.012 4.28 + 0.226 2.97 +0.157
C86A 37 °C 3.08 £ 0.035 0.342 + 0.004 0.225 + 0.003
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Both BvPgb1.2 and C86A were successfully crystallized and structure determined
(Figure 10). The comparison showed only minor differences regarding the structure
(A and B), where the characteristic Mb-fold and heme orientation were similar.
Moreover, the orientation of the cysteine side chain in the WT (green) did not
change compared to the alanine (red) in C86A, indicating that the substitution did
not affect tertiary structure in this case. Most class I nsPgbs orient the E-helix
towards the center of the porphyrin ring to coordinate the distal histidine in
proximity to the iron of the heme moiety [56, 62]. No apparent difference was
observed for the C86A mutant.

Similarities between the barley nsPgb and C86A were also observed (C and D). The
cysteine in barley nsPgb (green) seemed to have similar orientation as the alanine
(red) in C86A. In both cases, the cysteine side chain are oriented toward the surface
interface instead of the neighboring monomer forming the homodimer. Even though
the possibility remains, it is unlikely that the disulfide formation would occur
between the monomers, at least for BvPgbl1.2. In addition, the WT seemed to
oligomerize to a lesser degree than C86A, strengthening the unlikelihood of
disulfide bonding to stabilize quaternary structure in BvPgb1.2 (Paper III), as
opposed to the barley protein.
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4 Helix E

Helix F

Figure 10. Crystal structure comparison between BvPgb1.2 WT, C86A and Barley nsPgb. (A) and (B): Comparison
between BvPgb1.2 WT (PDB-ID: 7Z0S) (gray) and C86A (PDB-ID: 7Z1U) (blue), highlighting helices E and F, as well
as the orientation of distal and proximal histidine. The cysteine (green) and alanine (red) are also indicated. (C) and
(D): Comparison between C86A (blue) and barley nsPgb (PDB-ID: 20IF [53]) (pink), highlighting cysteine and helix
orientation. The same colors were used to depict the cysteine and alanine as previous panels. Adopted and modified
from [95] (Paper I).

Since both side chains are pointing away from the heme group, a direct interaction
with heme iron is less likely. However, electrons are often transferred from the heme
iron to cysteine residues in moderate proximity [121]. The sulthydryl side chains in
cysteine residues are capable of acting like electron transporters. The cysteine can
regenerate the reduced state if antioxidants are present in the environment, which is
possible if the residue is facing the surface instead of the core of the protein. This is
the case in BvPgbl.2, where the sulthydryl group is facing the surroundings, in
addition of being located 17.3 A away from the heme iron [95] (Figure 11B and C).
Even though it is not in close proximity, it is within the 19 A distance limit needed
to enable electron transfer on a millisecond timescale seen in other Hbs [122, 123].
This might indicate a flexibility in the E-helix in order for the cysteine to move
closer to the heme iron if required. Hence, a mechanism where disruption of the
hydrogen bond between the distal histidine and ligand could be facilitated by
removal of the cysteine. This change in redox balance might cause solvent entry
into the heme pocket and increasing the possibility of Fe’* state formation. The
flexibility of helix E is also discussed in Chapter 3 (Paper II).
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Apart from cysteine residues, tyrosine residues also have important roles in electron
transfer and they are often involved in redox activity of Hbs [124, 125]. In
BvPgbl1.2, a tyrosine is located at position 115, in close proximity to the heme iron
(9.2 A) (Figure 11A and C). Thus, we suggested a possible mechanism where these
two residues (C86 and Y 115) are important in maintaining a stable and regenerative
redox environment in the heme pocket of this class I nsPgb. This could explain why
the overall structure of the protein was not affected, but as described in the following
section, the activity was majorly impacted.

Figure 11. (A) and (C): Localization of Tyrosine 115 (Tyr115) (9.24 A). (B) and (C): Cysteine 86 (Cys86) (17.27 A).
Both distances are in relation to the heme iron. Both residues are within observed distance for possible electron transfer
in globins (<19 A). Adopted and modified from [95] (Paper I).

2.2.2 Stability and Activity Implications of Cysteine-Substituted
Mutant C86A

We also investigated if the inferred mutation had an impact in the heme stability of
the protein. An effective way to assess the heme loss tendency is to use a heme
scavenger. In this case, apomyoglobin H64Y/V67F (ApoMb) was used [121, 126].
The heme transfer to the ApoMb was detected at 600 nm, where the holoenzyme
has its peak absorbance. To convey the difference regarding heme stability between
penta- and hexacoordinated Hbs, human fetal Hb was used as a positive control
[106] (Figure 12). The significant increase of the absorbance at 600 nm showed a
functioning ApoMb and the tendency for the pentacoordinated Hb to release its
heme to the scavenger, indicated by the arrows in Figure 12B.
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Figure 12. Heme loss assay for human fetal Hb using ApoMb as heme scavenger. (A): No ApoMb. (B): Added ApoMb.
The increased absorbance at 600 nm indicates a functioning ApoMb. Both reactions where conducted at 25 °C for 20

h. Adopted and modified from [95] (Paper I).

BvPgbl.2 WT and C86A were examined under identical conditions (Figure 13),
where (A) and (C) did not contain ApoMb, while (B) and (D) did. No increase of
the characteristic absorption at 600 nm was observed for either of the proteins,
corresponding to no heme transfer to the scavenger protein. To my knowledge, this
is the first results showing this kind of heme stability for hexacoordinated Hbs in
general and for nsPgbs specifically. This property is desirable in terms of
biotechnical applications for these proteins since the loss of heme would lead to
increased side reactions and oxidative damage.
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Figure 13. Heme loss assay for BvPgb1.2 WT and C86A using ApoMb as heme scavenger. (A) and (B): BvPgb1.2 WT
without and with ApoMb, respectively. (C) and (D): C86A without and with ApoMb, respectively. No change in
absorbance at 600 nm was observed, indcating intact nsPgb holoprotein. Adopted and modified from [95] (Paper I).

Another important aspect in terms of stability is the melting temperature (Tm). This
temperature indicates when proteins denature due to the increase in thermal energy
and this property has not been studied extensively for nsPgbs. We used nano-
differential scanning fluorimetry (nanoDSF) to assess the Tr, for BvPgb1.2 WT and
C86A. The intrinsic fluorescence of the proteins at 330 and 350 nm were used to
estimate the unfolding event during a gradual temperature increase (20-95 °C). In
Figure 14, the results for these proteins incubated at 37°C for seven days are shown.
Both proteins showed high thermal stability, where the mutant displayed ~2.5 °C
increased T compared to WT (88.5 vs 86°C). Similar results were obtained with
cyanide and O»-bound forms. Proteins with Tx> 65°C are considered to be thermally
stable [127], which these proteins certainly were. Similar proteins with measured
Tm:s are horse heart Mb (T,=76°C) [128] and the thermally robust human Ngb (Tn=
100°C) [127, 129]. These observations further strengthens the claim regarding the
increased stability for hexacoordinated globins in relation to pentacoordinated ones.
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WT and C86A at 37°C. The proteins were incubated at 37 “C during seven days and stability/activity were measured at
least once per day. Adopted and modified from [95] (Paper I).

Although the thermal stability was not affected to a great extent, the functionalities
of the nsPgbs certainly were. By designing an assay based on previously published
work [130], the peroxidase activity was estimated for both proteins. By adding
H,0,, the proteins were oxidized from ferrous to ferric and ultimately to ferryl form
(Fe*" >Fe**>Fe*"). The reactive ferryl oxidation state will react with the substrate
ABTS, yielding the radical product Ae, from the protonated form AH, which can be
detected at 415 nm [131]. The reaction scheme is illustrated below, not showing the
initial Fe**>Fe®" where additional Fe*" is generated:
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Heme-Fe** + H,0, > Heme+"-Fe*'=0 + H,0 (1)
Heme+"-Fe*'=0 + AH > Heme-Fe*'=0 + A« + H" )
Heme-Fe*'=0 + AH + H" - Heme-Fe*" + A« + H,O 3)

The specific activity for BvPgb1.2 WT decreased from 33.7 to 17.4 U/mg protein,
while the mutant had a constant activity 9.2 U/mg protein during the seven-day
incubation period (Figure 14B). Previous studies regarding the peroxidase activity
for nsPgb-1 in rice (Oryza sativa) showed 86x lower affinity for HO, compared to
horseradish peroxidase [132]. However, nsPgbs are capable to function as pseudo
peroxidases, although it is not their primary function in vivo. These results indicated
the implications of removing the conserved cysteine residue in terms of
functionality, in accordance with the difference in autoxidation rate.

In summary, the substitution of the conserved cysteine residue in BvPgb1.2 resulted
in dramatic effects of the functionally and activity of the protein. However, the
structural integrity, thermal stability, dimerization and heme loss tendencies were
less affected. The mutation altered the redox environment of the heme substantially
and this work provided important knowledge regarding intrinsic properties for
globins in general and for nsPgbs specifically. By using protein engineering in this
way, new possibilities have opened up where these proteins can be utilized for
biotechnical purposes. In Chapter 3, intra- and intermolecular interactions in
BvPgb1.2 were investigated in more detail (Paper II and III).
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3 Intra- and Intermolecular
Interactions in Phytoglobins

3.1 Nuclear Magnetic Resonance Studies of Phytoglobins

3.1.1 Bacterial Adaption and Expression of Isotope-Labeled
Phytoglobin

Investigations of protein dynamics and internal interactions during small timescales
could be important to understand how proteins interact and fold into their final
quaternary structures. This would provide crucial information in order to design
proteins with desired properties but also insight into protein behavior and
interactions in vivo. Even though the crystal structures for both BvPgb1.2 WT and
C86A were solved (Paper 1), this usually provides information of the structure as a
snapshot in time. Thus, it is difficult to make claims regarding both dynamic intra-
and intermolecular interactions. One option would be to label proteins with
detectable isotopes and deploy 2D Nuclear Magnetic Resonance (NMR) to
characterize these dynamic interactions.

NMR is a useful tool to investigate structure, dynamics and interactions,
complementing the structural information gained from X-ray crystallography [133].
These internal motions are often essential for protein function and it is possible to
study these in more detail using NMR relaxation methods [134, 135]. However, one
major obstacle is the molecular size of the protein since interference increases with
size, such as spectral overlap and line broadening. These problems can be mitigated
by labeling proteins with stable isotopes, such as '*C and '°N in combination with
deuterium (*H, D,0), reducing the interference and making it possible to study
proteins in the 40-50 kDa range [136, 137].

The molecular weight of the BvPgb1.2 monomer is 19.2 kDa. Since this protein
forms a homodimer in its active form and low concentrations (Paper I and III), the
total molecular weight is below the normal size-limiting range mentioned above.
This would make it possible to study the internal motions of the dimer if it could be
expressed and produced with stable isotopes.

54



Due to the different properties of these isotopes, a specific protocol had to be
developed for the E. coli to express the labeled and functioning protein in sufficient
amounts [138]. This was achieved by slowly adapting the bacteria to grow in *H-
containing minimal media by gradually increasing the concentration of the isotope
to the final concentration of 99.8% D,O [139]. This was complemented by adaption
of the '*C and "N isotopes. The induction of protein expression was initiated after
the adaptation and adjustments of cultivation and expression times were made in
accordance to the slow growth of the bacteria. The incubation time to reach optimal
ODgoo was ~4.5-fold longer for the labeled medium and the final yield was 2.5 mg
protein/g cell weight; a 75% reduction compared to expression in the non-labeled
medium. Although, neither the purification nor functionality of BvPgbl.2 were
altered due to the isotopes. The amount of BvPgb1.2 was sufficient to obtain both
cyano- and Oz-bound samples.

In order to perform high-quality NMR measurements, buffer conditions must be
optimized for the protein. Like in Paper I, nanoDSF was used to evaluate protein
stability in a range of different buffer salts, ionic strengths and pH-values. In the
case of BvPgbl.2, 3-(N-morpholino) propanesulfonic acid (MOPS) showed
maintained protein stability in low molar concentrations and deemed to be a suitable
buffer. The final buffer conditions for the NMR experiments were 50 mM MOPS
pH 7.2 and were used for both forms of BvPgb1.2 [138].

3.1.2 Assignment of Residues in BvPgb1.2

By obtaining '"H-'>N TROSY spectra (Figure 15) from the cyano-bound BvPgb1.2,
137 backbone amides were sequence-specific cross-peak assigned of the 165
expected ones (83% coverage). Due to the special properties of proline residues,
including lack of amide protons and low dispersion of chemical shifts [140], these
were not included in the 165 expected ones. Furthermore, an additional 13 residues
were partially assigned, where one or more of carbonyl chemical shifts could be
seen, while the rest of the residues remained unassigned. The results are summarized
in Table 3.

Table 3. Residues with partial/missing assignments and multiple conformations.

Type of Assignment Residues
Partial Assignments N5 P9 116 147 F48 T53 P67 T85 E102 K114 P138 P143 V157
Missing Assignments M1 S2 F3T4 P52 H112 L113 L129 L130 E131 T132 1133 A150

E151 A152 F153 N154 H155 L156 1160 P171

More than one confirmation V6 N7 Y8 A10 S11 D12 G13 T14 V15 F17 V98 E144 M145 K146
N147 A148 W149 R166 L167 S168

55



In comparison, 48 of the expected 165 cross-peaks in the O»-bound BvPgb1.2 could
be assigned. This was probably due to the paramagnetic character of the Fe*"
oxidation state of the heme iron. This phenomenon is associated with unpaired
electron spins, for example in transition metals and radicals [141]. This high-spin
state when associated with O, could cause problems due to nuclear spin relaxation
and unpaired electrons attracted to the external magnetic field, making it
challenging to distinguish residue peaks from each other [142, 143]. Instead, the
low-spin state for cyanide-bound BvPgbl.2 showed slower relaxation, yielding
more separated peaks and better NMR spectra [144].
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Figure 15. (A): 'H-"SN TROSY spectrum for cyanide-bound BvPgb1.2. (B): Zoom-in depiction of residue-rich section of
the spectrum. These spectra are a complement to the information in Table 3. The spectrum regarding the paramagnetic
character of O2-bound BvPgb1.2 was not included here. Adopted and modified from [138] (Paper II).

3.1.3 Dimerization and Flexible Regions in BvPgb1.2

The dimer dissociation constants (Kq) for similar class I nsPgbs from Parasponia
andersonii, Trema tomentosa, and Arabidopsis thaliana (72.2, 74.1 and 74.4%
sequence identity, respectively) were determined to Kq~1 uM [48, 94, 145]. Using
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the same constant for our model and samples, we predicted to have >97% dimeric
BvPgb1.2 in the analyzed samples. This high degree of dimerization was consistent
with the findings in Paper III, even at low protein concentrations (0.15 mg/ml).
Furthermore, several of the residues missing assignments seem to be located in the
G and H helices, which have been proposed to be involved in dimer formation [62].
Possible explanations could be a sliding motion of these protomers, which has been
seen in the same region of different Hbs or "tunnel” formation for ligand diffusion
[146, 147]. Based on our observations, we suggest that there might be two distinct
processes taking place in this region: transient dimerization between the subunits
and local conformational exchange between or within the helices at different
timescales.

The dimerization and flexible regions were further characterized using "N
relaxation to study conformational dynamics in BvPgb1.2 Here, the longitude (R)
and transverse (R») relaxation rate constants were determined, which probe motions
from picosecond to millisecond timescales. Nuclear excited states will tend to
display R; and R; relaxation towards equilibrium, where R; and R, describe the
recovery of net magnetization and loss of coherent magnetization among the
collection of spins, respectively [148]. In other words, the net magnetization after
the frequency pulse will be tilted to the XY-plane instead of the Z-plane and the
succeeding decrease in the XY-magnetization vector is defined as T, (transverse
relaxation time). Meanwhile, the Z-plane magnetization vector will increase again,
defined as the T (longitude relaxation time). By measuring T; and T, at different
delay intervals, it is possible to determine the corresponding relaxation rates as
described above, where R; and R; relate to respective time constants of relaxation
in an inverse relationship [148].

The relaxation quota R,/R; indicate increased flexibility (low values) for 25
residues, namely 28, 34-35, 63-66, 99, 101, 104, 119 and 124 other than the highly
flexible N- and C termini (Figure 16). The high flexibility may have several
implications, including being positioned in surface-exposed areas and/or end of
helices but also where electron density information was missing from the structure
determination. Moreover, the localization of V124 (helix G) indicated its
involvement in close-contact hydrophobic interactions with the opposing subunit
(Paper I1I).

Residues with higher Ry/R; included V81, M84, K87, S88, Q91 and R93. Most of
these residues are located on the same side of helix E, separated on turn of helix
away from each other. Moreover, V81 is located one turn of helix away from the
heme-coordinating H77. A similar pattern was observed for residues M108, S110
and V111 in helix F, which also harbors H112, the other heme-coordinating residue.
Furthermore, residues V81, M84, M108, V111, and F122 have their side chains
lining the heme-binding pocket. Taken together, these results might suggest that the
heme-binding pocket is undergoing some type of breathing motion, accompanied
by transient bending or fraying of the neighboring helices. In addition, comparison
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between the NMR-data for cyanide-bound BvPgb1.2 and the crystal structures for
both BvPgb1.2 WT and C86A showed agreement with the dimeric model [138].
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Figure 16. >N relaxation for residues in BvPgb1.2 showing high-quality data. (A): R4, (B): Rz and (C): R2/Rs. In total
130 residues showed high quality relaxation data and used in the analysis, while seven (N7, S11, Q72, K73, L74, L105
and E123) residues were excluded due to spectral overlap. Adopted and modified from [138] (Paper II).

Based on the structural determination in Paper I and subsequent dynamic analysis
in Paper II, we proposed the following dimer interactions in BvPgb1.2: hydrogen
bonding primarily between T53, E120 and/or E123, in addition to a hydrophobic
cluster possibly involving 147 and/or 150, F48, A51, V124 and F127, all interacting
with the opposing subunit. These residues are essentially located in the BC loop and
G helix, which is in accordance with previous observation in rice and barley nsPgbs
[53], even though the precise locations of these residues are altered. In addition, a
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T47-substituted mutant in nsPgb-1 from Arabidopsis showed a substantial increase
in monomer content in comparison to the WT-protein [145]. This implicates the
important hydrogen bonding for the corresponding T53 in BvPgb1.2, adding to the
previous knowledge of dimeric interactions. These interactions are illustrated in
more detail in Section 3.2 (Paper III), where dimeric structure predictions using
AlphaFold-software are presented.

We also investigated the dynamic features for the proposed residues important in
electron transfer to maintain proper redox environment, namely C86 and Y115
(Paper I). The homodimer in C86A implicated the electrostatic and hydrophobic
interactions in the dimer interface between helices B/C and helix G [145], applicable
for the WT as well due to the monomeric resemblance. However, the relaxation rate
for these residues did not stand out from the average, but still might be affected by
the dynamic motions seen in helices E and F. It is plausible that bending of helix E
would affect the solvent accessibility of the C86 sulfhydryl group and thus
influencing its oxidation state. Similarly, conformational dynamics of helix F might
well modulate the interactions between the Y115 side chain and the heme. Previous
work regarding the ligand mechanism of nsPgbs has shown a "piston” movement of
the E-helix caused by rearrangement loops of helices CD and EF [53]. This
structural change gives rise to the dislocation of the distal histidine, allowing ligands
to bind. Similar results were observed in Paper II, confirming the flexibility of helix
E.

3.2 Structure Predictions and Evaluation of Oligomer
Formation in Phytoglobins

One of the aspects regarding the implications of substituting the conserved cysteine
residue analyzed in Paper I was its effect on dimerization. Here, it was found that
the C86A mutant maintained its dimeric form at low protein concentrations (1
mg/ml) when investigated with size exclusion chromatography (SEC) [95], seen in
Figure 17. The elution peak for both BvPgb1.2 WT (A) and C86A (B) were located
at ~10.9 elution volume, corresponding to a molecular weight of ~39 kDa. If the
monomer (19.2 kDa) was present, its peak would be detected ~12.7 ml elution
volume. However, even though these results suggest a high degree of dimerization
for both proteins, the tailing of the curve may implicate dynamic and interactive
events occurring between the subunits. Thus, it would be of interest to further
investigate the interactions in the proteins leading to this elution behavior.
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Figure 17. (A): Size exclusion chromatography of BvPgb1.2 WT and (B): C86A. The elution peak at 10.9 ml
corresponds to a ~39 kDa protein, indicating the dimeric structure for both WT and mutant. Monomeric proteins were
not observed for low protein concentrations (1 mg/ml). Adopted and modified from [95] (Paper I).

An attempt to examine the dynamic motions of the cysteine was made in Paper II,
but its relaxation rate was not distinguishable from the average dynamic motions.
Even though the results suggested fraying of the E-helix that might facilitate ligand
accessibility to the heme pocket and maintain redox balance, little information
regarding C86 in particular was found. Therefore, it would be of interest to use
additional techniques to study these interactions in detail. One option would be to
use small-angle X-ray scattering (SAXS) to study structural differences between
BvPgb1.2 WT and C86A. In addition, structure prediction simulations would be a
suitable tool to map the residues lacking electron density information in the crystal
structures of BvPgb1.2 WT and C86A. Moreover, the dimeric structure of C86A
was used to simulate and investigate the specific interactions involved in dimer
stabilization (Paper III).

During recent years, AlphaFold developed by DeepMind, has become a powerful
tool in predicting protein structures based on algorithms from known structures of
similar proteins [149]. Since 26 amino acids were missing from the crystal structure
of BvPgbl1.2 WT (Paper I), it would be beneficial to estimate their predicted
locations using AlphaFold. The missing residues were located in highly flexible
regions, such as N- and C-termini and loops between helices CD/DE. The conducted
simulation can be seen in Figure 18. Here, the structure of BvPgb1.2 WT and best
model are presented in gray and blue/yellow, respectively. The dark blue color of
most helices indicated high confidence positioning, while the light blue (CD/DE
loops) and yellow (N- and C-termini) showed more uncertain locations of these
residues. This was also evident in sequence identity summary (Figure 18B), where
the model compared ~2500 related sequences for the most conserved regions but
less for the termini and highlighted loops, as well as the EF-loop region (residues
97-103). The simulation had a low root-mean-square deviation (1.15), indicating an
overall reliable model. Similar results were also observed for the C86A-based model
were the remaining 24 residues were added to the structure (Paper III). The
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resemblance indicated no/minor implications of the conserved cysteine on tertiary
structure, in accordance with previous results (Paper I). The additional residue
positions of the model are marked in the primary amino acid sequences in Table 4

(green):

Table 4. Primary amino acid sequence of BvPgb1.2 WT and added coverage of residues in AlphaFold (green).

Although, the precise positions of these residues might not be of great importance
in terms of protein function, this model still proposes a complete protein folding
with high probability, which is desirable. However, other dynamic simulations have
linked the CD-region to increased thermal stability of globins, counteracting the
resulting fluctuations from the thermal energy [129]. This high flexibility could
contribute to quaternary state stability and prevent denaturation processes. Thus,
using modern software based on artificial intelligence predictions, like AlphaFold,
to predict protein structures may be more common in the future and would greatly
decrease time and resources in comparison to X-ray crystallography, NMR and
cryogenic electron microscopy methods or at least be a complement to these
techniques.
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Figure 18. (A): Crystal structure of BvPgb1.2 WT (PDB-ID: 7Z0S) (gray) and simulated model using AlphaFold [149]

(blue/yellow). (B) Sequence identity summary for AlphaFold model. Less sequence comparisons were found in the

flexible the N- and C-termini and CD/DE/EF-loops. The low root-mean-square deviation (1.15) indicated a high-

confidence simulated model.

AlphaFold could also be used to investigate detailed interactions involved in
dimerization between the monomers, in addition to the crystal structures and protein
dynamics analysis (Paper I and II). Here, the dimeric structure of BvPgb1.2 C86A
was used to predict the structures of opposing monomers forming the homodimer
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(Figure 19). In Figure 19A, the complete structure predictions of both monomers
are illustrated. The N-termini were located on opposite ends of the dimer, facing the
solvent interface, while close contacts were mainly located in the BC helices with
connected loop and helix G. Zoom-in of the dimer interface (Figure 19B) revealed
hydrogen bonding (dotted lines) and hydrophobic interactions between aliphatic
residues in close proximity. Hydrogen bond formation was primarily occurring
between T53 and E123 in opposing subunits. In this figure, E120 was interacting
with residues in the G helix itself, contributing to helix stabilization, even though it
could possibly form a hydrogen bond with T53 as well.

Close contacts were observed between 150, AS1 (BC loop) and V124, F127 (helix
G) in opposing dimers. These are probably the most important residues involved in
the hydrophobic cluster, stabilizing the dimer formation. Furthermore, 147 and F48
are located in helix B, further away from the dimer interface. Hence, these residues
might not interact directly with the opposing subunit but have stabilizing effects in
helix B and surrounding helices. These results are in line with previous reasoning
regarding dimer interactions [145] and that the cysteine-substitution in the mutant
did not affect the quaternary structure of BvPgb1.2 in terms of dimeric interactions.
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N-Terminal

Helix G

Figure 19. (A): Structure prediction of complete BvPgb1.2 C86A (PDB-ID:7Z1U) homodimer using AlphaFold [149].
The BC-helices, connecting loop, helix G and N-termini are depicted. (B): Zoom-in of dimer interface. Important
residues for hydrogen bonding (T53 and E120/123, dotted lines) and close-contact hydrophobic interactions (150, A51,
V124 and F127) were observed. The three letter abbreviations in Figure 19 are equivalent to the one-letter
counterparts used in the description.

As previously mentioned, an additional tool of importance regarding oligomeric
states analysis and quaternary structures of proteins is SAXS [150]. Here, the
theoretical models could be used as a complement to the experimental information
from the SAXS measurements to provide valuable information of the protein
quaternary structure in solution. Thus, by combining the theoretical results from the
structure predictions, based on the crystal structures, with the SAXS analysis would
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provide additional information regarding the degree of dimerization and
oligomerization.

SAXS analysis has been used in previous studies of Hbs. For instance, structure
integrity and stability imposed by modifications of residues on the surface of human
fetal Hb were analyzed using this technique, which demonstrated maintained
quaternary structure in relation to the WT protein [151]. To my knowledge, a
comprehensive SAXS analysis has not been conducted for nsPgbs and would
provide new information regarding dimeric and oligomeric tendencies in the
BvPgbl.2 WT protein, as well as the implications of the cysteine residue
substitution in C86A.

The dimeric structures for both WT and C86A at high/low protein concentrations
were confirmed (ranging from ~19 to 0.15 mg/ml). The monomer content was
estimated to range between 0-2% and 4-6% for WT and C86A, respectively, for the
lowest protein concentration. This also included added salt concentrations (0-150
mM NaCl), indicating that ionic interactions from the buffer only had minor effects
on the stability of the quaternary structure or oligomer formation. Furthermore, the
radius of gyration (R,) was determined to range between 22-24 A for both proteins
and was independent of salt concentration, further confirming the structural
similarity between WT and C86A.

Although the dimeric configuration was confirmed, the observed oligomeric
distribution showed different tendencies for the proteins and were dependent on
protein concentration. The size distribution ranged between 39-48 kDa for the
lowest to highest concentrations of BvPgb1.2 WT, in accordance with the 38.4 kDa
dimer. In contrast, C86A ranged between 48-63 kDa, indicating higher order of
oligomerization, especially for the higher protein concentrations. This is illustrated
in Figure 20, where the association number for the proteins are presented as a
function of protein concentration. Here, one association number equals the
molecular weight of the monomer (19.2 kDa). Once again, the addition of salt (150
mM NaCl) only had minor effects regarding oligomer size distribution.
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Figure 20. Association number of BvPgb1.2 WT and C86A as a function of protein concentration, where 1= 19.2 kDa
(molecular weight of monomer). The molecular weight of the dimer is equivalent to association number 2. Size
distributions for WT and C86A were between 39-48 kDa and 48-63 kDa, respectively. The last point for WT+150 mM
NaCl (4.6 mg/ml) was not included due to radiation damage.

Even though the conserved cysteine residue seemed to be less important in
quaternary structure stabilization, the substitution to alanine might offer different
properties in terms hydrophobic interactions, facilitating oligomeric association. As
mentioned before, these observations stands in contrast to previously reported
results in barley nsPgb, where cysteine removal showed up to 50% monomer
content [63]. Although, the substitution to serine, as in barley nsPgb, would give
rise to other interactions compared to the hydrophobic alanine, the corresponding
significant increase in monomer content was not observed in BvPgb1.2, even at low
protein concentrations.

Furthermore, initial trials using size exclusion chromatography in combination with
SAXS (SEC-SAXS) showed one major peak corresponding to the elution volume
of the expected dimer molecular weight, while no/low amounts of monomer were
detected, similar to Figure 17 (preliminary results not included in Paper III). In
summary, the vast majority of both proteins displayed dimeric populations even at
low protein concentrations, indicating minor implications of the cysteine-
substitution in dimer formation for BvPgb1.2.

In summary, this chapter focused on the overall dynamic motions and interactions
in BvPgbl.2 in particular, and the impact of removing the conserved cysteine
residue regarding the quaternary structure of this class I nsPgb (Paper II and III).
In Chapter 4, the potential practical features of BvPgb1.2 are highlighted (Paper IV
and V).
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4 Practical Applications of
Phytoglobins

4.1 Encapsulation of Phytoglobins

In order to utilize BvPgbl1.2 and other Pgbs for practical applications, whether it is
as iron supplements or O, therapeutics, these proteins would preferably not be
administered directly in free form. Encapsulation of proteins in nanoparticles is a
viable option, providing several benefits. Encapsulation can provide increased
stability against denaturation and protease digestion, maintaining functionality and
activity, improve solubility and absorption in tissues, as well as decrease degree of
interfering moisture absorption [152, 153].

In Paper IV, we encapsulated BvPgbl.2 WT and Mb in a highly swollen lipid
sponge phase system, previously used to efficiently encapsulate -galactosidase
[154]. The nanoparticles contained a mixture of mono-, di-and triglycerides of
glyceryl oleate and diglycerol monooleate, stabilized with polysorbate 80 (P80).
The advantages with this formulation are the high production volume under mild
conditions without organic solvents, having a well-defined internal structure but
capable of self-dispersing and being regarded as food grade [154]. In addition, we
wanted to investigate the difference in encapsulation efficiency for these penta- and
hexacoordinated proteins and what implications the iron coordination may have, in
addition to other factors such as precipitation tendencies, buffer effects, pH and pl.

Bulk phases of the proteins were made with two different lipid compositions, where
P80 constituted 25 or 30% of the total lipid content. BvPgbl.2 displayed the
characteristic red color of the Fe** state, while Mb mostly appeared as brown,
especially in the 30% P80 formulation, indicative of the Fe’" state. Correlations
between protein concentration and phase composition were also observed and
analyzed with SAXS. Different phase behavior for the two lipid compositions were
detected, where the characteristic sponge phase were most predominant in the 30%
P80 samples. Moreover, the water channel diameter remained reasonably constant
for both proteins with 30% P80 (9 nm), while higher Mb concentrations seemed to
decrease the diameter for 25% P80.

An example of the encapsulation is shown in Figure 21, displaying Mb (A) and
BvPgbl1.2 (B) dispersions in H>O. A visual difference between the nanoparticles
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was observed, going from 0 mg/ml (left) to 60 mg/ml (right) of loaded protein,
similar to the bulk phases in terms of oxidation states. However, precipitated
particles were observed for BvPgb1.2 to a higher extent compared to Mb, indicating
a higher aggregation tendency.

When the buffer effect was analyzed with dynamic light scattering (DLS), a
different behavior was observed for the Mb dissolved in 50 mM Tris-HCI pH 8.5.
While dispersions in H,O had similar shapes for all protein concentrations, a trend
was observed for Mb-Tris dispersions with increasing protein concentration. This
could arise from the contribution of larger objects, for instance from sedimentation.
In contrast, opposite behavior was observed for BvPgbl.2, where aggregation
occurred in both Tris-HCI and H,O, but was exacerbated in the latter solvent. In
either case, a clear difference between buffer and H>O effect regarding
encapsulation and aggregation tendencies for both proteins were observed.
Although, low buffer concentrations (10 mM Tris-HCl) were sufficient to prevent
these tendencies for BvPgbl1.2 in solution and appeared to be independent of added
salt (Paper III), interactions from the lipids may add to the complexity of this
encapsulating system.

As stated above, contribution from lipid interactions (without protein) would also
affect the features of the nanoparticles and encapsulating capacity in the different
solvents. In general, dispersions using Tris-HCI1 showed less well-defined and lower
intensity peaks compared to H,O dispersions, even without loaded protein. This
highlighted the buffer effect in this lipid system and indicated that the presence of
Tris-HCI could affect the order in the lipid bilayer, having an effect on lipid self-
assembly.
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Figure 21. (A): Mb encapsulation and (B): BvPgb1.2 encapsulation in milliQ (MQ) H20 and 30% P80. The protein
concentrations ranged from zero or 15 mg/ml (left) to 60 mg/ml (right) of the loaded protein. Aggregation tendencies
were observed for BvPgb1.2 to a greater extent. (C): SAXS measurments for BvPgb1.2 poor/rich (60 ml/ml in 50 mM
Tris-HCI pH 8.5) showing phase separation in 30% P80 encapsulation.

Furthermore, peculiar behavior of the BvPgb1.2 particles was observed in terms of
phase separation/sedimentation. As can be seen in Figure 21C, three different phases
were detected. The phase separation showed accumulation in a protein rich region
(bottom) and two sections with less protein concentrations (top and middle). The
SAXS analysis showed that the sponge phase internal structure was maintained in
all regions and when tilted horizontally, the protein/lipid matrix returned to the pre-
separation condition. This was an interesting finding and might indicate reversible
distribution of BvPgb1.2 in the bulk phase. This implied the transient behavior of
the aggregates (possibly induced by confinement), weak interactions with the
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internal structure and/or that these could exist alongside the sponge phase structure
without disrupting it.

As previously mentioned, the aggregation tendencies for BvPgbl.2 were more
profound in comparison to Mb in both lipid compositions. This behavior was
correlated with protein concentration, where larger aggregation particles were
formed in higher concentrations. These particles had to be filtered before the
solutions were analyzed with SEC, resulting in removal of the majority aggregation.
The results for 60 mg/ml-loaded particles in 30% P80 can be seen in Figure 22,
showing Mb (A) and BvPgb1.2 (B) particles. The intact nanoparticles eluted ~7 ml
in both cases, indicating the maximum separation capacity of the column.
Leakage/excess Mb was detected at ~12.8 ml, corresponding to the monomer
protein (16.9 kDa). This was not observed for the BvPgb1.2 encapsulation, where
the expected elution volume would be ~10.9 ml for the dimer (see Figure 17). In
addition, a minor peak ~11.9 ml was detected (Figure 22B), presumably a minor
contamination from the encapsulation, rather than monomeric or dimeric BvPgb1.2.
However, the protein aggregation certainly effected the amount of encapsulated
BvPgbl1.2, probably resulting in less encapsulated protein in the applied samples.
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Figure 22. (A): Size exclusion chromatography of Mb and (B) BvPgb1.2 encapsulated nanoparticles (60 mg/ml) in 50
mM Tris-HCI pH 8.5 buffer. Free protein was observed for Mb (12.8 ml), indicating leakage and/or excess protein. No
free BvPgb1.2 was detected.

Aforementioned, the largest aggregates were detected for BvPgb1.2 when high
concentrations were used but seemed to be reversible. Upon agitation, the protein
appeared to diffuse through the sponge phase as in the pre-separated state while
maintaining the matrix structure. This indicates a transient behavior of the
aggregates, showing weak interactions and/or the possibility to coincide with the
sponge phase structure. In addition, the degree of aggregation might be linked to the
pl of the proteins. The predicted pl:s for BvPgb1.2 and Mb were 7.85 and 6.8 [155],
respectively. This could render BvPgb1.2 more sensitive to minor pH changes and
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cause more extensive aggregation, especially if the pH is decreased. In this case, it
is possible that the local pH drop close to/below the pl could induce aggregate
formation.

Another potential implication might be the difference in iron coordination between
BvPgbl1.2 and Mb. Even though BvPgb1.2 showed high functional, thermal and
structural stability (Paper I), this might not provide sufficient advantages in this
lipid system, mainly constituted of unsaturated oleate. Heme-containing proteins are
known to interact with lipids and display different interactions with
saturated/unsaturated fatty acids [25, 156]. It is possible that disfavored interactions
between the lipid sponge phase system and/or BvPgb1.2 occur due to the maintained
Fe?* oxidation state, in contrast to the Fe** state seen in Mb. Although, the stabilized
Fe?" state in the hexacoordinated nsPgb would potentially be less reactive compared
to pentacoordinated globins. Furthermore, the formation of other internal structures,
such as vesicles, might also contribute to different interactions between the
monounsaturated lipids structure and proteins, which has to be investigated in more
detail.

Finally, this study demonstrated the overall complexity of this system, with
synergistic/competing effects of protein, buffer and lipid effects on aggregate size
and self-assembled lipid structure. Even though characterization of bulk phases and
dispersions were conducted in Paper IV, more actions are needed to investigate
these interactions in order to facilitate efficient protein loading and delivery using
similar lipid sponge phase systems.

Other Hbs have been successfully encapsulated in previous studies. For instance,
vesicles from a mixture of saturated phospholipids, polyethylene glycol-conjugated
phospholipids, cholesterol and negatively charged lipids have been used to
efficiently encapsulate high concentrations of human Hb [157, 158]. Here, Hbs are
normally saturated with CO to stabilize the protein, while this might not be needed
for nsPgbs due to their high structural and redox stability. Moreover, efficient
nanoparticle formation of bovine Hb through cross-linking reactions has also been
reported. By co-precipitating Hb and CaCOs, followed by cross-linking using
glutaraldehyde and final dissolution of CaCOs, formation of spherical Hb- particles
with high O, affinity and low immunogenicity have been reported [159]. Similar
methods have also been used to polymerize Hb and coat the exterior of the particles
with human serum albumin, providing an efficient and cost effective technique
while producing particles with desirable features, as previously mentioned [12,
160]. Thus, these methods might be suitable options to encapsulate BvPgb1.2 to
provide a stable and low immunogenic formulation here as well. Since the current
literature of nsPgb encapsulation is limited, additional studies must be conducted to
find suitable techniques regarding efficient nanoparticle formation for this type of
globin.
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4.2 Toxicological Studies of Phytoglobins in Zebrafish
Model System

Another important aspect regarding the applicability of nsPgbs in biotechnical or
biomedical innovations are the potential toxic effects they might have in biological
systems. Even though these proteins can be encapsulated or protected in other
formulations (Paper IV), potential toxicological implications could still arise. Since
Hbs carry oxygen and other reactive ligands, it is possible to cause oxidative stress
in tissues due to formation of ROS or other reactive molecules. Another reason is
the reactive nature of the heme moiety itself and its ability to go between several
oxidation steps, as previously described. If this process is not controlled, for instance
through redox stability and/or antioxidant activity in the surrounding environment,
this redox imbalance could cause additional oxidative damage. Thus, it is crucial to
test the biological effects these proteins might have before they can be safely
administered.

As mentioned before, class I nsPgbs are hexacoordinated hemeproteins which could
be an advantage due to the high overall stability and low heme loss tendencies
(Paper I). To investigate their biological impact, BvPgb1.2 WT and C86A were
investigated using a zebrafish (Danio rerio) animal model. For comparative reasons,
the pentacoordinated Mb was also used to evaluate the toxicological effect it may
have (Paper V).

Zebrafish as a model system has been used as a relatively simplistic animal model
to study different toxicological effects of different proteins and compounds. It has
several benefits, such as its relative low cost, number of fishes that could be
analyzed and similar anatomical/biological features as humans and other
vertebrates, including the hematopoietic system (generation of blood cells) [161,
162]. Human hematopoietic pathologies have been studied in zebrafish by genetic
engineering. Information regarding specific mechanisms on a cellular level and
identification of possible targets to combat these conditions have given valuable
insights in the design of future therapies [161]. In particular, erythropoiesis
(generation of red blood cells) is conserved to a substantial degree between
mammals and zebrafish, making it a suitable model to genetically study related
human diseases [163]. Since heme and Hb are synthesized during this process, the
heme and iron metabolism also show great resemblance and studies in zebrafish
have provided important information for new therapies in this area [163, 164].

Similar to humans, zebrafish also expresses several hexacoordinated globins and
have been used as a model system for human Ngb [165]. Ngb from zebrafish has
approximately 50% sequence identity to the human version and does not possess
similar inhibitory effect on G proteins as the human counterpart [165]. Moreover, a
recently discovered Cgb in this fish has been linked to normal development of
vertebrate embryos, especially in proper cell differentiation for neural crest-derived
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tissues and organs [166]. Therefore, even though the functionalities of these
hexacoordinated globins are not fully understood, they seem to have important
implications in vertebrate development.

Due to the conserved iron metabolism and presence of similar hexacoordinated
proteins between humans and zebrafish, it would be an appropriate initial model
system to study the effect of nsPgbs. Thus, to evaluate the toxicological effects of
the proteins, BvPgb1.2 WT, C86A and Mb were fluorescently labeled. This would
enable detection of any protein-marker accumulation and where it would be situated
in the fishes, as well as any associated oxidative stress in the tissues. One alternative
is to use fluorescent markers equipped with an activated ester group. It is possible
to link these markers to lysine residues located on the surface of the proteins,
forming stable amide bonds [167]. BvPgb1.2 had 16 more or less surface-exposed
residues in its tertiary structure (Figure 23A), making it suitable for this kind of
modification. Similarly, 18 lysine residues were found in the Mb structure. In
contrast, four lysine residues were found in human Ngb [98], further indicating the
high variability in primary sequence found in globins.
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Figure 23. (A): BvPgb1.2 WT (PDB-ID: 7Z0OS) with highlighted surface-exposed lysine residues (16 in total). The
residues were used as handles to covalently link the fluorescent markers equipped with activated esters to the proteins.

(B): Functionality of labeled BvPgb1.2 WT. Original protein-marker conjugation (blue), + sodium dithionite (NAD,
orange) and CO (gray). The shifted Soret peak indicated functional protein after marker conjugation.

Even though the labeling conjugation would work in theory, modifications of
proteins might alter the functionality and render them inactive. Therefore, the
functionality of all proteins where analyzed with UV-Vis spectroscopy with
different ligands. In Figure 23B, the results for BvPgb1.2 WT conjugated with a red
fluorescent marker (AF647) can be seen. The characteristic Soret peak was located
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at 412 nm, while the absorbance of the marker was detected at ~650 nm (blue).
When reduced with NAD (orange), the absorption of the marker disappeared.
However, this was expected due to the bleaching effect previously observed
associated with NAD addition to fluorescent tags [168]. Moreover, the expected
shift of the Soret peak was observed (~424 nm). When the nsPgb was saturated with
CO (gray), the Soret peak shifted again (~416 nm), indicating a functioning Hb with
maintained activity after conjugation (as in Figure 6). The same results were
observed for both C86A and Mb, also with a second dye absorbing in the green
spectrum (AF568).

The labeled proteins were injected into brain and lateral muscle tissues of
zebrafishes and the effects were analyzed based on the behavior of the fishes in
addition to protein localization. Granules of fluorescently labeled C86A and Mb
were detected in brain tissue, especially in a subset of potentially injured neurons
(Paper V). This tendency has been observed in a previous study using hemeproteins
in zebrafish [169]. In both cases, no/low levels of oxidation were detected in
surrounding tissues. In contrast, no accumulation of BvPgbl1.2 WT could be
detected in the brain.

All proteins were also injected into lateral muscle tissue. Similar results were seen
for C86A and Mb, although WT was also detected here. C86A and WT
accumulation are shown in Figure 24. Granules of AF647-C86A were found in a
subset of muscle fibers. Scattered fluorescent granules were also associated with
blood vessels (and/or nerves) along the muscle fiber bundles (arrow in Figure 24A).
No excessive oxidative stress was associated with either C86A or Mb. Similar
results were found for WT, although some of the most distinct protein granules
showed elevated levels of oxidation. If this effect is consistent or a result of the
microinjection procedure itself remains to be proven since all the granules were
located close to site of injection. Thus, the microinjection itself might have
contributed to observed effect. In any case, all globins showed accumulation of
protein in either brain or muscle, mostly without associated oxidative stress in
surrounding tissues. In addition, no altered behavior of the fishes was detected after
injections. Thus, an adequate tolerance was observed for the globins and no
significant differences were observed between the penta- and hexacoordinated
proteins in this model system.

To further characterize the accumulation of the hemeproteins, future studies could
involve multiple injections of the labeled proteins in the same/other tissues of the
zebrafish to pinpoint a pattern of accumulation, as seen in Paper V. In addition,
toxic effects for Fe*"/Fe’" iron salts and free heme could be added to exemplify the
toxic effects to the free iron itself, while the protein-heme interactions in the globins
would provide additional oxidative protection. The protective effect would be most
prominent for the hexacoordinated proteins, due to their stable features and low
heme loss tendencies. To my knowledge, this preliminary study is one of the first in
vivo studies using nsPgbs and provided valuable insights regarding tolerance and
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oxidative stress of nsPgbs in biological systems. Thus, more toxicological studies
must be conducted to elucidate the effects of nsPgbs in similar and other model
systems.

Lateral muscle ’ \ Lateral muscle
10x objective 10x objective

Lateral muscle
10x objective

Figure 24. (A and B): Injections in lateral muscle tissue of BvPgb1.2 C86A and (C): WT injections in lateral muscle
tissue. Granular AF647 fluorescence showed two distinct populations. (A): Scattered AF647-fluorescent granules
associated with blood vessels (arrow: cross-sectioned blood vessel) between muscle fibers. (B): AF647-fluorescent
granules accumulated in a subset of muscle fibers, presumably close to the injection site. (C): Distinct granular AF647-
fluorescence was observed in a subset of muscle fibers, some of which showed marginally elevated diffuse
fluorescence. No detection of AF647 was found in brain tissue. Strongly AF647-fluorescent granules also showed
elevated oxidation levels. Redox staining: relative oxidation levels in green pseudocolor. Red pseudocolor shows the
AF647 fluorescence.
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5 Conclusions and Future Prospects

Ever since the first Pgbs in legumes were discovered in the late 1930s, there have
been extensive efforts in understanding the role of these proteins in plants and their
potential use in biotechnology. In addition, it is approximately 40 years ago nsPgbs
were first observed. Since then, Pgbs have been found in essentially all plants in
some form, with different numbers and characteristics.

Even though we currently know more of the origin and evolution of Pgbs and their
features, continued efforts regarding the functionality and important interactions
within and between the amino acids comprising the proteins are crucial in order to
better understand and design these proteins for potential human use. This thesis has
focused on two major areas, mainly characterization of class I nsPgbs and the impact
of the conserved cysteine residue on a structural and functional level (Paper I-11I),
as well as their potential practical utility, mainly in terms of encapsulation and
toxicological effects (Paper IV and V). Here, site-directed mutagenesis has been an
important tool in generating new mutants and studying their characteristics in
comparison with the WT protein in order to elucidate the impact of these residues.

In conclusion, this thesis has expanded the knowledge regarding the intrinsic
functions of the conserved cysteine residue and its implications. This work has
deepened the understanding regarding dimeric interactions and flexible regions in
nsPgbs and provided important clues for potential practical applicability. The focus
was to further characterize important features of nsPgbs, understand the interactions
within and between the predominately dimeric nature of these proteins and provide
insights in how to design and use them in biotechnology to solve current problems.
However, despite the gained understanding of these processes, several obstacles
remain to be resolved in order to be an important tool in the future. In other words,
what actions would be beneficial to conduct for future considerations?

In terms of globin features, more research is needed regarding the structure and
function of class Il and trPgbs, to add to current and limited knowledge. For example,
no crystal structures of class II nsPgbs exist, which would add valuable information
of structural and functional characteristics for this class. We have tried to crystallize
BvPgb2 but without any success, further indicating the non-crystallizing propensity
of class II nsPgbs. Even though structure predictions (AlphaFold) have been
conducted for this protein, the models will predominately be based on class I nsPgbs
and important structural features might be lost. Thus, missing electron density
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information of class II nsPgbs could result in less accurate models. In addition,
structural studies of trPgb, especially from legumes, have not been studied to a great
extent. This could also be interesting to investigate further, adding to the current
limited knowledge regrading this type of globin. Furthermore, less is known about
the intracellular localization of Pgbs, even though they have been found in both
cytoplasm and chloroplasts in plant cells. What other proteins do they interact with
and how do these interactions affect the functionality of Pgbs? These are a few
examples that would provide greater understanding of these proteins and possibly
show even more versatility than we currently know.

In terms of structure-function relationships for class I nsPgbs, the ability to maintain
(or increase) the stability of the cysteine-substituted mutant in combination with its
inert characteristics could make it a suitable candidate as a food additive or
supplement. This would relieve some of the current problems using inorganic iron
salts and their related side effects while providing a bioavailable source of dietary
iron. Moreover, the previously mentioned concerns regarding micro- and anti-nutrient
content in meat substitutes would need new approaches to relieve these current
limitations [10]. Using a stable and bioavailable source of heme iron, as in nsPgbs,
could be a suitable solution in new formulations of these products, especially
considering their propensity to maintain the heme group in comparison to
pentacoordinated Hbs (Paper I).

Another potential use of nsPgbs could be as a novel O, therapeutic, to be used for
severely O»-deprived tissues in particular. Even though unmodified nsPgbs might be
of benefit here as well, they could potentially be less suitable due to their slow O,
release and NO scavenging. However, the general high stability and robustness of
nsPgbs might provide valuable properties that current solutions lack. Although the
lipid system used in Paper IV was not efficient for encapsulation of the hemeproteins
under the studied conditions, other techniques have been used to encapsulate similar
proteins. As mentioned before, alternative encapsulation formulations of mainly
pentacoordinated Hbs have been conducted with positive results. Using saturated
phospholipids, cross-linking the nsPgbs to each other/different proteins (such as
human serum albumin) could be suitable techniques to obtain stable and non-
immunogenic nanoparticles with increased retention times. Here, the final
application would ultimately determine the formulation. In addition, the number of
surface-exposed lysine residues in BvPgb1.2 would provide suitable polymerization
sites for glutaraldehyde cross-linking and would be interesting to investigate in the
future.

Nevertheless, regardless if these proteins will be used for nutritional or therapeutic
purposes, these still have to be clinically tested for human use. Although we provided
some clues regarding the non-toxic effects of these proteins in zebrafish (Paper V),
nsPgbs need to be more extensively studied in other biological systems. For instance,
rodents might be the next animal model in order to evaluate if these proteins can be
regarded as safe before more extensive clinical trials might be conducted. This is
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something that has to be explored in detail before the use of these proteins can be
frequently adopted for mentioned purposes. Furthermore, another obstacle that we are
facing is the current legislation regarding genetically modified organisms (GMOs),
including genes and proteins thereof. Currently, the most common approach to obtain
high quantities of nsPgbs is through recombinant production in expression hosts, such
as E. coli or yeast. Since the early 2000s, when the European Food Safety Authority
(EFSA) was formed, Europe has had one of the most stringent regulations regarding
GMOs for food and/or feed. All non-traditional foods, called “novel foods”, has to be
approved on a case-by-case basis regarding four main categories: safety, freedom of
choice, labeling and tractability source [170]. This slow and circumstantial process of
approval has been criticized on several occasions for risking the future food safety in
Europe. Thus, the utilization of these techniques for nutritional applications are
limited.

Hopefully, this thesis has highlighted the current knowledge of Pgbs but also the
future work needed to elevate it to the next level. For instance, the generation of new
mutants of these proteins with altered features and characteristics are crucial to expand
the possibilities of usage. In our lab, we have generated a library of mutants of
BvPgb1.2 with one or more cysteine residues located on the surface of the protein but
still maintaining its functionality. It would be possible to use the thiol groups as
handles for linking desired molecules, such as lipids, which could lead to increased
retention time in biological systems. Moreover, if the effects of the mutations can be
assessed more accurately, for instance with reliable dynamic simulations and
approximations, this would save important resources in the future regarding
generation of new mutant libraries. This was touched upon in Paper III, but more
work is needed regarding the evaluation of monomeric/dimeric characteristics from
future simulations and confirmation with other methods, such as SAXS, circular
dichroism and cryogenic electron microscopy.

Finally, overexpressing or introducing nsPgbs or other globins within the plants
themselves may fortify the iron content, which have been done in previous work
[103, 113]. Furthermore, expression of Hb from Vitreoscilla bacteria in tobacco
plants (Nicotiana tabaccum) yielded transgenic plants with increased productivity,
higher growth rates, faster development and altered metabolism [171]. The same
protein was also overexpressed in cabbage (Brassica oleracea var. capitata),
Arabidopsis and maize (Zea mays), where similar results were obtained in addition
to increased tolerance against immersion stress and waterlogging [172, 173]. This
could lead to a more efficient solution of utilizing the iron directly in the plants.
Thus, the need of downstream purification and other resource-consuming steps
would be mitigated. However, a more comprehensive understanding regarding
overexpression and/or suppression of nsPgbs in vivo is needed to better engineer
and design future plants with different characteristics. For instance, overexpression
of barley nsPgb has been shown to delay growth and development, as well as
decreasing seed yield [174], while beneficial effects have been observed for the
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same and other plants, as previously mentioned [88]. This lack of consistency would
be crucial to elucidate in order to start extensive future cultivation programs.
Furthermore, more knowledge of other genes induced by stress responses would be
of interest and how these genes (or translated proteins) relate and interact with
nsPgbs. Therefore, further investigations regarding similar effects of overexpressing
these proteins in monocots/dicots, as observed in barley, are needed to evaluate the
upscaling and feasibility potential. In any case, the legislation of using transgenic
plants for non-research purposes is still restrictive, limiting their potential use as
well.

Even though there are plenty of areas where more efforts are needed, the
possibilities are vast regarding nsPgbs due to their versatility and valuable features.
These proteins might be of great use in the future as long as researches are given
continued support to explore and utilize them for the greater good, facilitating
innovative biotechnical solutions to current problems.
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