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Dear colleague,
The O2BiP 2018 congress will be the 20th edition of the series of biannual meetings
that were convened on the topic of oxygen-binding and sensing proteins (O2BiP).
This edition will be held in Barcelona from September 3-6, following previous
meetings held in Hamburg, Sheffield, Parma, Aarhus, Naples, etc. This time, the
meeting will be organized jointly by the University of Buenos Aires and the University
of Barcelona.
Following the spirit of previous O2BiP editions, the meeting aims to continue the
multidisciplinary effort made on disclosing the relationships between structure,
dynamics, and function of globins and oxygen-related proteins, covering all levels of
organization from molecular and cellular to the whole organism. Accordingly, our aim
is to provide a forum for the presentation of recent advances and progresses in the
field, well suited for strengthening the scientific cross-fertilization between
complementary research areas and for catalyzing the fruitful cooperation between
teams with distinct expertise.
With this goal, we invite you to attend the O2BiP 2018 congress, which will be held in
the inspiring environment of the Institut d’Estudis Catalans, which is located in the
ancient building of the Hospital de Sant Pau founded in 1401, close to Les Rambles,
which is the most popular, picturesque and colorful street in Barcelona.
Darío A. Estrín and F. Javier Luque
Co-chairs of the Organizing Committee
dario@qi.fcen.uba.ar, fjluque@ub.edu
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Monday, 3 Sept 2018
15:00 - 18:00 Registration
18:00 - 18:15 Welcome
18:15 - 19:00 Opening Session
Chair: Martino Bolognesi, University of Milano, Italy
Unstirred layers, baseball gloves, electrostatics, and molten
globules: Lessons learned from 50 years of hemoglobin
research
John Olson, Rice University, USA
19:00 - 21:00 Welcome Reception
Tuesday, 4 Sept 2018
09:00 - 12:30 Session 1: Globins in health and disease
Chairs: Thomas Hankeln, University of Mainz, Germany
Norifumi Kawada, Osaka City University, Japan
09:00 - 09:30 Cytoglobin regulates blood pressure and vascular tone
through nitric oxide metabolism in the vascular wall
Jay Zweier, The Ohio State University, USA
09:30 - 10:00 Antagonistic regulation of CYGB expression in human
hepatic stellate cells by FGF2 and TGF-β1
Norifumi Kawada, Osaka City University, Japan
10:00 - 10:15 Neural stem cells as a tool to study the effect of Ngbdeficiency in neurodevelopment
Evi Luyckx, University of Antwerpen, Belgium
10:15 - 10:30 Hemoglobin is conformationally gated to synergize O2
and NO binding to match O2 delivery with metabolic
demand
Ann M. English, Concordia University, Canada

10:30 - 11:00 Coffee break
11:00 - 11:30 High neuroglobin levels impact on mitochondrial
dynamics in neuron derived cells
Marco Fiochetti, University of Rome, Italy
11:30 - 12:00 Genetic ablation of androglobin reveals multiple
phenotypes
David Hoogewijs, University of Fribourg, Switzerland
12:00 - 12:15 Hemoglobin as participant of programmable hemolysis,
and protective role of dinitrosyl iron complexes
Alexey Topunov, Russian Academy of Science, Russia
12:15 - 12:30 Globin-based biosensors using mesoporous materials
Zainab Hafideddine, University of Antwerp, Belgium
12:30 - 14:30 Lunch – Poster Session
14:30 - 17:45 Session 2: Structure, Function and Dynamics
Chairs: Dario Estrín, University of Buenos Aires, Argentina
Giulietta Smulevich, University of Firenze, Italy
14:30 - 15:00 Heme-ligand interactions in the bacterial CO sensor
protein RcoM-2
Marten Vos, Ecole Polytechnique, France
15:00 - 15:30 Oxygen binding and allosterism in human hemoglobin
studied with multiscale computer simulations
Luciana Capece, University of Buenos Aires, Argentina
15:30 - 15:45 The heme-iron coordination state and its role in the
channel formation of a membrane-bound globin coupled
sensor
Dietmar Hammerschmid, University of Antwerp, Belgium
15:45 - 16:00 Snapshot of an Oxygen Intermediate in the Catalytic
Reaction of Cytochrome c Oxidase
Denis Rousseau, Albert Einstein College of Medicine,
USA
16:00 - 16:30 Coffee break
16:30 - 17:00 Resonance Raman spectroscopy and molecular
dynamics simulations: A working marriage to
investigate the structure-function relationships
Giulietta Smulevich, University of Firenze, Italy
17:00 - 17:30 Action mechanisms of inhibitors targeting human
indoleamine 2,3-dioxygenase 1 and tryptophan
dioxygenase
Syun-Ru Yeh, Albert Einstein College of Medicine, USA

17:30 - 17:45 Fingerprinting the free radicals in globins, haem
peroxidases and not only – tyrosine and tryptophan
radicals EPR spectra simulation
Dimitri Svistunenko, University of Essex, UK
17:45

Discussion about O2BIP 2020
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09:00 - 12:30 Session 3: Non Vertebrate, Bacterial, and Plants O2BIP
Chairs: Kanak Dikshit, Panjab University, Chandigarh, India
Martino Bolognesi, University of Milano, Italy
09:00 - 09:30 A diversity of globins in non-vertebrate, bacteria and
plants: An overview
Sylvia Dewilde, University of Antwerpen, Belgium
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symbiosis
Manuel Becana, CSIC, Spain
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Jaime E. Martinez, Johns Hopkins University, USA
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DevS and DosT
Marie-Alda Gilles-Gonzalez, UT Southwestern, USA
11:30 - 12:00 A quantitative model of oxygen uptake and release in
Truncated Hemoglobins
Leonardo Boechi, University of Buenos Aires
12:00 - 12:15 Radical Intermediates of Anaerobic Iron Oxidation in
WT Bacterioferritin and Variants
Jacob Pullin, University of Essex, UK
12:15 - 12:30 Nitrite and nitric oxide binding of GLB-33, a unique
chimeric globin in Caenorhabditis elegans examined
with EPR and UV-vis spectroscopy
N. Van Brempt, University of Antwerpen, Belgium
12:30 - 14:30 Lunch – Poster Session

14:30 - 17:45 Session 4: Vertebrate O2BIP
Chairs: Sylvia Dewilde, University of Antwerpen, Belgium
Alessandra Pesce, University of Genoa, Italy
Cristiano Viappiani, University of Parma, Italy
14:30 - 15:00 Roles of nitrite and cytoglobin 1 during zebrafish heart
regeneration
Paola Corti, University of Pittsburgh, USA
15:00 - 15:30 Investigating the structural dynamics of heme proteins
with TR-WAXS
Matteo Levantino, University of Palermo, Italy
15:30 - 16:00 Cytoglobin-1 in the Antarctic fish: From the function to
the structural properties
Daniela Giordano, CNR-Napoli, Italy
Alessandra Pesce, University of Genoa, Italy
16:00 - 16:30 Coffee break
16:30 - 17:00 Neuroglobin and cytoglobin: Lessons from knockout
models and single-cell expression data
Thomas Hankeln, University of Mainz, Germany
17:00 - 17:30 Free energy barriers for distal His binding and
dissociation in hexacoordinated hemoglobins: A case of
entropy-enthalpy compensation
Cristiano Viappiani, University of Parma, Italy
17:30 - 17:45 Structural Insight into the Double Allosteric Mechanism
for the Oxygenation Function in Hemoglobin: Beyond
the MWC Model
Antonio Tsuneshige, Hosei University, Japan
20:00

Dinner

Thursday, 6 Sept 2018
09:00 - 12:30 Session 5: Evolution of O2BIP
Chairs: Thorsten Burmester, University of Hamburg, Germany
Jay Storz, University of Nebraska, USA
Cinzia Verde, Italian National Research Council, Italy
09:00 - 09:30 Evolution of vertebrate hemoglobin loci and their
regulatory elements
Ross Hardison, Penn State University, USA
09:30 - 10:00 Evolution and diversity of hemerythrin across Metazoa
Elisa Costa-Paiva, University of Rio de Janeiro, Brasil
10:00 - 10:30 Evolution and functional diversification of globins in
lungfish
Julia Lüdemann, University of Hamburg, Germany

10:30 - 11:00 Coffee break
11:00 - 11:15 Diversity and evolution of extracellular hemoglobins in
Metazoa
Flavia Belato, University of Rio de Janeiro, Brasil
11:15 - 11:45 Resurrected respiratory proteins reveal molecular
mechanisms behind convergent evolution of improved
breath-hold diving capacity in the extinct penguin-like
great auk Pinguinis imprennis
Michael Berenbrink, University of Liverpool, UK
11:45 - 12:15 Ancestral protein resurrection reveals mutational
pathways and functional mechanisms of hemoglobin
adaptation
Jay Storz, University of Nebraska, USA
12:15 - 12:45 Towards an integrated view of the evolution of animal
globins: The arthropod case.
Federico Hoffmann, Mississippi State University, USA
12:45 - 14:30 Lunch – Poster Session
14:30 - 17:45 Session 6: Interactions with Reactive Oxygen, Nitrogen, and
Sulfur Species
Chairs: Angela Fago, Aarhus University, Denmark
John Olson, Rice University, USA
Robert Poole, University of Sheffield, UK
14:30 - 15:00 H-NOX and NosP: Nitric oxide-responsive
hemoproteins that regulate bacterial biofilms
Elizabeth Boon, Stony Brook University, USA
15:00 - 15:30 The cytochrome bd-I respiratory oxidase sensitises
multidrug-resistant E. coli to antibiotics during nitric
oxide exposure
Mark Shepherd, University of Sheffield, UK
15:30 - 16:00 Hydrogen sulfide and hemeproteins: Transportation,
activation, turnover, and inactivity
Juan Lopez-Garriga, University of Puerto Rico, Puerto
Rico
16:00 - 16:30 Coffee break
16:30 - 17:00 Development of a neuroglobin-based antidote for
carbon monoxide poisoning
Jesus Tejero, University of Pittsburgh, USA

17:00 - 17:30 Endothelial cell a-globin and its molecular chaperone αhemoglobin–stabilizing protein regulate arteriolar
contractility
Christophe Lechauve, St Jude Children´s Research
Hospital, USA
17:30 - 17:45 Heme Iron as Target for Inorganic Sulfide
Sara Bari, University of Buenos Aires
17:00 - 17:30 A novel physiological role of ferric hemoglobin in H2S
transport?
Birgitte Jensen, Aarhus University, Denmark
18:00

Closure of the meeting

Opening Lecture

(sponsored by Loligo Systems)

Unstirred Layers, Baseball Gloves, Electrostatics, and Molten Globules:
Lessons Learned from 50 years of Hemoglobin Research.
John S. Olson
Professor Emeritus, BioSciences at Rice University, Houston, TX USA
olson@rice.edu

In 1968, Max Perutz and his colleagues reported the first high-resolution crystal
structure of hemoglobin. Then he and Hermann Lehman published a paper interpreting
the clinical phenotypes of over 100 different human hemoglobinopathies, setting the
stage for structural interpretations of how globins function at the molecular, cellular,
and tissue level. Over the next 50 years, the mechanisms of O 2 storage and transport
have been examined quantitatively on distance scales from millimeters to tenths of
nanometers and time scales from seconds to picoseconds by many of the participants
at this conference.
O2 uptake by mammalian red cells in simple mixing experiments is limited by
diffusion through unstirred water layers adjacent to the cell surface, and O 2 transport in
capillaries is limited by diffusion across cell-free layers adjacent to the vessel walls. In
the case of O2 release, the flux at 50% unloading is determined directly by the P 50 of
the Hb inside the red cell, whereas O2 uptake is independent of P50. Bimolecular O2
binding to mammalian Hbs and Mbs is governed by diffusion of the ligand through a
channel created by upward rotation of the His(E7) side chain, capture in the empty
space toward the back of the distal pocket, and then internal bond formation with the
heme iron atom. This "baseball glove" mechanism also provides an explanation for
how HbO2 and MbO2 are able to detoxify NO by rapidly dioxygenating it to NO 3-. In
addition to being a gate, His(E7) also donates a strong hydrogen bond to bound O2.
This favorable electrostatic interaction selectively enhances O 2 affinity up to a 1000fold, which prevents CO poisoning under physiological conditions, and markedly slows
autooxidation by inhibiting both protonation of bound O 2 and its dissociation. Recently,
a detailed mechanism for the folding and assembly of tetrameric human HbA has been
and
determined, based on previous work with monomeric myoglobin. Unfolded
chains associate to form a molten globule dimer in which the heme pockets are
unfolded but the 1 1 interface is formed and native-like. The final steps involve folding
of the and heme pockets, high affinity binding of heme, and association of the holodimers into native tetramers.
In the sessions of this conference, these ideas and mechanisms for mammalian
Hbs and Mbs will be used as frameworks for understanding the diversity, physiology,
structural biology, expression, and evolution of hemoglobins from all three kingdoms of
life and how these and related heme proteins can act as sensors for O 2, CO, NO, H2S
or the redox state of cells. (Funded by NIH grants P01 HL110900, GM035649,
HL047020, and Grant C-0612 from the Robert A. Welch Foundation).

Lectures and Short Talks

Session 1

Cytoglobin Regulates Blood Pressure and Vascular Tone through Nitric
Oxide Metabolism in the Vascular Wall
Jay L. Zweier*, Xiaoping Liu*, Mohamed A. El-Mahdy*, Le Thi Thanh Thuy+, and
Norifumi Kawada+
* Davis Heart and Lung Research Institute and Division of Cardiovascular Medicine,
Department of Internal Medicine, College of Medicine, The Ohio State University, Columbus,
OH 43210, USA
+
Department of Hepatology, Graduate School of Medicine, Osaka City University, Osaka, Japan

Endothelium-derived relaxing factor, identified as nitric oxide (NO), is a key mediator
regulating vascular tone and blood pressure. NO mediates vascular relaxation through
activation of soluble guanylate cyclase (sGC) in the smooth muscle. Vascular NO
levels are controlled by both the rate of NO generation and the rate of NO metabolism.
While NO is synthesized by a specific well characterized NO synthase in the
endothelium (eNOS), the process of NO degradation and metabolism in the vascular
wall was poorly understood. It was hypothesized that NO degradation in the vessel wall
is mediated by an O2-dependent NO dioxygenase (NOD) that oxidizes NO to nitrate.
However, the identity of the specific NOD that functions as the main in vivo regulator of
O2-dependent NO degradation in vascular smooth muscle had remained elusive.
Cytoglobin (Cygb) is a recently discovered globin expressed in fibroblasts and smooth
muscle cells with unknown function. We observe that Cygb, coupled with a cellular
reducing system, efficiently regulates the rate of NO consumption, uniquely
metabolizing NO in a highly O2-dependent manner with decreased NO consumption in
physiological hypoxia. In the current studies, we demonstrate that Cygb is a major
regulator of NO degradation and cardiovascular tone. Knockout of Cygb greatly
prolongs NO decay, increases vascular relaxation, and lowers blood pressure and
systemic vascular resistance. We demonstrate that down-regulation of Cygb prevents
angiotensin-mediated hypertension. Thus, Cygb is shown to have a critical role in the
regulation of vascular tone and disease. Modulation of the expression and NOD activity
of Cygb presents a new target for the treatment of cardiovascular disease.

Session 1

Antagonistic regulation of CYGB expression in human hepatic stellate cells by
FGF2 and TGF-β1
Misako Matsubara, Yoshinari Okina, and Norifumi Kawada
Department of Hepatology, Gradutate School of Medicine, Osaka City University,
Osaka 545-8585, Japan
Cytoglobin (CYGB) belongs to the globin family and is exclusively expressed in hepatic
stellate cells (HSCs). In addition to its gas-binding ability, CYGB is associated with
HSC phenotype and hepatic inflammation, fibrosis and cancer due to its antioxidative
properties. This study was aimed to clarify the molecular mechanism of CYGB
transcription in human HSCs.
Part 1: We demonstrated that fibroblast growth factor 2 (FGF2) is a key factor in
inducing the alteration in both CYGB and alpha SMA (αSMA) expression in HHSteCs
and primary human HSCs. FGF2 initiated the phosphorylation of both c-Jun N-terminal
kinase (JNK) and c-JUN. PS600125, a JNK inhibitor, and transfection of c-JUN–
targeting siRNA hampered FGF2-triggerd induction of CYGB. C-JUN overexpression
up- and down-regulated CYGB and αSMA expression, respectively. In ChIP analyses,
phospho-c-JUN bound its consensus motif located -218 to -222 bases from the
transcription initiation site in the CYGB promoter upon FGF2 stimulation. Part 2: We
observed that TGFβ1 markedly reduced CYGB expression with concomitant αSMA
induction dose-dependently. In mouse primary HSCs, however, TGFβ1 failed to alter
CYGB expression, while strongly increased αSMA expression. TGFβ1 triggered the
rapid phosphorylation of Smad2 and Smad3. Stable transfection of small interfering
Smad2, but not Smad3, obviously cancelled the reduction of CYGB by TGFβ1 at
mRNA and protein levels. Interestingly, we noticed the presence of a consensus
SP1/SP3 DNA binding motif located at the transcriptional initiation site of human, but
not mouse, CYGB promoter region. Deletion analysis revealed that SP1 and/or SP3
were responsible for CYGB transcription. Finally, in ChIP analyses, the enriched
binding of SP3, but not SP1, to its consensus motif at the transcriptional start site in the
CYGB promoter, upon TGFβ1 stimulation. Part 3: In combination experiments, FGF2
antagonized TGFb1-induced up- and down-regulation of aSMA and CYGB in
HHSteCs. In conclusion, FGF2 and TGFb1 antagonistically regulate CYGB and aSMA
expressions and human HSC activation via JNK-c-Jun and Smad2-SP3 pathways,
respectively. CYGB is likely a critical molecule relevant to the maintenance of
quiescent phenotype of human HSCs.

Session 1
Poster 24

Neural stem cells as a tool to study the effect of Ngb-deficiency in
neurodevelopment
Evi Luyckxa, Wendy Van Leuvena, Daniel Andreb, Alessandra Quartac, Erik
Fransend, Luc Moensa, Thomas Hankelnb, Peter Ponsaertsc, Sylvia Dewildea

University of Antwerp, Laboratory of Protein chemistry, Proteomics and Epigenetic Signalling,
Antwerp, Belgium (Evi.Luyckx@uantwerpen.be)
b Johannes Gutenberg University Mainz, Institute of Organismic and Molecular Evolution,
Molecular Genetics and Genome Analysis, Mainz, Germany
c University of Antwerp, Laboratory of Experimental Hematology, Vaxinfectio, Antwerp, Belgium
d University of Antwerp, StatUA Center for Statistics, Antwerp, Belgium
a

Since its discovery in 2000, the exact functional significance of neuroglobin (Ngb), an
oxygen-binding protein that is brain-specific, still remains to be elucidated. Although a
neuroprotective role had been proposed during the last decade, Ngb was recently
assigned to interact during neuritogenesis and brain development in general.
The need to fundamentally understand the structure and function of the central nervous
system to develop therapeutic strategies against progressive neurodegenerative
diseases and other neurological impairments has grown strong in recent years. In
these studies, neural stem cells (NSCs) have been of great value because this unique
nervous system-specific cell type holds great promise due to its self-renewal and
multipotent character which enables them to develop, maintain and regenerate the
tissues they reside in. To study NSC behaviour in in vitro models, two alternative
approaches exist: the original 3D neurosphere formation assay and the 2D monolayer
NSC culture. While the former creates an environmental niche in which NSC reside
together with a whole variety of neural cell populations, the latter represents a more
uniform NSC population, losing potential influences of other neural cell populations. To
unravel the effect of Ngb-deficiency in neurodevelopment, evaluating growth and
proliferation capacities of NSCs in both systems already pointed at a crucial role of Ngb
in these processes. In addition to the in vitro setups, the effect of Ngb-deficiency on in
vivo NSC proliferation can be monitored during adult neurogenesis from the
subventricular zone to the olfactory bulb using non-invasive bioluminescent imaging.
By combining these research strategies, we have created a unique set of validated in
vitro and in vivo wild type and Ngb-knockout models that will become extremely helpful
in further defining the role of Ngb in neurodevelopment and/or neuroprotection.

Session 1
Poster 11

Hemoglobin is conformationally gated to synergize O2 and NO binding to
match O2 delivery with metabolic demand
Ann M. English, Maria S. Shadrina and Gilles H. Peslherbe
Department of Chemistry and Biochemistry and Centre for Research in Molecular Modeling,
Concordia University, 7141 Sherbrooke Street West, Montreal, Quebec H4B 1R6

The R-to-T quaternary transition vital in O2 delivery by adult hemoglobin (HbA)
underlies this classical paradigm of cooperativity in protein ligand binding. HbA also
binds NO, a potent vasodilator that speeds up blood flow and O2 delivery to tissues. A
poorly understood, O2-dependent mechanism, enables HbA to protect NO bioactivity
from scavenging by its own hemes. S-Nitrosation of residue Cysβ93 in HbA’s β-subunit
has been implicated since the product S-nitrosothiol (SNO-HbA) can subsequently
function as an NO donor. We hypothesized that NO transfer from the b-heme to
Cysb93 occurs intramolecularly within the β-subunit to prevent scavenging of free NO
by a neighboring HbA and performed molecular dynamics (MD) simulations using
published methodology1 to visualize NO diffusion within the HbA tetramer. Molecules of
NO placed in the β-distal heme site of T-state deoxyHbA rapidly diffuse to the interior of
the protein and enter HbA’s central intersubunit cavity. In R-state oxyHb, the central
cavity contracts and forces Cysβ93 closer to NO’s exit portal from the b-subunit. This
facilitates NO addition to the –SH group of Cysβ93 and autoxidation of the –SH-NO
adduct gives SNO-HbA. Combined with experimental measurements of SNO-HbA
formation by a modified Saville Assay, our results clearly suggest that HbA’s
conformational changes are designed to ensure fast intramolecular NO diffusion from
the β-heme to Cysβ93, which acts in synergy with cooperative O2 binding to the heme,
which allows this well-designed “nanobioreactor” to optimize the matching of O2
delivery with the metabolic demand of tissues.

1. M.S. Shadrina, A.M. English and G.H. Peslherbe (2012) Effective simulations of gas
diffusion through kinetically accessible tunnels in multi-subunit proteins: O2
pathways and escape routes in T-state deoxyhemoglobin, J. Am. Chem. Soc. 134,
11177−11184.

Session 1

High neuroglobin levels impact on mitochondrial dynamics in neuron
derived cells.
Fiocchetti M.a, Marino M.a, Maddalena L.A.b Stuart JAb and Ascenzi P.a
a Department of Science, Roma Tre University, Viale Guglielmo Marconi 446, I-00146 Rome, Italy
b Department of Biological Sciences, Brock University, 1812 Sir Isaac BrockWay, St. Catharines, ON L2S
3A1, Canada
marco.fiocchetti@uniroma3.it

Neuroglobin (NGB) is a monomeric heme-protein found in neurons that, when overexpressed,
confers resistance to apoptosis caused by oxidative stress, hypoxia, and neurotoxicity. NGB has
been traditionally considered a cytoplasmic protein, though recent findings indicate that NGB can
localize to mitochondria and interact with mitochondrial components. NGB overexpression
preserves mitochondria ATP production, reduces ROS generation, and prevents mitochondriamediated cell death signaling caused by some physiological stressors [1,2]. However, we have an
incomplete understanding of the details of NGB’s mitochondrial interactions and effects.
The many function of mitochondria have been strictly linked to their morphological structure
related to constant fusion and fission processes (mitochondrial dynamics) forming highly
interconnected or fragmented structures in a dynamic equilibrium. Regulation of mitochondrial
dynamics affects cell cycle progression, ROS production and cell death/survival balance and,
generally, enhancing mitochondrial fusion preserves cell functionality and survival [3]. Here, we
report the effect of NGB overexpression on mitochondrial network morphology in SH-SY-5Y
neuroblastoma cell line using a novel quantitative approach to measure mitochondrial network
features including network size, branch length, and the overall abundance of mitochondria [4].We
found that NGB overexpression caused the formation of larger and more highly branched
mitochondrial networks and greater mitochondrial abundance. NGB overexpression also
prevented mitochondrial fragmentation, an early event in the apoptotic pathway, in cells exposed
to hypoxia or hypoxia/reperfusion or hydrogen peroxide treatment. These data demonstrate
interactions between NGB and mitochondrial fusion/fission processes. We are now exploring
whether this effect is due to a direct interaction between mitochondria and high NGB levels, or it
involves cytoplasmic signaling pathways. Taken together, these observations have the potential
to open new avenues to develop therapeutic strategies against neurodegenerative disease, where
dysfunctional mitochondrial dynamics represent a common and prominent early pathological
feature.
References
1.

Yu Z, Poppe JL and Wang, Oxid Med Cell Longev, 2013; 2013:756989 doi:
10.1155/2013/756989.
2. De Marinis E, Fiocchetti M, Acconcia F, Ascenzi P and Marino M, Cell Death and Disease,
2013; 21;4:e508. doi: 10.1038/cddis.2013.30.
3. Cho DH, Nakamura T and Lipton SA, Cell Mol Life Sci, 2010;67(20):3435-47. doi:
10.1007/s00018-010-0435-2.
4. Valente AJ, Maddalena LA, Robb EL, Moradi F and
Stuart JA. Acta
Histochem. 2017;119(3):315-326. doi: 10.1016/j.acthis.2017.03.001.

Session 1

Genetic ablation of androglobin reveals multiple phenotypes
Anna Keppner1, María Suárez Alonso1, Teng Wei Koay1, Sara Santambrogio2, An
Bracke3, Carina Osterhof4, Sylvia Dewilde3, Thomas Hankeln4, David
Hoogewijs1
1

Department of Medicine/Physiology, University of Fribourg, Switzerland
Institute of Physiology, University of Zurich, Switzerland
3
Department of Biomedical Sciences, University of Antwerp, Belgium
4
Institute of Molecular Genetics, Johannes Gutenberg-University Mainz, Germany
2

Androglobin (Adgb) is a large chimeric globin, consisting of an N-terminal calpain-like
protease domain and an unprecedented oxygen-binding circularly permutated globin
domain that is interrupted by an IQ motif, possibly enabling binding of calmodulin. This
newest member of the globin family is preferentially expressed in mammalian testis
tissue and evolutionary ancient, being present in mammals, vertebrates, more basal
animal clades and even unicellular organisms. Adgb expression is associated with
postmeiotic stages of spermatogenesis and analysis of a newly generated Adgb knockout mouse model suggests an essential role in reproduction, in line with decreased
Adgb expression levels in semen and testis biopsies from infertile males. All male
mutant mice are infertile, as a consequence of abnormal sperm flagella formation.
Unexpectedly, Adgb-deficient mice display several additional symptoms of a class of
ciliopathies referred to as primary ciliary dyskinesia (PCD), as illustrated by the
development of hydrocephalus, increased accumulation of mucus in the sinus,
hypertrophic hearts and polycystic kidneys. Consistently, reporter gene assays further
demonstrate a ciliogenesis-dependent regulation of the Adgb gene and cell culture
studies indicate an Adgb-dependent increase in ciliated cells. Collectively, these results
suggest that Adgb is associated with ciliogenesis and that its genetic deletion leads to
PCD.

Session 1

Poster 39

Hemoglobin as participant of programmable hemolysis,
and protective role of dinitrosyl iron complexes
Olga V. Kosmachevskaya, Konstantin B. Shumaev, Alexey F. Topunov
Bach Institute of Biochemistry, Research Center of Biotechnology of the Russian Academy of
Sciences, Moscow, Russia, e-mail: aftopunov@yandex.ru.

The process of memrane-bound hemoglobin (MBHb) formation under the action of
reactive oxygen and nitrogen species and reactive carbonyl compounds, and the
correlation of this process and erythrocyte hemolysis was studied. The phase change
of MBHb level when isolated human erythrocytes were treated with increasing dozes of
different red-ox substances (methylglyoxal, hypochlorite, tert-butyl peroxide, sodium
nitrite) has been shown. It is interesting that within a certain range heightened MBHb
levels correlated with increased resistance to the oxidative hemolysisof erythrocytes.
We could highlight the range corresponding to increased erythrocyte stability in this
case – the hormesis zone.
It was also found that isolated erythrocytes, pretreated with low dozes of physiological
NO donors - dinitrosyl iron complexes (DNICs) with glutathione ligands (GS-DNICs),
were more stable against HOCl-induced hemolysis. DNICs were more effective
cytoprotectors than reduced glutathione. Such effect could be explained by GS-DNICs’
antioxidant and antiradical properties. We have earlier shown that Hb- and Mb-bound
DNICs defend these proteins against action of reactive oxygen species [1-3], thus the
protective role of DNICs for erythrocytes could largely proceed via their antioxidant
action on hemoglobin.
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The incorporation of globins in mesoporeus materials is an important and promising
direction for biosensing and biocatalysis. The immobilization cannot only stabilize the
heme proteins but also improve the activity in the appropriate environment. In
particular, the properties of these immobilization matrices should avoid loss of the
protein activity and leaching or degeneration of the proteins. The electrochemical
activity is enclosed in the heme group of the globin, where the change of the oxidation
state of the heme iron can be detected in biosensing applications. These type of
biosensors can be used for the detection of small molecules like H2O2, H2S and NO.
Two different globins are incorporated, namely horse heart myoglobin (hhMb) and
human neuroglobin (NGB). Mb, one of the best-known proteins, is an oxygen-storage
protein found in muscle cells with dimensions of about 45 x 35 x 25 Å. In contrast, the
function of NGB is still uncertain. NGB is predominantly expressed in the nervous
system and the structure of NGB displays the typical globin fold. NGB is extremely
stable under pH and temperature conditions known to denature other globins and,
under in vitro conditions, it is redox active. For the encapsulation of Mb and NGB, SBA15-type silica and titanium dioxide are used. These mesoporous materials show high
biocompatibility and good retention of the
protein activity. Besides the large surface area
and pore volume, the size and the morphology
of the mesopores are easily fine-tuned.
Electron paramagnetic resonance (EPR) allows
to study the ferric heme center and thus check
the stability and state of the globin and its heme
group before and after immobilization.
Surprising differences in the behavior of the two
proteins upon incorporation become apparent
via this technique.
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Only three different heme-based sensor proteins have been identified clearly as CO
sensors: eukaryotic NPAS2 and the prokaryotic CooA and RcoM proteins.1 RcoM
proteins from Burkholderia xenovorans are CO-responsive transcriptional regulators that
display extremely high CO affinity and function even under oxygenic conditions.2 Once
bound, CO can hardly escape from the purified PAS heme-binding sensing domain of
the RcoM-2 protein, as reflected in the quasi-unity yield CO-heme geminate rebinding
with picosecond time constants,3 an unprecedented property for heme proteins.4
We will present recent experiments on the full-length RcoM-2 protein. These indicate
that the CO dynamics in the heme vicinity and the binding properties are substantially
different from those of the isolated heme domain, and in agreement with its function as
a CO sensor. These result also point at strong allosteric interactions between the hemebinding domain and the catalytic DNA-binding domain. Possible applications of the
RcoM-2 heme domain as a CO sensor and/or scavenger under aerobic conditions for
physiological studies will also be discussed.
References
1. Shimizu, T.; Huang, D.; Yan, F.; Stranava, M.; Bartosova, M.; Fojtikova, V.;
Martinkova, M. Chem. Rev. 2015, 115, 6491-6533.
2. Kerby, R. L.; Youn, H.; Roberts, G. P. J. Bacteriol. 2008, 190, 3336-3343.
3. Bouzhir-Sima, L.; Motterlini, R.; Gross, J.; Vos, M. H.; Liebl, U. J. Phys. Chem. B 2016,
120, 10686-10694.
4. Liebl, U.; Lambry, J.-C.; Vos, M. H. Biochim. Biophys. Acta 2013, 1834, 1684-1692.

Session 2

Oxygen binding and allosterism in human hemoglobin studied with
multiscale computer simulations
Luciana Capecea
aDepartamento de Química Inorgánica, Analítica y Química Física, Facultad de Ciencias
Exactas y Naturales, Universidad de Buenos Aires, Buenos aires, Argentina/INQUIMAECONICET

Human hemoglobin (Hb) is a benchmark protein in structural biology. Cooperative
oxygen binding is essential for Hb function, and despite decades of research there are
still open questions related to how tertiary and quaternary changes regulate oxygen
affinity. Hb offers the possibility to apply multiscale computer simulations in order to cover
the different process involved in its structural, dynamical and functional description. In
this talk, we will travel around the computer simulation world to see what it has to offer
in order to understand the different processes related to human hemoglobin: from oxygen
binding to allosteric transitions. We will cover a wide range of computer simulation
techniques and models, from hybrid quantum mechanics – molecular mechanics
calculations (QM/MM), classical atomistic molecular dynamics (MD) simulations and
coarse grained (CG) models. In particular, we will show the effects of tertiary structure
differences in the modulation of oxygen affinity by means of QM/MM and classical MD
calculations.1 On the other hand, allosteric regulation involves large conformational
changes which can be a challenge for atomistic simulations. In this context, we will
present a coarse grain model of the heme group, for which we evaluated the method
ability to explore conformational changes and allosteric transitions (as the well-known
R

T transition).2
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In Globin coupled sensors (GCS), solely expressed in Bacteria and Archaea, are bidomain proteins consisting of a heme-containing globin domain coupled to an
additional transmitter domain. The reactive nature of the central heme-iron atom, e.g.
binding of gaseous ligands or electron transfer, enables the (in)activation of the
transmitter domain depending on environmental changes of the organism. Due to this
interplay between the globin fold and the transmitter domain, GCS undertake key
functions in aerotaxis, gene regulation, and enzymatic pathways1.
In this study we investigate the role of the heme-iron coordination and its effect on the
membrane domain of a GCS from Geobacter sulfurreducens (GsGCS). For this
purpose, we focus on a detergent-mediated solubilization of the membrane domain, in
order to characterize GsGCS by means of native mass spectrometry. In addition, ion
mobility experiments are used to interrogate structural dynamics upon changes in the
coordination of the heme-iron.
GsGCS dissolved in n-Octyl β-D-glucopyranoside (OG) micelles assembles to a
tetrameric complex together with a reasonable fraction of trimeric species, a fact that
has been confirmed by transmission electron microscopy. Other detergents such as nDodecyl β-D-maltoside (DDM) or Triton X-100 have not shown a stabilization of such
oligomeric species, or have led to a loss of the heme group. A shorter hydrophobic
alkyl chain length in OG results in micelles that are more compact and smaller in size.
The compactness of the micelle formation might be better in mimicking the bacterial
membrane, and also less destructive for protein-lipid interactions during the process of
extraction.
Recently we could show that the heme-containing globin domain and its coordination
state have an influence on the oligomeric structure of the protein. While the as-purified
oxidized Fe3+ state exhibits the characteristic trimer/tetramer equilibrium, a reduction
to Fe2+ leads to a shift of this ratio towards trimeric species. Coordination of CO by the
heme-iron however shifts the stoichiometry back to the tetrameric prevalence. These
dynamic changes in subunit stoichiometry in response to the iron oxidation state and
coordination in the soluble globin domain might indicate an oxygen-responsive
regulatory mechanism for channel formation.
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Cytochrome c oxidase (CcO) reduces dioxygen to water and harnesses the chemical
energy to drive proton translocation across the inner mitochondrial membrane by an
unresolved mechanism. By using time-resolved serial femtosecond crystallography with
an X-ray free electron laser, we identified a transient intermediate in the oxygen reduction
reaction of bovine CcO microcrystals (1). It is assigned as the F-intermediate and is
characterized by distinct metal redox states and protein conformations. The heme a3 iron
atom is in a ferryl (Fe4+=O2 ) configuration and heme a is oxidized but CuA is reduced. A
helix-X segment is poised in an open conformation (2); the farnesyl sidechain of heme a
is H-bonded to S382; and Loop-I-II adopts a unique conformational. These data offer
new insights into the mechanism by which the oxygen chemistry drives unidirectional
proton translocation (1).
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Over the past several decades, resonance Raman (RR) spectroscopy has been
extensively applied to the study of structure, function, folding, and dynamics of heme
proteins since using very small quantities of protein in buffer, the heme active site can
be probed and information on the structure–function relationship obtained. In particular,
the characterization of the interactions of ligands with the heme iron is fundamental in
order to understand the physical and chemical properties of heme protein functions.In
this framework, vibrational spectroscopy is a powerful tool since the Fe–ligand
stretching frequency provide information on the nature and conformation of the distal
residues, critical for discriminating among the binding of the various ligands. Moreover,
their capability to stabilize the heme-bound ligand via hydrogen-bonding and
electrostatic interactions can be inferred. An important tool to complement experimental
studies has been provided by computer simulation techniques. In particular, in the
absence of X-ray structures, molecular dynamics (MD) simulation provided important
information, allowing us to rationalize the experimental results. As an example, this
presentation will focus on the understanding of the interactions between distal site
residues and the CO ligand coordinated to the heme iron of different truncated
hemoglobins (trHbs), characterized by the presence of a very polar distal cavity.
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Vibrational modes frequencies (cm ) of
different CO conformers [1-5]
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Vibrational mode frequencies and correlation plot between the (FeC) and (CO) frequencies of
the various truncated hemoglobins together with the H-bonds stabilizying the iron-bound CO in
T. fusca (points 1 and 2), as determined on the basis of MD simulations [5].
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Human indoleamine 2,3-dioxygenase 1 (hIDO1) and tryptophan dioxygenase (hTDO)
are two key cancer immunotherapeutic targets. They catalyze the first and rate-limiting
step of the kynurenine pathway, by inserting dioxygen into the substrate Trp. Although
hIDO1 is a monomer, while hTDO is a tetramer, their active sites share high structural
similarity, posing serious challenges for rational design of selective inhibitors. Here we
sought to crystallize hIDO1 and hTDO in complex with several inhibitors with diverse
pharmacophores. Combined with spectroscopic measurements, we were able to
delineate unique inhibitor-protein interactions in each enzyme (one example is shown
in Fig. 1). The data offer new insights into lead identification and optimization of
selective-inhibitors targeting each enzyme.
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Fig. 1. Absorption spectra of hIDO1 (A) and hTDO (B) in complex with an indole-based inhibitor.
The inset in each panel shows the active site structure of each enzyme, showing the distinct inhibitorprotein interactions.
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Fingerprinting the free radicals in globins, haem peroxidases and not only –
tyrosine and tryptophan radicals EPR spectra simulation
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The propensity of the haem proteins to bind O2 is intrinsically linked to their ability to
react with peroxides. Such reactions are employed by haem peroxidases and
catalases as part of their natural function mechanisms but in the case of the globins not
‘intended’ to react with peroxides, such interactions would trigger a redox chemistry
that could end up in severe oxidative damage of cell components. The intermediates
of these chemical reactions are often have an odd number of electrons and therefore
represent transient, often very short-lived, chemically reactive species, detectable by
the Electron Paramagnetic Resonance (EPR) spectroscopy. Typical representatives of
such species are protein bound free radicals. They could be formed initially on
different amino acid residues but typically would move across the protein molecule (as
well as between different protein molecules) and end up on the favourite sites –
tyrosines. The second most favourite sites for a radical character to stabilise on are
tryptophans. EPR spectroscopy allows detection the protein bound free radicals, their
EPR spectra are usually overlaid. A methodology of deconvolution of such spectra into
component EPR spectra will be presented. We will report two algorithms that allow
assignment of such elementary EPR spectra to particular free radical species,
specifically, TRSSA-Y (Tyrosyl Radical Spectra Simulation Algorithm) (1) that provides
all parameters needed to simulate a Tyr radical EPR spectrum, and TRSSA-W
(Tryptophanyl Radical Spectra Simulation Algorithm) (2) that finds the parameters for a
Trp radical EPR spectra simulation. The two algorithms form an important new tool for
analysing free radical formation in proteins. It is important for both the identification of
the types of protein radicals and for accurate measurements of their kinetics. Recent
examples of the use of the two algorithms
in identifying free radicals in proteins and
enzymes will be presented. That includes
the Hb free radical in free Hb and in Hbhaptoglobin complex and the radicals in a
dye decolourising peroxidase, in a
galactose oxidase homologue GlxA and in
bacterioferritin. The suggested method will
be compared with the more established site
directed mutagenesis approach and the two
mutually complimentary methods will be
discussed.
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During evolution, all living organisms have been prone to adapt to new
environments. Globins, as non-essential but useful genes, played an important role in
this adaptation. To be able to react to the variety of environmental conditions the
ancestral globin gene(s) evolved into a great diversity of structures, distribution and
function. Based on the last census of Vinogradov and coworkers1,2 two folds, the 3/3
and 2/2 globin fold and three families M, S and T can be distinguished. Each of these
families consist of single domain and chimeric molecules as well as a set of
subfamilies. In this overview we will focus on the variation in structure and function of
the globin domain present in invertebrates, plants and bacteria. The members of the Mfamily display the canonical 3/3 globin fold and are best represented by Mb-like
proteins and the flavohemoglobins. The nerve globin of the nemertin worm,
Cerebratulus lacteus, represents in the M-family a unique structural category. The Tfamily comprises the truncated globins with a 2/2 fold3 and the S-family or sensor-like
globins display the 3/3 globin fold. The best known sensor globins are the protoglobins
(single domain) and the globin-coupled sensors. The latter are chimeric proteins with a
globin or sensor domain and a varaible transmitter domain(s). As an example we will
focus on the globin-coupled sensor from Geobacter sulfurreducens (GsGCS).This is a
chimeric protein comprising of a globin domain and a 4 transmembrane domain.
Structural analyses points to the ability of this GsGCS to form pores in the membrane.
Further functional data is needed to really understand the role of this protein.
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Symbiotic hemoglobins such as leghemoglobins (Lbs) are present exclusively in the
root nodules where they transport and deliver O2 at a low but steady concentration to
N2-fixing bacteria. However, recent data suggest that Lbs may be involved also in
protecting nodule activity from nitric oxide (NO) toxicity1. This is a gaseous free radical
with multiple functions in plants and other organisms. We have used electron
paramagnetic resonance and mutant bacterial strains to show that the Lb-NO nitrosyl
complex is only detectable in nodules when an excessive NO production overwhelms
the capacity of Lb to scavenge NO through its NO dioxygenase (NOD) activity1. On the
other hand, legume tissues may also express up to three classes of nonsymbiotic
hemoglobins or phytoglobins (Glbs), as occurs for many other plants. The model
legume Lotus japonicus contain two class-1 Glbs, one class-2 Glb, and two class-3
Glbs2, whereas the model plant Arabidopsis thaliana only expresses one Glb of each
type3. We have used transgenic plants of both species to examine the NO-scavenging
function of Glbs in vitro and in vivo. All purified Glbs showed NOD activity and were
nitrosylated in their cysteine residues in vitro. We also detected cysteine nitrosylation of
Glb1 in vivo in Arabidopsis plants overexpressing the protein. We found that Glbs are
present in the plastids, cytoplasm, and nuclei of stomatal and mesophyll cells and, by
comparing the overexpressing and silenced lines, we were able to show that Glbs
scavenge NO in the three subcellular compartments. Finally, our data revealed that
Glbs can potentially modulate the levels of NO generated as a result of exogenous
application of the phytohormone abscisic acid to the leaves. We conclude that at least
a major function of Glbs, and an additional function of Lbs, is to modulate NO levels so
as to avoid the toxicity of excess NO while allowing its participation at low steady-state
concentrations in crucial processes of plants such as hormone signal transduction
pathways.
Acknowledgments. I.V. is the recipient of a contract (BES2015-073059) from MINECO. This work was
funded by grants AGL2017-85775-R (M.B.) and CTQ2015-64486-R (J.I.M.) from MINECO-FEDER.
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Several
cyanobacterial
and
algal
truncated hemoglobins (TrHbs) coordinate
the heme iron not only with the proximal
histidine but also with a distal residue.
Because endogenous hexacoordination
modulates
the
physico-chemical
properties of the heme group, it is
essential to understand the determinants
of distal ligation in these proteins. THB1 is
a TrHb expressed in the unicellular green
Figure 1. Key residues in ferric THB1. Left, lysine- alga Chlamydomonas reinhardtii. THB1
bound state (PDB ID 4XDI); right, cyanide-bound
uses Lys E10 as a ligand (Fig. 1, [1]) and
state (PDB ID 6CII).
exists in a lysine-on/lysine-off equilibrium
coupled to proton binding and conformational change [2]. To explore the factors
controlling this equilibrium, we studied THB1 variants containing charge reversal
replacements at positions E6 (Lys) and E9 (Arg) as these residues make ionic
interactions with the heme propionates and block entrance to the heme cavity. The
effects of pH, NaCl, temperature, and pressure on Lys E10 coordination were
investigated using electronic absorption and NMR spectroscopies. We found that the
introduction of electrostatic repulsions at the edge of the heme cavity favors the lysineoff state. To place these results in context, we solved the structure of cyanomet THB1
(PDB ID 6CII) (Fig. 1). The distal H-bond network involving Tyr B10 and characteristic
of TrHbs [3] is formed, while the expelled Lys E10 interacts with one of the heme
propionates, suggesting an explanation for the behavior of the charge replacement
variants. The pair of lysine-on/lysine-off structures brings clarity to the interactions
dictating distal coordination and will aid functional prediction and computational analysis.
Funded by the National Science Foundation MCB-1330488 and GRFP-1746891.
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New insight into mycobacterial CO responses
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Intracellular pathogens need to overcome host defense mechanisms, among them the
gas carbon monoxide (CO) produced by the host. Mycobacterium tuberculosis (Mtb),
the etiolic agent of tuberculosis, can resist high CO levels, suggesting unique
mechanisms to respond to CO toxicity. In addition to the heme-based sensor kinases
DosT and DosS1, which are gas-responsive and involved in regulation of the DosR
dormancy regulon, which is important for anaerobic survival, recently a novel protein,
Rv1829 (or Cor) was implicated in mycobacterial CO sensitivity2, but its molecular
mechanisms are not understood. Using biochemical methods, optical spectroscopy and
photodissociation studies3, we investigated its role in mycobacterial CO-responses.
Quantitative ultracentrifugation showed Cor to be a stable elongated dimer.
Immunoprecipitation essays using affinity-purified Mtb anti-Cor antibody recognized
Cor in cellular extracts of the non-pathogenic mycobacterial model M. smegmatis and
suggested its interaction with other proteins. Unexpectedly, we found that Cor was able
to specifically and stoichometrically bind a heme cofactor, suggesting a potential
function as direct sensor for CO. The Cor hemo-protein revealed steady state
absorption spectra typical for a 6-coordinate heme and fully reduced Cor showed
multiphasic CO rebinding kinetics, similar to other 6-coordinate heme sensors proteins.
Site-directed mutagenesis studies and molecular modeling provided insight into
potential heme ligands. Finally Cor was found to exhibit weak DNA binding activity that
increases in the presence of heme and CO, suggesting a possible function in COdependent transcriptional regulation.
1

Vos MH, Bouzhir-Sima L, Lambry J-C, Luo H, Eaton-Rye JJ, Ioanoviviu A, Ortiz de
Montellano PR, Liebl U. Biochemistry 2012, 51, 159-166 (doi: 10.1021/bi201467c).
2

Zacharia VM, Manzanillo PS, Nair VR, Marciano DK, Kinch LN, Grishin NV, Cox JS,
Shiloh MU. MBio. 2013, 4(6):e00721-13 (doi: 10.1128/mBio.00721-13).
3

Liebl U, Lambry J-C, Vos MH. Biochim. Biophys. Acta 2013, 1834, 1684-1692 (doi:
10.1016/j.bbapap.2013.02.025).

Session 3

Oxygen sensing by a Mycobacterium tuberculosis system with one target
DevR, for two sensor kinases, DevS and DosT
Eduardo H. S. Sousa♯, Gonzalo Gonzalez‡, and Marie-Alda Gilles-Gonzalez‡
♯

Laboratory of Bioinorganic Chemistry, Department of Organic and Inorganic Chemistry, Federal
University of Ceara, Center for Sciences, Fortaleza, Ceara 60440-900, Brazil
‡

Department of Biochemistry, University of Texas Southwestern Medical Center, 5323 Harry
Hines Boulevard, Dallas, TX 75390-9038, U.S.A.
E-mail: marie-alda.gilles-gonzalez@utsouthwestern.edu

The DevS (DosS), DosT, and DevR (DosR), proteins are essential to the
Mycobacterium tuberculosis latency: a process of nonreplicating persistence that
allows these pathogenic bacteria to evade the immune system of their human hosts,
often for many years. This system is reminiscent of rhizobial FixL/FixJ, but instead of
one kinase, there are two. These are the DevS and DosT histidine-protein kinases,
each one of which has a heme-binding domain. Like the FixL partner and substrate,
FixJ, the DevS/DosT partner, DevR, is a classical response regulator of the twocomponent class. When phosphorylated by DevS or DosT during hypoxia in vivo, DevR
induces more than 40 genes. To investigate the contributions of DevS, DosT, and
target DNA to the phosphorylation of DevR, we reconstituted an in vitro system
consisting of the full-length, sensing, DevS or DosT proteins, DevR, and ATP, together
with target DNAs linked to magnetic nanoparticles. This in vitro system was unusual in
two respects: it provided for the first time the full-length sensors together with DevR,
and it also supplied the cognate DNAs to the reactions. The DevR phosphorylations
proceeded only for the deoxy-states of the sensors and were enhanced by target DNA.
Robust inhibition by O2 and failure of regulation by CO or NO ruled out the possibility of
regulation by the latter ligands.
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Over the last few decades, computer simulations have become an attractive approach
in probing molecular details of the dynamics and reactivity of hemeproteins.
In this talk, I will present a physical-chemical model, which integrates data obtained
from multiple single-molecule computer simulations, to describe the uptake and release
of oxygen in Truncated Hemoglobins. Through a rigorous statistical analysis we
demonstrate that this model successfully recaptures the reported oxygen association
and dissociation kinetic rate constants, therefore giving rise to a generalizable
description of collective features of these migration processes.
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Escherichia coli bacterioferritin (EcBFR) is a 24meric protein that utilizes O2 to drive
iron oxidation, mineralising the ferric product within a hollow cavity inside the protein.
The Fe:O2 stoichiometry of EcBFR driven chemistry is always 4:1 [1], meaning that
molecular oxygen must be reduced to H2O2 and subsequently react again to ultimately
produce two water molecules. It has been reported before that O2 driven iron
mineralisation involves formation of Tyr free radicals on EcBFR [2]. To study
specifically the H2O2 route of iron oxidation in EcBFR, the protein was anaerobically
incubated with iron and then mixed with H2O2 in a set of UV-vis stopped flow and EPR
experiments. We found that the yield of the free radicals in the H2O2-driven reaction is
significantly higher than in the case of O2. The free radical EPR spectrum has been
deconvoluted into at least two different lineshapes by subtraction of spectra measured
at a low (A) and a high (B) microwave power (Figure). Our simulation of the lineshapes
allowed their assignment to Tyr and Trp radical EPR spectra. A study of a set of
variants of EcBFR with replaced aromatic residues allowed putting forward hypotheses
about location of the radicals and the mechanisms of electron transfer during iron
oxidation driven by O2 and H2O2. Using stopped flow absorbance spectroscopy, it was
asserted that the rate of iron oxidation by H2O2 is over three orders of magnitude faster
than that of oxidation by O2, which explains
the Fe:O2 stoichiometry of 4:1 rigorously
observed in EcBFR. The high yield of the
radicals in the process of iron oxidation in
EcBFR driven by H2O2 opens up a possibility
to detect the radical intermediates at the
protein concentrations used in absorbance
spectroscopy [3]. The importance of this
possibility will be discussed.
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Nitrite is an important precursor of reactive nitrogen species (RNS) and involved in
many biological processes such as cellular signaling and vasodilation. It’s been known
for decades that myoglobin and hemoglobin are able to interact with nitrite and reduce
it to nitric oxide therefore, aside from their well known oxygen binding and transport
function, a NO-scavenging function is assigned to them [1]. Moreover, globins are
getting a more prominent role in redox biology, redox signaling, NO metabolism and
reproduction biology. C. elegans is a promising model organism to study globin
function because the genome of the nematode consist of 34 globin genes which are all
expressed throughout different cell types [2]. In this work our interest goes to the
globin-33 gene (glb-33) which is the largest of its kind. It is unique within the globin
family because it consists of a globin domain connected to a G-protein coupled
receptor domain (GPCR). Interestingly, spectrophotometric analysis of the globin
domain GLB-33GD shows a tenfold higher nitrite reductase activity compared with
other globins [3]. This may be due to the highly hydrophobic environment of the heme
pocket, the high reducing potential of the heme or the easy accessibility of the heme
iron by the NO2- anion. Distal to the heme, the Arg10 residue on helix E in particular is
thought to play a stabilizing role in OH- ligation, however its role in NO2- stabilization
has yet to be resolved. An integrative toolbox of optical and EPR methods is necessary
to fully characterize the heme pocket of this interesting globin [4]. Here we show the
globin domain (GLB-33GD) of the full-length glb-33 gene that was expressed in the
bacterium E. coli, purified and examined using optical (UV-vis absorption
spectroscopy), CW and pulsed EPR methods with focus on its nitrite binding capacity.
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Treatment with nitrite (NO2-) has been shown to have a beneficial effect on
ischemia/reperfusion injury via the production of nitric oxide (NO) and modulation of
reactive oxygen/nitrogen species (ROS/RNS). Nitrite (NO2-)can be converted to NO
through the action of heme globins via a nitrite reductase reaction. The role of NO2- and
globins has not yet been investigated in the context of heart regeneration. Zebrafish
can fully regenerate their hearts following ventricular amputation (1) and were used as
a model to study the effects of hypoxia and NO2- treatment on heart regeneration. We
hypothesize that treatment with hypoxia/NO2- will improve cardiac regeneration through
increased production of NO or signaling ROS/RNS, as observed in other
ischemia/reperfusion responses. We have found that NO2- /hypoxia treatment improves
the rate of cardiomyocyte proliferation and improves neovascularization compared to
hypoxia alone five days post amputation (dpa). Preceding these events, we observe an
increase in thrombocytes (1 dpa) and neutrophils (3 dpa) migration to the injured area
and a decrease in the blood clot size, suggesting that NO2- treatment is able to
modulate the immune response to improve healing following injury. Zebrafish
Cytoglobin 1 (Cygb1) is a globin that may mediate the cardiac regenerative response to
NO2-. We have studied cytoglobin expression in zebrafish heart by in situ hybridization
and immunohistochemistry. Our data show that Cygb1 is expressed in the epicardium
(a tissue that is known to drive the regeneration process) and its expression is
increased following cardiac injury. Cygb1 may be mediating this response via its fast
nitrite reductase rate (28.6 ± 3.1 M-1s-1) (2) in its deoxy state or oxy-Cygb1 may react
with nitrite to produce RNS (3), modulating the immune response via ROS/RNS
signaling. We have determined an extremely low oxygen P50 for Cygb1 (0.277 torr);
and thus we hypothesize that it is the latter, even in the context of the hypoxic heart.
Our current research aims to identify the mechanism by which nitrite treatment
modulates the immune response in the healing heart and determine if Cygb1
expression is necessary and/or sufficient for cardiac regeneration.
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Time-resolved wide-angle X-ray scattering (TR-WAXS) is a recently developed
technique that can be used to investigate the structural dynamics of proteins in solution1.
Conformational changes affecting the tertiary and/or quaternary structure of proteins
have been successfully monitored with TR-WAXS. This kind of experiments have been
performed at X-ray synchrotrons or free-electron lasers attaining time resolutions down
to few hundred femtoseconds2. We have initially applied TR-WAXS to study the structural
dynamics of the model heme proteins hemoglobin and myoglobin. More recently, we
have performed experiments on neuroglobin (Ngb), a globin expressed in neurons3 that
has been proposed to play a role in neuronal protection from hypoxia, oxidative stress
and in oxygen supply to the retina and the optic nerve4. Unlike five-coordinate globins,
Ngb has a distal histidine residue that is bound to the heme iron in the absence of
exogenous ligands. X-ray crystallographic measurements indicate that the transition
from either NgbO2 or NgbCO to hexa-coordinate Ngb is associated with a significant
displacement of the heme group5. We have used TR-WAXS to follow the kinetics of this
conformational changes after photoysis of NgbCO. Our X-ray solution scattering
measurements confirm the proposed heme sliding mechanism and allowed us to
estimate the kinetic parameters controlling the structural dynamics of Ngb with a direct
structural sensitive technique.
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The 16 members of the Antarctic icefish family Channichthyidae are the only
vertebrates that do not have hemoglobin (Hb) in their blood (white-blooded fish) (1),
and six species also lack myoglobin (Mb) in the skeletal and heart muscles (2). They,
however, have retained all other globins, neuroglobin (Ngb) (3), cytoglobins (Cygb-1
and Cygb-2) and globin X (GbX). To date, Cygb-1 mRNA has been recently detected in
some species of Antarctic notothenioid fishes: Dissostichus mawsoni, Notothenia
coriiceps and Trematomus bernacchii (family Notothenidae, red-blooded) and
Chaenocephalus aceratus and Chionodraco hamatus (family Channichthyidae, icefish).
C. aceratus lacks the genes encoding Hb and does not express Mb, whereas C.
hamatus is one of the few icefish species retaining Mb (4). To highlight similarities and
differences, structural features of red-blooded Antarctic notothenioid D. mawsoni Cygb1 were analysed in comparison with those of the Cygb-1 of closely related icefish C.
aceratus and the well known human protein. Antarctic fish Cygb-1s have been cloned,
over-expressed and purified, and their structures have been investigated by UV-visible
spectroscopy, kinetics of protein-ligand interactions, molecular dynamics simulations
and X-ray crystallography. Similar to the human protein, the Antarctic fish Cygb-1s can
reversibly bind O2 and CO in the Fe2+ form, and show hexacoordination by distal His in
the absence of exogenous ligands. Their ferric form does not facilitate peroxynitrite
isomerisation and displays a low nitrite reductase activity. The CO-binding kinetics
evidence moderate geminate rebinding, followed by a biphasic second order rebinding
due to competition between CO and the distal His. Numerical analysis afforded a much
higher His dissociation rate than human Cygb, resulting in overall faster CO binding, a
fact that may reflect cold adaptation. Molecular dynamics simulations have been
performed at different temperatures to examine the topological features of inner
cavities. The temperature sensitivity of the inner cavities is examined from the flexibility
of residues around the tunnel and the stability of specific interactions between
residues. The 3D structure of D. mawsoni Cygb-1 has been determined through X-ray
crystallography at 3 Å resolution (data collected at ESRF, Grenoble, France).
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Since their discovery, neuroglobin (Ngb) and cytoglobin (Cygb) have been assigned an
unanticipated variety of different molecular functions. We will address these functional
hypotheses in vivo using animal models. Surprisingly, our Ngb and Cygb knockout
mice do not display overt organismic phenotypes. We thus started to search for more
subtle molecular phenotypes of globin deficiency. A novel Ngb KO mouse containing a
lacZ reporter gene knock-in allowed to define Ngb expression sites controlled by the
authentic Ngb promotor. Data confirmed a discrete expression pattern of Ngb in the
mouse brain with the hypothalamus as the dominant Ngb expression site. RNA-Seq
differential gene expression analyses followed by gene ontology (GO) enrichment of
Ngb KO versus wildtype hypothalamus suggested a potential association of Ngb with
developmental processes in the nervous system. RNA-Seq was also used to infer the
molecular effect of a Cygb KO in mouse hepatic stellate cells (HSC), hypothalamus
and hippocampus, all being prominent sites of Cygb expression. RNA-Seq of HSCs
suggested a potential role of Cygb in response to inflammation and in RXR activationinduced xenobiotics metabolism, lipid metabolism, and signaling. Surprisingly, only a
few genes were found dysregulated in brain tissues, precluding any enrichment
studies. This could result from the fact that only small and defined populations of cells
express Cygb, thus leading to a dilution effect. We have therefore started to analyze
single-cell RNA-Seq data to better specify Ngb/Cygb-expressing cell types and
elucidate their transcriptional profile. This promises a much better understanding of the
metabolic context of Ngb/Cygb-expressing cells as a prerequisite to infer globin
function.
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Laser flash photolysis studies of CO binding kinetics on hexacoordinated hemoglobins
have evidenced a complex bimolecular phase, reflecting competition between CO and
the distal His for binding to the pentacoordinated species. The fraction of the initially
deoxy- molecules that formed the hexacoordinated bis-histidyl species, is responsible
for the characteristic slow CO binding phase, occurring at the dissociation rate of the
bis-histidyl complex. These steps are quite sensitive to temperature due to their large
free energy barriers, in which characteristic enthalpic and entropic contributions can be
identified. We have analyzed the energetic barriers for a number of hexacoordinated
globins and in spite of the large variability in enthalpic and entropic barriers, free
energy barriers are quite similar for all the examined proteins, reflecting a clear
entropy-enthalpy compensation. The specific values of the energetic barriers and the
resulting equilibrium binding constants may reflect adaptation to environmental
conditions such as temperature.
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The Two-State Model of Monod, Wyman, and Changeux (MWC) has provided the
basic theoretical framework to explain, adequately in most cases and under certain
solution conditions, the allosteric behavior of tetrameric human hemoglobin (Hb). The
major quaternary structural change responsible for the allosteric transition in Hb from
low-affinity T- conformation to high-affinity R-conformation upon ligand binding to
hemes has been ascribed to a 15-degree rotation of one α1β1 dimer over the pairing one.
This inter-dimeric event has been in the limelight for decades.
However, when Hb is subjected to a wide variety of solution conditions, the MWC
scheme cannot explain adequately the oxygenation of Hb by simply changing one
parameter; for instance, the allosteric equilibrium L0, that is, the ratio between
unliganded Hb molecules in the R state (R0) and the unliganded Hb molecules in the T
state (T0), as both the equilibrium association constants for the R- and T-state, namely,
KT and KR, respectively, do not hold a constant value, but vary to a great extent. For
instance, in the presence of inositol hexakisphosphate and a strong allosteric effector
L35 —2-[4[(3,5-dichloro-phenylureido)phenoxyl]-2-methyl-propionic acid— the
lowering of the oxygen affinity of Hb is such that cooperativity is basically abolished
and its oxygen affinity is extremely low.
On the other hand, since the α1β1 intra-dimeric interface has been reported to be
invariant along the T
R allosteric transition, it has remained practically unexplored.
Here, we report about dramatic changes in allosteric function of Hb that are caused by a
specific steric alteration of the α1β1 interface by chemical modification, suggesting that
this interface is not inert at all. The chemically-modified α1β1 interface Hb exhibited
an extremely low affinity for oxygen and almost absence of cooperativity, comparable
to those caused in native Hb by a combination of strong allosteric effectors. Size
exclusion chromatography showed that modified dimers associated tightly into
tetramers. Calorimetric experiments, on the other hand, revealed that the stabilizing
interactions were mainly hydrophobic. Moreover, the nature of the chemical
modifications, that is, the associated structural changes, seemed to correlate with the
degree in functional changes in Hb. This could lead to the understanding of the Hb
function under universal solution conditions, which is not contemplated in the MWC
model.
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Across the expanse of vertebrate evolution, each species produces multiple
forms of hemoglobin in erythroid cells at appropriate times and in the proper amounts.
The multiple hemoglobins are encoded in two globin gene clusters in almost all
species. One globin gene cluster, linked to the gene NPRL3, is preserved in all
vertebrates, including a gene cluster encoding the highly divergent globins from jawless
vertebrates. This preservation of synteny may reflect the presence of a powerful
enhancer of globin gene expression in the NPRL3 gene. Despite substantial
divergence in noncoding DNA sequences among mammals, several epigenetic
features of the globin gene regulatory regions are preserved across vertebrates. The
preserved features include multiple DNase hypersensitive sites, at least one of which is
an enhancer, and binding by key lineage-restricted transcription factors such as
GATA1 and TAL1, which in turn recruit coactivators such as P300 that catalyze
acetylation of histones.
These regulatory insights gleaned from detailed studies of globin gene clusters
in vertebrate erythroid cells motivated the construction of genome-wide maps of
integrated epigenetic features in multiple blood cell types. Such maps are strongly
correlated with activity in gene regulation, and they provide a versatile guide to
candidate cis-regulatory elements in blood cells that can inform both basic and clinical
research. Resources for accessing and visualizing such maps are readily available to
the community of researchers and students through a collaborative project called
VISION (ValIdated Systematic IntegratiON of epigenomic data in hematopoiesis) and
our website http://usevision.org.
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Animal tissues need to be properly oxygenated for carrying out catabolic
respiration and, as such, natural selection has presumably favored special molecules
that can reversibly bind and transport oxygen (Schmidt-Rhaesa 2007). Hemoglobins,
hemocyanins, and hemerythrins (Hrs) fulfill this role, with Hrs being the least studied.
Knowledge of oxygen-binding proteins is crucial for understanding animal physiology.
Hemerythrin is an ancient protein family present in all three domains of life, Archaea,
Bacteria, and Eukaryota (Alvarez-Carreño et al, 2016); however, within Metazoa, Hrs
has been reported only in marine species in six phyla (Annelida, Brachiopoda,
Priapulida, Bryozoa, Cnidaria, and Arthropoda). Given this observed Hr distribution,
whether all metazoan Hrs share a common origin is circumspect. We investigated Hr
diversity and evolution in metazoans, by employing in silico approaches to survey for
Hrs from of 120 metazoan transcriptomes and genomes. We found 58 candidate Hr
genes actively transcribed in 36 species distributed in 11 animal phyla, with new
records in Echinodermata, Hemichordata, Mollusca, Nemertea, Phoronida, and
Platyhelminthes. Moreover, we found that “Hrs” reported from Cnidaria and Arthropoda
(Martín-Durán et al, 2013) were not consistent with that of other metazoan Hrs.
Contrary to previous suggestions that Hr genes were absent in deuterostomes (Bailly
et al, 2008), we find Hr genes present in deuterostomes and were likely present in early
bilaterians, but not in non-bilaterian animal lineages. As expected, the Hr gene tree did
not mirror metazoan phylogeny, suggesting that Hrs evolutionary history was complex
and besides the oxygen carrying capacity, the drivers of Hr evolution may also consist
of secondary functional specializations of the proteins, like immunological functions.
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Lungfish are the closest living relatives of terrestrial vertebrates and obligate airbreathers. Both features make them an ideal model to investigate evolutionary
key events leading to the transition from water to land. We studied the diversity
of globin genes in four lungfish species. Lungfish possess each a single globin
X and a single globin Y gene, multiple genes for hemoglobin alpha and beta
chains, but lack neuroglobin and cytoglobin genes. However, we found an
unprecedented amplification of myoglobin (Mb) and globin E (GbE) genes,
which are expressed in unexpected locations.
In the West African lungfish (Protopterus annectens), the slender lungfish (P.
dolloi) and the South American lungfish (Lepidosiren paradoxa), five to seven
copies of Mb were found, which are differentially expressed in various tissues of
the lungfish. The highest level of Mb mRNA, which is typically expressed in
muscle tissue, was found in the lungfish brain. Heart and muscle express
different Mb types. The recombinant Mb proteins show distinct O2 binding
properties and enzymatic activities. These data suggest that the lungfish Mbs
carry out distinct functions and that the Mb genes evolved by
neofunctionalization and/or subfunctionalization after gene duplications. As all
lungfish show a similar diversity of Mb genes, amplification of the Mb gene
occurred in the lungfish stem lineage, probably in response to a lifestyle in
hypoxic waters.
GbE was initially identified to be expressed almost exclusively in the eye of
birds and reptiles, where it most likely plays a Mb-like role in O2-supply to the
metablically active retina. In each, the South American lungfish, the West
African lungfish, and the marbled lungfish (P. aethiopicus), at least 5 GbE
genes were found that show signs of crossing over and gene conversion.
Surprisingly, in lungfish, GbE is mainly expressed in the ovary, where it reaches
very high mRNA levels. These findings suggest 1) an additive role of the
multiple GbE gene copies, and 2) that GbE play a role in the O2-supply in the
developing embryo of lungfish, analogous or complementary to the embryonic
and fetal hemoglobins of other vertebrates.
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Hexagonal bilayer hemoglobins (HBL-Hbs), also called erythrocruorins or
chlorocruorins were known as an exclusively annelid blood pigment. These proteins
are comprised of 144 globin chains, each of which bind oxygen, and 36 linker chains,
which are required for the assembly of the quaternary structure (1,2). Despite
numerous chains, HBL-Hb represents an extremely stable protein complex, resistant to
autoxidation, and capable of transporting O2 to tissues, even when transfused into
mammals, without producing noticeable side effects. Such features make HBL-Hb a
promising candidate as a therapeutic blood substitute in humans (3). Recent studies
concerning other oxygen-carrying proteins, hemerythrins and hemocyanins, have
demonstrated they have a much wider phylogenetic distribution than previously thought
(4), suggesting that oxygen-binding proteins diversity are underestimated across
metazoans. The present study sought to evaluate the actual diversity and establish
hypotheses about the evolutionary history of the genes responsible for the expression
of HBL-Hb using 321 metazoan transcriptomic data through in silico approaches. A
Trinotate annotation pipeline was employed and were found 559 extracellular globin
genes and 414 linker genes actively transcribed in 171 species distributed in 10 animal
phyla. Among them, records in Echinodermata, Hemichordata, Brachiopoda, Mollusca,
Nemertea, Bryozoa, Platyhelminthes, Phoronida, and Priapulida represent completely
new evidence. As expected, the gene trees topologies did not reflect the metazoan
phylogeny, this can be result of a very complex and ancient evolutionary history of
these proteins, which includes gene gains and losses. Linkers gene tree confirmed the
results of previous studies suggesting the existence of three subtypes of linkers in
Annelida (2). Nevertheless, when other metazoa taxa were included, linkers did not
support that hypothesis. Concerning globin genes, tree topology supported previous
hypothesis of two main globin strains (2), A and B, although further subdivision into two
subgroups, A1/A2 and B1/B2 was not recovered. As the search for linkers and globins
were performed independently, it provides a cross-validation and eliminates the
possibility of false positives. Even though only coding regions have been analyzed,
results presented here suggest that the occurrence of these blood pigments in
metazoans was indeed underestimated.
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Driven to extinction in 1844, the great auk Pinguinus impennis was a flightless member
of the diving seabird family Alcidae. A textbook example of convergent evolution, the
great auk is considered the northern hemisphere ecological equivalent—and original
namesake—of southern haemisphere penguins (Family Spheniscidae), with which it
shared alleged superior breath-hold diving capacity. Unlike penguins, the great auk has
close, living, and flighted relatives, with intermediate diving abilities, such as the
razorbill (Alca torda), making the Alcidae an ideal group for studying the mechanistic
underpinnings of the convergent evolution of the avian underwater pursuit diving
phenotype. Here we report on our ongoing efforts to use comparative structural and
functional data of the respiratory proteins haemoglobin and myoglobin of penguins and
alcids, including preliminary data from the great auk ancient DNA genome sequencing
project, to reconstruct the mechanistic bases of convergent increases in underwater
diving capacity in these distantly related families of seabirds. Our results illustrate
independent evolution of increased myoglobin net surface charge in both lineages,
likely allowing higher maximal myoglobin concentrations and thereby muscle oxygen
storage capacities. These data are currently used to develop a predictive model that
allows estimation of the maximal underwater endurance and dive depth of the great
auk compared to other alcids and penguins. Analyses of adult-type alpha and beta
globin genes further predict a convergent increase in oxygen affinity of great auk
haemoglobin compared to the razorbill, similar to what has been reported for penguins
compared to related non-diving seabirds. This prediction is currently being tested by
establishing the oxygen binding characteristics on resurrected recombinant
haemoglobins of the great auk, with the ultimate goal of increasing our understanding
of the evolutionary physiology of this extinct iconic bird and its living and increasingly
endangered family members.
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During the evolution of novel protein functions, some selectively fixed mutations may
be directly causative and others may be purely compensatory. The relative contribution
of these two classes of mutation to adaptive protein evolution depends on the form and
prevalence of mutational pleiotropy. To investigate the nature of adaptive amino acid
substitutions and their pleiotropic effects, we are using a protein engineering approach
to characterize the molecular basis of evolved changes in avian and crocodilian
hemoglobins (Hbs). In the case of avian Hbs, we are investigating the evolution of
increased O2-binding affinities in species adapted to extreme, high-altitude flight. In the
case of crocodilian Hbs, we are investigating the evolution of a novel, croc-specific
mode of allosteric regulatory control involving oxygenation-linked bicarbonate-binding.
To test the effects of observed substitutions on evolutionarily relevant genetic
backgrounds, we synthesized all possible genotypic intermediates in specific lines of
descent that connect reconstructed ancestral genotypes (with the ancestral functional
property) to descendant genotypes (with the derived property). Site-directed
mutagenesis experiments have enabled us to identify specific cases where genetic
compensation of deleterious pleiotropic effects plays an important role in the evolution
of novel protein functions.
.
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In the Metazoa, globin proteins display a conserved tertiary structure that hides a
remarkable diversity in primary structures, biochemical properties and physiological
functions. Most of what we know about animal globins derives from research on
vertebrates. The release of genome data critically changed our view of vertebrate
globin evolution, allowing us to identify several additional globin genes with novel but
still poorly understood functions. In many cases, these genes are evolutionary old, but
have been retained in a small set of species. In the current research we apply a similar
approach to build an evolutionary framework of the globins of arthropods, taking
advantage the wider availability of genome data for the group. Our results indicate that
most arthropods have a diverse globin repertoire, and that the last common ancestor of
arthropods had a diverse set of globin in its genome. In most lineages, the globin
repertoire reflects the differential retention of these ancestral genes. However, in some
cases we also document cases of lineage-specific expansions, which are generally
driven by tandem duplications. In many cases these lineage-specific expansions
involve the emergence of globins with non-canonical exon-intron structure and primary
structure. From a functional standpoint, arthropod globins associated to vertebrate
globin-X always fall close to the deeper node, suggesting that membrane-bound
globins emerged early in animal evolution.
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Bacteria colonize most surfaces, forming multicellular, antibiotic-resistant, communities
known as biofilms. Biofilms cause chronic infections and persistent biofouling of
medical implants, marine vessels, and environmental sensors. Biofilm dispersal by
nanomolar nitric oxide (NO) appears to be a general phenomenon, but fundamental
questions remain concerning the identity of the NO sensor and mechanism of signal
transduction. NO has been reported to disperse bacterial biofilms through regulation of
intracellular cyclic-di-guanosine monophosphate (c-di-GMP) concentrations. C-di-GMP
is a tightly regulated second messenger-signaling molecule that is tightly correlated
with biofilm formation. H-NOX (heme-nitric oxide/oxygen binding) proteins are well
known NO sensors in eukaryotes that are also conserved in many environmental and
opportunistic pathogenic bacteria. Indeed, we have shown that NO/H-NOX signaling
disperses bacterial biofilms through a mechanism consistent with c-di-GMP signaling.
However, H-NOX proteins are not conserved in most human pathogens, even those for
which the mechanism of action is known to involve c-di-GMP signaling. Therefore, an
alternate NO sensor must also exist. We have identified an alternate NO sensor, a
novel hemoprotein we named NosP (nitric oxide sensing protein). NosP domains are
conserved in bacterial genomes, they bind NO, and are encoded as fusions with, or in
close chromosomal proximity to, proteins annotated as c-di-GMP synthesis or
hydrolysis enyzmes. Therefore we hypothesize that NO generally disperses bacterial
biofilms through regulation of intracellular kinase cascades and/or c-di-GMP
concentrations, but the sensor varies; both NosP and H-NOX can fill this role. Evidence
from biochemical characterization of proteins in the NosP and H-NOX signaling
pathways, as well as genetic and biofilm growth studies, will be presented to support
our hypothesis.
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Nitric Oxide (NO) is a toxic free radical produced by neutrophils and macrophages in
response to bacterial infection. NO binds to and inhibits a variety of cellular targets,
including iron-sulphur clusters and haem cofactors associated with respiratory
cytochromes. Hence, NO is part of an immune response that hinders bacterial growth
and colonisation during infection. However, it has recently been reported that aerobic
respiration plays an important role in the bactericidal effects of several antibiotics via
the generation of reactive oxygen species, so it was anticipated that NO-mediated
respiratory inhibition may in fact diminish the efficacy of conventional antibiotics.
Herein, we demonstrate that NO exposure dramatically decreases the bactericidal
properties of antibiotics against a multidrug-resistant strain of E. coli. It was further
hypothesised that the NO-tolerant cytochrome bd-I respiratory oxidase could sensitise
E. coli to antibiotics by maintaining aerobic respiration in the presence of NO. Herein,
during NO exposure we demonstrate a dramatic decrease in antibiotic sensitivity when
cytochrome bd-I is lost compared to loss of the NO-sensitive cytochrome bo'. These
observations provide molecular insights into antibiotic-mediated toxicity and
demonstrate that the innate immune system undermines the action of antibiotics,
prompting a radical re-think of antibiotic efficacy during infection.
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Hemoglobin I (HbI) from Lucina pectinata binds and transports H2S to sulfide-oxidizing
chemoautotrophic bacteria. HbI mutations at E7, B10, and E11 into the heme pocket
showed that the H-bond strength alters the sulfide reactivity. Resonance Raman spectra
of these complexes, present the ν4 oxidation marker at 1356 cm-1, indicative of hemeFe(II) species. Thus, H2S release from the HbISH2 is apparently controlled by two
competing reactions involving sulfide dissociation and heme reduction. Moreover, the
hemoglobins HbII and HbIII from L. pectinata transport O2 to the symbiont. The high O2
afﬁnity of these hemes results from a very slow oxyheme dissociation rate. The crystal
structures of oxy(HbII-HbII) revealed that decreasing the pH from 9 to 5, the
motionTyrB10, which influence the hydrogen bond to the oxyheme species, together with
concomitant displacements of MetE15, and the water clusters at the dimer interface can
prompt O2 liberation. In fact, the structure at pH 4 shows that O2 is no longer bound to
the heme iron. Also, kinetics of O2 dissociation is facilitated by the increasing the H2S
concentrations. Thus, it is plausible to suggest that H2S contribute to facilitate O2 release
from oxy hemoglobins complexes, and it promotes the hydrogen sulfide release from
HbISH2. Curiously, when humans are exposed to relative high concentrations of H2S,
also a physiological gas, it increases the sulfheme species leading to anemia. Proteins
bearing E7 His distal residue, with an adequate orientation, i.e. Mb and Hb produce
sulfheme. However, hemoglobins from L. pectinata, with Gln in the E7 position do not
form this species. In sulfheme, the sulfur atom is incorporated across the β-β double
bond of the pyrrole “B”, reducing the protein’s oxygen (O2) affinity and presenting a
classical 620 nm transition. Mechanistically, DFT/MM calculations indicated an hydrogen
transfer from H2S to Fe(III)−H2O2 complex resulted in the homolytic cleavage of the O−O
and S−H bonds to form a reactive thiyl radical (HS•), ferryl heme compound II, and a
water molecule. Addition of HS• to the pyrrole B of compound II leads to the formation of
the favorable, -140 Kcal/mol, metaquo heme Fe(III) thiochlorin structure. The 600 nm
region is a charge transfer π to dπ (dyz, dxz) transition, while the 700 nm absorption
arises from π to π* transition. Analogous, a mechanism has been stablished for the
oxyheme complex and H2S, where compound III is a key intermediate. In lactoperoxidase
(LPO), the reaction H2O2 and H2S produces ferrous and ferric sulfheme with
characteristic bands at 638 nm and 727 nm, respectively. Here, there is a continuous
turnover of the formation of sulfLPO followed by recovery of native LPO. Pilot analysis
suggest that this process generates oxidized sulfur species, likely sulfate (SO42-) and
polysulfides as products. However, HPR, with a very similar heme pocket to LPO neither
binds H2S nor produces sulfheme. The results show that these heme proteins there is:
(1) binding of H2S and no sulfheme formation, (2) binding of H2S and sulfheme formation,
(3) not H2S binding but sulfheme formation, and (4) neither bind H2S and nor form
sulfheme. The heme pocket amino acids are key regulator for these process.
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Carbon monoxide (CO) poisoning is a major cause of death and disability. Patients
presenting high levels of CO-bound hemoglobin (Hb-CO) may develop brain injury,
long-term neurocognitive deficits, and death [1].
Neuroglobin (Ngb) is a six-coordinate globin present in the mammalian nervous system
with still unknown function(s) [2]. We observed that mutation of the distal histidine to
glutamine (H64Q) vastly increased the affinity of Ngb for gaseous ligands with an
affinity towards CO about 500-fold higher than that of hemoglobin (Hb). Additional
mutation of the three surface cysteines produces a mutant (Ngb-H64Q-CCC) with a
very high solubility (>10mM), suitable for intravenous infusion as a CO-scavenger. In
vitro experiments indicate that this mutant was able to remove CO quantitatively from
Hb-CO, either in free form or inside red blood cells, decreasing the half-life of Hb-CO
from >200 min to 0.11 min for free Hb-CO and 0.41 min for red blood cell-encapsulated
Hb-CO. Intravenous infusion of Ngb in a lethal CO poisoning mouse model decreased
Hb-CO levels, and improved blood pressure, heart rate and survival compared to saline
infusions [3].
As CO inhibits mitochondrial electron transfer by binding to cytochrome c oxidase
(complex IV) [1] we investigated the ability of Ngb to reverse CO-induced mitochondrial
inhibition. We isolated heart tissue after CO poisoning and treatment with either NgbH64Q-CCC or saline control in our lethal CO poisoning mouse model and measured
tissue respiration using a Clark-type oxygen electrode. The respiration in CO-poisoned
mice was significantly lower than sedated non-CO exposed control mice, whereas in
mice treated with Ngb the rates of respiration were similar to the control mice.
In conclusion, we have shown that Ngb-H64Q-CCC scavenges CO quantitatively,
improves survival in a lethal CO poisoning model, and has positive effects on
mitochondrial respiration in tissue samples and isolated mitochondria. Further
development of Ngb-H64Q-CCC involves safety studies and long-term effects on
cognitive function and survival in pre-clinical models, and scaling production of
recombinant protein for clinical development.
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We are studying a novel mechanism by which prototypical erythrocyte proteins also act
in endothelial cells (ECs) to regulate vascular tone. Previously, we reported that the
ECs in
resistance arterioles, where it binds endothelial nitric oxide (NO) synthase (eNOS) and
degrades NO, thereby stimulating vasoconstriction [1–3]
–
AHSP–eNOS axis functions to fine-tune systemic blood pressure and/or regional blood
flow to specific vascular beds.
The thoracodorsal artery (TDA; a resistance arteriole) expresses
mRNA or protein. However
monomer. Alpha-hemoglobin–stabilizing protein (AHSP) is a molecular chaperone that
, and facilitates the assembly of HbA tetramers
ells [4,5]. Arterial sections from Ahsp knockout (KO) mice showed
a disorganized and reduced
Hb immunostaining intensity, and Western
blotting showed 4, supporting our
hypothesis that Ahsp
variations in the internal
elastic laminae (IEL) and a significant increase of the lumen by 92% (P<0.001) of Ahsp
KO arteries compare to controls. To extend this observation, we examined arterioles of
-globin genes (HbA1 KO * 2/* 2) [6]. HbA1 KO TDAs also exhibited
abnormal excessive dilation by 69% (P< 0.01). Finally, we investigated the reactivity of
mouse thoracodorsal artery to phenylephrine (PE) using pressure myography. A
significant decrease in arterial reactivity of Ahsp (EC50: 2 µM; n=9, P<0.05) and HbA1
KO (3.6 µM; n=6, P<0.01) TDAs after PE stimulation was observed compared to control
mice (0.50 µM; n=14).
To examine physical and funct
, and eNOS, we
expressed fluorescent-tagged proteins in human coronary ECs in culture
-GFP
alone was expressed at a relatively low level (mean fluorescence intensity [MFI]: 445).
Coexpressed mCherry-AHSP co-localized
-GFP and increased its expression
(MFI: 3550). Similarly, coexpressed mCherry-eNOS co-GFP and
-immunoprecipitated with AHSP or
eNOS, but not both together, suggesting mutually exclusive interactions.
ECs
regulates blood-vessel tone in vivo. Moreover, biochemical studies show that AHSP
stabilizes endothelialith eNOS. Thus,
promote the formation of HbA for O2

-eNOS for NO degradation.

1. Straub AC, Lohman AW, Billaud M, et al. Nature (2012) 491: 473–477.
2. Angelo M, Hausladen A, Singel DJ, Stamler JS. Methods Enzymol (2008) 436: 131–168.
3. Gladwin MT, Lancaster JR Jr, Freeman BA, Schechter AN. Nat Med (2003) 9: 496–500.
4. Kihm AJ, Kong Y, Hong W, et al. Nature (2002) 417: 758–763.
5. Kong Y, Zhou S, Kihm AJ, et al. J Clin Invest (2004) 114: 1457–1466.
6. Chang J, Lu RH, Xu SM, et al. Blood (1996) 88: 1846–1851.

Session 6
Poster 2

Heme Iron as Target for Inorganic Sulfide
Fernando M. Boubeta,a Silvina A. Bieza,a Juan Cruz Palermo,a Mauro Bringas,a,b
Leonardo Boechi,c Darío A. Estrin,a,b Sara E. Baria
a

Universidad de Buenos Aires. Consejo Nacional de Investigaciones Científicas y Técnicas.
Instituto de Química de los Materiales, Medio Ambiente y Energía. Facultad de Ciencias
Exactas y Naturales, Buenos Aires, Argentina.
b
Universidad de Buenos Aires. Facultad de Ciencias Exactas y Naturales. Departamento de
Química Inorgánica, Analítica y Química Física. Buenos Aires, Argentina.
c
Universidad de Buenos Aires. Instituto de Cálculo. Facultad de Ciencias Exactas y Naturales.
Buenos Aires, Argentina.
bari@qi.fcen.uba.ar

Hydrogen sulfide, H2S, has been recognized as an endogenous signaling molecule,
capable of interacting with thiols, other small gaseous signaling molecules, and certain
metal containing biomolecules. We focused on the metal centered reactions of
inorganic sulfide (H2S/HS-/S2-) with FeIII hemes, representatively evoked by the high
affinity coordination (Kaff= 109 M-1) to the hemoglobin I of the clam Lucina pectinata.1
However, the outcome of the interaction of sulfide with FeIII hemes is diverse, and
coordination, reduction, or inertness have been reported.
Concerning the coordination, using the model microperoxidase 11, FeIIIMP11, a
hemepeptide with a histidine as proximal ligand and no distal contributions, we
reported on the formation of a moderately stable FeIII-sulfide complex at pH 6.8. The
Kaff = 4.6 x 103 M-1 is in the lower limit of those measured for sulfide binding FeIII
hemeproteins, and represents an estimate for the contribution of the proximal ligand to
the coordination reaction.2 An inspection of the dependence of the binding constant as
a function of pH revealed that both the conjugate anion hydrosulfide, SH-, and H2S are
capable of binding the FeIII heme (kon ≈ 104 and 103 M-1s-1, respectively). Instead, only
H2S behaved as binding species and the anion was inert when the target was
metmyoglobin. With the aid of computational tools, these results have been interpreted
in terms of the role of the protein scaffold in the selection of the active species: while
the freely accessible heme iron of FeIIIMP11 can be reached either by HS- or H2S, the
anion is prevented to access the heme active site of metmyoglobin.
After coordination, diverse ferric heme compounds have been shown to yield the
corresponding ferrous derivative with different timescales;3 e.g.: the reduction has been
suggested to be mediating a proposed mechanism of detoxification of sulfide by human
hemoglobin.4 A preliminary analysis of the reduction mechanism will be presented,
along with the potential impact of the reduction on the formation of physiologically
relevant polysulfide species.
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Hydrogen sulfide (H2S) is a signaling molecule involved in key physiological functions,
such as regulation of vascular tone and cytoprotection. It is produced endogenously at
low nanomolar to micromolar concentrations, and it reacts with multiple biological
targets, including protein ferric heme groups. In the blood, the majority of hemoglobin
(Hb) is the ferrous form, but there is also 1-2 % ferric (met) Hb in vivo. MetHb is often
regarded as physiologically inert as it does not bind O2, but we hypothesize that it might
be involved in H2S transport. To test this hypothesis, we first characterized the kinetics
and thermodynamics of the reaction in vitro between purified human metHb and H2S
under physiologically relevant conditions, i.e. with metHb in excess of H2S (Jensen and
Fago, 2018).
We found that human metHb binds H2S reversibly and cooperatively to form a stable
ferric-sulfide complex with a pH-dependent affinity within the physiological in vivo range
of H2S concentrations found in the blood (KD = 0.68±0.04 µM, pH 7.4). Stopped-flow
kinetics show identical association rate constants for H2S at varying pH, demonstrating
that H2S and not HS enters the ferric heme pocket. Dissociation rates of the complex
increase when decreasing pH, explaining the pH-dependent equilibrium constant. Next,
we used partially oxidized bovine red blood cells (RBCs) and a H2S-specific sensor to
demonstrate that H2S readily enters RBCs, bind metHb and is released again when a
diffusion gradient for H2S in solution is present.
In conclusion, these data suggest a novel biological role of ferric Hb as a H2S carrier in
the blood, helping to stabilize H2S bioactivity. The pH-effect similar in size to the Bohr
effect in O2 affinity of ferrous Hb suggests a concerted unloading in vivo of O2 from
ferrous Hb and H2S from ferric Hb for a given decrease in blood pH in the capillaries of
metabolizing tissues, thus enhancing O2 supply to tissues and local blood vessel dilation
at the same time.
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With over 500’000 deaths and 2.4 million cases, breast cancer is the most common
cancer among women [1]. In times of debated mammographic mass screening, surgical
resection and over-treatment of even small and indolent breast malignancies (e.g. DCIS),
the discovery of reliable markers permitting refined stratification of tumor subtype, grade,
treatment strategy and outcome prediction are objectives of utmost importance [2].
Myoglobin (MB) has long been known as the intracellular heme-binding protein of
skeletal muscle and the heart. Recently, Myoglobin (MB) has been found to be
expressed in different cancer types (colon cancer, osteosarcoma, breast cancer…) in
the nM-µM range [3-5]. MB expression was shown to add to the prognostic outcome of
breast cancer in combination with estrogen receptor (ER) status and it is suggested to
be a valuable prognostic marker in addition to ER to identify the luminal subtype of
breast cancer. However, the possible impact of endogenous MB and its interaction with
p53 on tumorigenesis, malignant progression and chemo- and radiation-response is
still largely unknown. We therefore aim to unravel the biological function of MB in
breast cancer in the before mentioned aspects and its potential as a marker to aid in
identifying personalized, cancer specific treatment.
Our preliminary results of the spontaneously forming breast tumors obtained with the
PyMT/MB mice suggest very few if any differences in the incidence of MB+ vs. MBtumors. However, since mice with MB-deficient breast carcinomas seem to survive
significantly longer and the tumors exhibit a markedly slower growth, presence of MB
itself in murine breast tumors seems to promote tumor growth while at the same time
reduces the total number of lung metastases. In other words, presence of MB yields
fast growing, less spreading primary tumor masses. Supporting the in vivo data, first in
vitro experiments indicate reduced proliferation (Trypan Blue Assay) of MB knockout
cells in normoxic conditions.
The overall aim of this project is to assess the potential of MB as diagnostic tool and
therapeutic target for luminal-type entities of breast cancer. By correlating the
expression of MB (in concordance with p53 and ER expression) to tumor onset,
survival, metastasis formation and response to chemotherapy and radiation, we hope
to add to the understanding of the function of MB in a breast cancer context.
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The relevance of the hydrogen sulfide has increased exponentially from the discovery
of its activity as a mediator in numerous biological processes, reaching almost 1000
papers in 2017[1]. One of the most studied molecular targets are the ferric
hemeproteins which involves noxious and crucial-for-life biological processes in a
gamut of organisms.
Ligand binding reaction can be interpreted in terms of the migration process and the
coordination reaction to yield the complex. For the migration step, molecular dynamics
simulations coupled with a statistical analysis of the estimators derived from the
Jarzynski equality[2] was used to calculate the free energy profiles along the migration
tunnel of hemeproteins[3,4]. After the complex is formated, our new QM-MMMolecularDynamics approach, that provides quantum molecular dynamics of the
system, allows us to evaluate potential reactions of the coordinated sulfide.
By using these approaches, we address several very interesting features of the binding
reaction of Sulfide species (H2S,HS-,S2-) to hemeproteins. For the cases of the
hemoglobin I of L. pectinata and metmyoglobin,[3,4] we found that the main species
capable to bind the metal center is the non-charged sulfide species H2S, rather than
the charged HS- and S2-. These results were interpreted in terms of the desolvation
cost of the charged species during the migration process from the bulk to the active
site. The results obtained in the simulations are in accordance with those obtained by
kinetic methods, and aided their analysis
Finally, when the Fe(III)-H2S complex is effectively formed, proton release of the ligand
is promoted to form Fe(III)-HS- complex further stabilized by the distal environment[4].
Additionally, we observed that if the hemeprotein lacks of distal stabilization
mechanisms (like in microperoxidase-11) only the presence of the proximal histidine
seems to be enough to attain the coordination preventing the expected fast Fe(III)
reduction[5], additionally we observe that both H2S and HS- are capable to migrate and
bind the iron center.
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Free energy barrier computational estimations have been used to obtain kinetic
information from different processes, using Eyring´s equation. However, those
calculations have important convergence issues and are strongly dependent on the
choice of reaction coordinates.
In an attempt to perform an unbiased analysis of this process, a Markovian
interpretation and mathematical treatment can be applied on multiple and short
molecular dynamics simulations. Ligand migration through channels in globins and
other proteins can be visualized as a sequence of «jumps» of the ligand between
discrete sites. The methodology requieres both time and space discretization, and
eventually allows to perform numerical simulations of each site population. The fitting of
the site of interest allows us to estimate a global rate that can be directly compared to
experimental data.
Based on previous studies at Jochen Blumberger’s 1 and Markus Meuwly’s2 groups, we
revisited the O2 and NO migration in truncated hemoglobin-N (trHbN) of Mycobacterium
tuberculosis (a NO-detoxifying enzyme that converts NO to nitrate). First, O 2 must
reach the sixth coordination position of the Fe(II)-heme complex so that the NO can be
finally oxidized.

In this protein, two channels to reach the active site have been described: the long
channel and the short one. It is our aim to estimate uptake and release rate constants
of O2 and NO and determine if the conformation of side chains located inside the
channels influence the global rate constant for those processes. It is of particular
interest to analyse the effect of PheE15, which is proposed
to act as a «gate»3 controlling ligand migration through the long channel, and the effect
of the presence of water molecules inside the distal cavity4 . We will present results for
both oxygen and NO uptake and will discuss perspectives regarding this kind of
methodologies.
1. Wang P., Best R.B., Blumberger J.,Phys. Chem. Chem. Phys., 2011, 13, 7708-7719, doi:
10.1039/C0CP02098B
2. Mishra S., Meuwly M., Biophysical Journal. 2010, 99(12),3969-3978. doi:
10.1016/j.bpj.2010.09.068.
3. Axel Bidon-Chanal; Marcelo A. Marti; Dario A Estrin; F. Javier Luque,Journal Of The
American Chemical Society, 2007, 219, 6782 – 6788, doi:10.1021/ja0689987
4. Ouellet YH, Daigle R, Lagüe P, et al. ,The Journal of Biological Chemistry, 2008,
283(40):27270-27278, doi: 10.1074/jbc.M804215200.
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Neuroglobin is a nerve-specific globin distantly related to hemoglobin and myoglobin
[1]. While hemoglobin and myoglobin have well-established roles in O2 transport and
storage in the animal's body, the physiological role of neuroglobin has remained –
despite many years of research – elusive [2, 3]. Even studies employing neuroglobin
knock-out or transgenic mice were mostly inconclusive [4-7]. Here we investigated the
function of neuroglobin in a cell culture system. A murine neuronal cell line (HN33) was
transfected with mouse and zebrafish neuroglobin, as well as with mouse myoglobin.
Compared to the mock-control (cells transfected with the empty pcDNA3.1 vector), all
three globins enhanced cell viability under hypoxia (1% O2), albeit with variable
efficiency. Neuroglobin but not myoglobin also enhanced cell viability under H2O2
stress. We further analyzed the transcriptomes of the transfected HN33 cells, an
approach that provides an unbiased view on the cellular effects of neuroglobin. As
expected, hypoxia significantly increased the expression of typical hypoxia-response
and glycolytic genes in the mock-transfected control cells, an effect that is revoked by
the globins, with mouse neuroglobin having the most pronounced effect. We saw no
influence of neuroglobin on ROS, NO metabolism or apoptosis pathways. Rather,
neuroglobin expression increased the levels of transcripts associated with
angiogenesis. The results suggest that neuroglobin has a myoglobin-like, respiratory
role in the delivery of O2 within the nerve cells, and that most of the other proposed
functions are probable artifacts or of minor importance. Future studies must explain the
specific localization of neuroglobin in brain regions, for example the hypothalamus [8].
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Predicting function from sequence is an important goal in current biological research,
but predicting functional specificity with an accuracy level is not straightforward. The
truncated hemoglobin family (trHbs), has a rich sequence diversity in a conserved fold,
that enables us to build a relationship between the composition of important sites and
their O2 affinity and reactivity. In previous works, we studied the structure, function,
oxygen affinities and ligand migration paths of trHbs in an evolutionary context, which
allowed us to build a physical–chemical model to describe the uptake and release of
oxygen for them.
In this work, we present GlobinQ (http://target.sbg.qb.fcen.uba.ar/globinq), a globin
web database (currently for trHbs), that integrates taxonomy, sequence, structure and
functional data, such as O2 association and dissociation rate constants, both predicted
and experimentally measured values if available. GlobinQ has three major functions.
First, it shows all the available information about a given globin; second, it can be
queried using different trHb properties, such as site composition or structure
availability; and third, it provides a service that allow researchers to upload their trHbs
and annotate them. The latter is accomplished by aligning the sequence with our
manually curated multiple sequence alignment and subsequent important sites
characterization.
By providing an integrated, accurate, and easy to query database and upload service,
we have created an interesting resource for the globins studying community. The
database has now 1106 trHbs, of the 4 most important groups (N, O , P and Q) and is
receiving new sequences from other research groups.
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Oxygen-limited (hypoxic) environments have increased considerably over the past halfcentury, causing severe habitat damages and major changes in aquatic ecosystems
worldwide. While interindividual variability in hypoxia tolerance is well documented in
fish, the factors underlying this variability remain unknown. In the present study, we
attempted to determine the role of O2 binding capacities of hemoglobin (Hb) in
individual hypoxia tolerance of the European sea bass (Dicentrarchus labrax). Fish
tolerance to hypoxia was individually investigated through acute hypoxic challenge
tests (HCT) four times at regular time intervals over one year on 400 individuals. 16
individuals systematically tolerant (the ‘hypoxia-tolerant’ fish) or sensitive (the ‘hypoxia
sensitive’ fish) to the HCT were thus identified. O2 binding properties of the blood
[oxygen partial pressure needed to half-saturate Hb (P50), cooperativity (n50), and the
effect of pH (Bohr effect)] were next compared between hypoxia-tolerant and hypoxiasensitive individuals. No differences in P50 and n50 were found. However, Bohr effect
was higher in the hypoxia-tolerant fish compared to hypoxia-sensitive fish which could
benefit them with regard to the binding of O2 at the gills and release at the tissues in
hypoxic condition. This study suggests that individual Hb properties may be important
in determining fish distribution and survival in the oxygen-stressed marine
environments.

Figure. Bohr effect of the “hypoxia-sensitive” or “hypoxia-tolerant” sea bass juveniles. Significant difference
between groups is identified with an asterisk (Wilcoxon signed-rank test; n= 16 fish for each group)
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The recent development of cold atmospheric plasma (CAP) paved the way for new
approaches in the treatment of cancer [1]. Plasma generates various components
among which reactive oxygen and nitrogen species (RONS). They hypothesized to
mediate the cytotoxic effects observed in biological systems [2]. Several studies have
indicated that CAP can selectively target cancer cells, which partly may be explained
by the difference in ROS levels between normal and aberrant cells [3].
Melanoma is the deadliest type of skin cancer, mainly because of its great metastatic
potential [4]. Melanoma is derived from pigment-producing melanocytes in the basal
layers of the epidermis of the skin. Cells from melanocytic origin are under a
continuous oxidative stress [5]. These cells therefore have acquired a highly effective
antioxidant network which might explain why melanomas are in general resistant to
therapies that aim to augment hypoxia-induced apoptosis [6]. Recently, it was
discovered that melanocytes express Cytoglobin (Cygb) at a high level [7]. Cygb has
been proposed to play a cytoprotective role as a ROS-scavenger and tumor
suppressor. In melanoma, the transition from melanocytes is frequently accompanied
by a loss of Cygb expression. Whether Cygb is downregulated in melanocyte-tomelanoma transition may influence tumor malignancy and the efficacy of cancer
treatments.
Recently, in our lab, the selectivity of CAP-treated Phosphate Buffered Saline (pPBS)
was investigated in two melanoma cell lines (A357 & Malme3M), and one normal cell
line (Primary Melanocyte). Flow cytometric analysis showed that pPBS can induce
apoptotic cell death in a selective way, whereby the sensitivity of cells towards pPBS
seems to be correlated with their intrinsic intracellular ROS level. Moreover, preliminary
data suggests that cells with high Cygb expression are more resistant to pPBS than
cells with low expression. As proteins are the main facilitators of biological functions,
one could hypothesize that plasma-protein interactions will be key determinants of the
cell’s faith after plasma treatment. Therefore, we are currently investigating the effects
of plasma-induced RONS on recombinant human Cygb, which might contribute to a
better understanding of the above-mentioned postulated functions of the Cygb.
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Nitrobindins (Nbs) form a new class of heme-binding proteins, which has been
uncovered in the genome of several species, including Homo sapiens sapiens, but
whose function is still unknown. Structural characterization of Nb from Arabidopsis
thaliana and from the C-terminal heme-binding domain of THAP from H. sapiens
sapiens indicated that these proteins are composed almost exclusively of β-strands
and are possibly involved in NO chemistry. A recent bioinformatic analysis outlined that
Nbs are not evolutionarily related to nitrophorins (NPs), pointing out that the Nb 10stranded β-barrel fold is an almost ubiquitous heme-binding domain. To highlight the
structural bases of Nbs reactivity, Mycobacterium tuberculosis Nb (Mt-Nb) and Homo
sapiens Nb (Hs-Nb) have been expressed, purified, and characterized
spectroscopically. Around neutrality, ferric Mt-Nb and Hs-Nb display a stable 6cHS HisFe-H2O species suggesting a myoglobin (Mb)-like coordination of the heme-Fe atom.
However, unlike horse heart Mb (HHMb), Hs-Nb and Mt-Nb do not bind sodium azide
and reactivity of imidazole turns out to be much slower than that for HHMb. The
observed rate constant of CO binding to ferrous Hs-Nb and Mt-Nb is substantially pHindependent. The low reactivity of ferric and ferrous Nbs might be associated to a
compact and rigid heme pocket, contrasting the conformational transition toward the
ligated structural arrangement, thus dramatically enhancing the energy barrier for
ligand binding. Ongoing experiments of laser flash photolysis measurements of CO and
NO binding kinetics together with the resolution of the three-dimensional structure of
Mt-Nb will allow us to understand the structure-function relationships of Nbs.
Furthermore, ectopic expression of Hs-Nb in HEK293 cells will allow the identification
of the interarctors of this protein still lacking a biochemical and physiological function.
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In contrast to long-held assumptions, the gene repertoire of most insects includes
hemoglobins. Analyses of the genome of the fruit fly Drosophila melanogaster identified
three distinct hemoglobin genes (glob1, glob2, and glob3). While glob1 is
predominantly associated with the tracheal system and fat body, glob2 and glob3 are
almost exclusively expressed in the testis. The physiological role of globins in
Drosophila is uncertain. Here, we have studied the function of glob1 in a cell culture
system under hypoxic conditions. Drosophila Schneider 2 (S2) cells were stably
transfected with each of the three globins and the empty vector as control. Under
hypoxia (1% atmospheric O2), only glob1 overexpression enhanced cell viability, as
measured by the activity of mitochondrial oxidases and ATP content. However, the
positive effect of glob1 expression disappeared after 24 h hypoxia, suggesting
metabolic adaptations of the S2 cells. To better understand the underlying effects we
applied a transcriptome analysis approach. Here we present the differential expressed
transcripts and pathways in glob1 and control S2 cells under normoxic and hypoxic
conditions after 3h respectively 24h of hypoxia. We discuss the results in terms of
possible functions of the glob1 gene in the fruit fly.
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Abstract
In 2017 Methicillin-Resistant Staphylococcus aureus (MRSA) has been prioritized by
WHO as the most threatening among multi-drug resistant Gram-positive superbugs, in
terms of mortality, economic burden, treatability and lack of research pipelines, among
other criteria [1]. MRSA lineages express Iron-regulated Surface Determinants (Isd)
proteins aimed at binding human host hemoglobin (Hb), extracting the heme group and
degrading it intracellularly to seize iron: this element is, indeed, essential for bacterial
growth and virulence. Among Isd proteins, IsdB and IsdH are responsible for
hemoglobin capturing and heme mining [2]. To date, however, the mechanism of heme
extraction has not been completely understood and no IsdB/IsdH inhibitor has been
developed. The aim of this project is to investigate the interaction between IsdB and
hemoglobin by means of in silico methodologies, to get insights on the dynamics of the
system, the mechanism of IsdB-Hb interaction and heme extraction, and to provide
essential information for new potential antimicrobials. Extensive Molecular Dynamics
(MD) simulations (about 1 µs) were run to explore the IsdB-Hb interaction and identify
the key residues involved in the complex formation and in the first steps of heme
extraction. In particular electrostatic interactions formed at the IsdB-Hb interface have a
key role in stabilizing the transition state, accomplished through a disruption of the F
helix of Hb, and in extracting the heme. Then, steered MD approaches were adopted to
simulate the entire process and rationalize the heme transition from Hb to the
hemophore binding site. Concurrently, the most representatives Hb conformations
were extracted from MD trajectories and used to perform Structure-Based Virtual
Screenings (SBVS) of commercial compound libraries, to identify molecules able to
interfere with the Hb-IsdB complex formation and, thus, affect the bacteria iron supply.
The ligands selected by SBVS were then submitted to docking analyses. The most
promising candidates have been purchased and in vitro experiments to verify their
activity are currently ongoing.
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In addition to the well-known hemoglobin and myoglobin, fish usually harbor
neuroglobin, globin X, and most of them two paralogous cytoglobin genes (Cygb1 and
Cygb2). While myoglobin and hemoglobin are in the focus of physiological, biomedical
and physiological research since decades, much less is known about the duplicated
Cygb1 and Cygb2. To better understand the function and evolution of the duplicated
Cygb genes, we have analyzed the sequences and the tissue-specific expression
patterns of Cygb1 and Cygb2 in ray-finned fish (Actinopterygii) lineages by employing
SRA datasets.
Our results indicate that emerged already in the stem-lineage of ray-finned fish
because paralogous Cygb1 and Cygb2 genes also occur in sturgeons and
paddlefishes (Acipenseriformes), which are the sister group of Neopterygii. In
sturgeons and paddlefishes, the sequence of Cygb2 is highly conserved and
resembles that of the coelacanth (Latimeria chalumnae), while Cygb1 sequences are
more diverged. In bony fish (Teleostei), the brain is the primary site of expression of
Cygb2, while the expression levels of Cygb1 are highly variable in different tissues and
differ between species. The expression patterns of Cygb1 and Cygb2 in sturgeons and
paddlefishes differ from those of bony fish. For example, in sturgeons, the brain is not
the main site of Cygb2 expression.
In summary, our results show that in ray-finned fish the sequences and the expression
patterns of Cygb2 are more conserved than those of Cygb1, which might indicate a
conserved function of Cygb2 and a role of Cygb1 in the adaptation to different habitats.
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THB1 from green alga Chlamydomonas reinhardtii belongs to group 1 truncated
hemoglobins (TrHb1s). It is a monomeric hemoglobin that functions as nitric oxide
dioxygenase (NOD). The heme in THB1 displays two axial ligands: His77 (F8) as
proximal ligand and Lys53 (E10) as distal ligand. In order to be able to bind external
ligands, THB1 Fe-Lys53 bonds need to be break. The displacement of Lys53 involves a
conformational change, which includes the rotation of Lys53 side chain that ends pointing
outside the protein cavity. This results as well in a change of the protonation state of
Lys53, which is in a neutral state when is coordinated, and is protonated when it is not
attached to the heme and surrounded by water molecules outside the protein cavity. In
order to clear up this mechanism, a battery of biophysical and biochemical studies were
done [1]. From these experimental studies, several questions have emerged. Regarding
the Lys53 opening mechanism, it is not clear if the protonation of Lys53 occurs in the
heme cavity or when Lys53 have moved to the solvent. Also, if Lys53 protonation take
place inside the heme cavity, it is unknown if it is concerted with the decoordination or if
the Fe-Lys cleavage and protonation occur sequentially.
In this work we have tried to shed light on the mechanism of Lys53
coordination/decoordination in THB1 by means of computer simulations. For this
purpose, we performed extended molecular dynamics simulations for the wild type THB1
and selected mutants for pentacoordinated state. We have carefully observed the existence
of events of Lys53 conformational changes and identified key interactions that maintain
Lys53 inside the protein cavity and affect the transition. We have also observed the
entrance of water molecules to the heme cavity to analyze the possibility of Lys53
protonation inside the cavity. We also analyzed the global structural movements
associated with the transition, which involve the E helix and residues Lys49 and Arg52.
Additionally, umbrella sampling calculations were performed to obtain the free energy
profiles of the Lys53 displacement process when Lys53 is neutral and when Lys53 is
protonated, in order to elucidate if Lys53 protonation happens in the heme cavity or in
the solvent. To clear up if the protonation inside the cavity is concerted with the
decoordination, QM-MM restrained optimizations were done. The results from this work
strongly suggest that the “in” to “out” transition involves the protonation of Lys53 inside
the distal cavity, which is also the driving force for Fe-Lys53 bond cleavage. Additionaly,
several key aminoacids have been identified as molecular determinants for the Lys53
displacement process which allow to design new mutant proteins that provide a better
understanding of the molecular mechanisms governing THB1 function.
[1]
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It is a known fact that proteins are sensible to temperature, and that high temperature
conditions can lead to variations in protein conformations and protein unfolding.
However, there are some proteins that are able to retain their structure and their function
even in these adverse conditions (1)(2).
In this work we intend to resolve the molecular basis of protein thermostability in the
globins family. For this purpose, we selected three representative examples: human
neuroglobin, myoglobin and Drosophila hemoglobin. These three examples differ in their
melting temperature and in their coordination state in absence of external ligands.
Neuroglobin (Ngb) has a melting temperature (Tm) of 366K, Myoglobin (Mb) has a Tm
of 354K and Drosophila Hb (DroHb) has a Tm of 349K (3).
Additionally, these three proteins show different behaviour towards the coordination of
the iron in the heme group. DroHb populates both the pentacoordinated (5c) and
hexacoordinated (6c) states with an equilibrium constant (KHis) of 18, Mb displays only
the 5c state, with a KHis <<1; and Ngb it is predominantly 6c, with a KHis of 280 (3).
In order to elucidate the possible mechanisms that govern the thermostability in globins,
classical molecular dynamics were performed at different temperatures. In all cases, both
coordination states were considered.
The results from this work indicate that the flexibility of the CD region is directly related
with thermoestability in globins, independently of their coordination state. We observe
that a larger inherent flexibility of the protein produces higher thermostability, probably
concentrating the larger fluctuations observed at high temperature in flexible regions,
preventing unfolding. Globally, the results in this work improve our understanding of
thermoestability in hemeglobins.
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Besides the well-established hemoglobin and myoglobin, various new globin types
have been discovered in vertebrates, including neuroglobin, cytoglobin, and more
recently also androglobin (Adgb). Adgb is a chimeric protein, consisting of a calpainlike domain and a globin-like domain, and is mainly expressed in testis tissue. In this
study, we aimed to analyse the in vivo function of Adgb, by investigating Adgb
knockout mice. We could observe that knockout animals develop symptoms of primary
ciliary dyskinesia (PCD), a genetic disorder that causes abnormal cilia formation and
function. All knockout male mice display infertility, as a consequence of abnormal
sperm flagella formation. Consistently, FACS analysis revealed abnormal elongating
spermatids and spermatozoa. Interestingly, we could also demonstrate a strong
downregulation of Adgb expression levels in infertile men. Moreover, in roughly 20% of
knockouts, we observed development of hydrocephalus within the two first months
after birth. We could also notice increased accumulation of mucus in the sinus of these
mice. Finally, we encountered few cases of polycystic kidney disease and cardiac
hypertrophy. Ongoing electron microscopy analysis of trachea will enable the detection
of possible abnormalities of the ciliary structure. Collectively, these results suggest that
Adgb represents an essential protein for the formation and/or function of cilia, and that
its genetic deletion leads to PCD. Ongoing in vitro approaches should help identifying
the underlying molecular mechanisms that link this globin to cilia formation.
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The compatibility of oxygen-distributing properties of hemoglobin (Hb) is the reason
behind investigating the possibility of using this protein as an oxygen-carrying component
of an artificial oxygen therapeutic. However, the inherent adverse effects of extracellular
Hb such as structural breakdown, heme loss, nitric oxide scavenging, and oxidative
reactions leading to functionality loss and radical formation, are issues that need to be
addressed1. Using recombinant technology to develop rationally designed Hb molecules
is a powerful tool to probe and manage the drawbacks of native Hb.
We are researching fetal Hb (HbF) as a starting material for a potential artificial oxygencarrier. HbF has greater structural stability than for example the adult hemoglobin (HbA),
and moreover, recombinant HbF production gives higher yield than HbA in E. coli
production systems2. HbF is also less harmful to other biomolecules such as DNA, with
three times less DNA cleavage activity compared to HbA3.
Cysteine is a redox active residue that is linked to the oxidation pathways of the Hb
molecule. The cysteine at position 93 in the γ-chain, close to the heme pocket, has been
identified as an oxidative hotspot4. To clarify the role of cysteine residues in HbF, sitedirected mutagenesis was used to create three mutants: 1) αA19C, 2) γC93A, and 3) a
mutant with both previous substitutions, αA19C+γC93A. Through analysis of
autoxidation, H2O2 induced ferryl Hb formation, quantitative MS after o/n H2O2 incubation, and heme loss, it was shown that these mutations have an impact on the oxidation
of the protein. αA19C showed an interesting ability to slow down oxidation rates, while
γC93A led to a more oxidatively unstable Hb protein. Thus, γC93 appears to play an
important role in terms of oxidative stability, similar to βC93 in HbA5. The experiments
also showed that electron transfer from position 93 in the γ-subunit to position 19 on the
surface of the α-subunit is possible. The ability of αC19 to act as a compensatory hotspot
influences oxidative reactions and could possibly explain the slower rates of autoxidation
and H2O2 induced ferryl Hb formation.
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Globin is oxygen binding and/or transporting protein in many organisms including
human, whereas hemerythrin is responsible for oxygen transport in marine
invertebrate. In contrast to globin with one porphyrin-bound Fe atom (heme) per
subunit, hemerythrin contains two Fe atoms bound by protein side chains. Bacteria
also utilize these proteins as oxygen and redox sensing domains. In general, these
sensor proteins are composed of an N-terminal sensor domain and a C-terminal
functional/catalytic domain.
Using bioinfomatics analysis, we identified two sensor histidine kinases that contains
globin and hemerythrin for sensing oxygen and redox in genomic databases. We
characterized these sensor histidine kinases using spectroscopic, crystallographic and
biochemical techniques. Purified enzymes showed oxygen and redox dependent
autophosphorylation activities. In addition, we determined the crystal structures of
globin and hemerythrin sensor domains to reveal the oxygen binding and redox
sensing mechanisms. Based on these data, we discuss the structure and function
relationships of these sensor proteins associated with bacterial signal transduction.
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The rise in genomic sequencing data for unicellular
organisms has identified many species containing
one or multiple truncated hemoglobin (TrHb) genes.
Structural characterization of each new TrHb gene
product is not practical, and homology modeling is
therefore widely used to anticipate protein
properties. Common assumptions are that the
proximal histidine binds the iron and that the heme
is located in the pocket defined by the E and F
helices (Figure 1). In several instances, the E helix
provides a distal ligand to the iron: His E10 in
Synechocystis and Synechococcus GlbNs and Lys
E10 in Chlamydomonas THBs. Yet, counterexamples, in which a His or Lys is present at E10 but does
Figure 1. The X-ray structure of
not coordinate, are abundant.
What then
Chlamydomonas reinhardtii THB4
determines
whether
or
not
a
given
TrHb
uses an
(PDB ID 6BME) showing the
endogenous sixth ligand? With a combination of
proximal histidine and distal lysine.
site-directed mutagenesis, electronic absorption
spectroscopy, and nuclear magnetic resonance spectroscopy, we explored some of the
determinants of endogenous distal ligation and have found that (1) in Synechococcus
GlbN, Lys E6 competes with His E10 for distal ligation at alkaline pH [1]; (2) in
Synechocystis GlbN, replacement of His E10 with a non-coordinating residue results in
the formation of an alternative hexacoordinate structure; (3) in ferric Chlamydomonas
THB1, charge reversal replacements at the edge of the heme cavity alter the Lys
E10/water equilibrium; and (4) in ferric Chlamydomonas THB4 (Figure 1), similar
determinants of Lys E10 ligation are not apparent. The consequences of His and Lys
ligation for essential properties (reduction potential, resistance to hydrogen peroxide,
ability to dioxygenate nitric oxide, etc.) will be presented.
Funded by the National Science Foundation Grant MCB-1330488 and GRFP-1746891.
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Over the last two decades, monomeric all-β-barrel and mixed-α-helical-β-barrel hemeproteins have been reported to display heme-based functional properties (e.g. ligand
transport, storage and sensing) similar to those of all α-helical globins. They include
nitrophorins, α1-microglobulins and nitrobindins.
Nitrobindins (Nbs) represent prototypical heme-proteins displaying the all β-barrel fold.
They form a ubiquitous heme-protein family spanning from bacteria to Homo sapiens.
All Nbs display conserved residues in the pocket involved in the coordination and
recognition of the heme-Fe. The exact role of Nbs is still unknown, but the structural
organization and the reactivity of the stable ferric solvent-exposed heme-Fe suggest
that Nbs are devoted to NO transport, storage and sensing (1, 2).
Crystals of the heme containing Nb from M. tuberculosis (172 amino acid residues) has
been obtained for both the aquo- and CN-complexes, in order to characterize the 3D
structure of the protein through X-ray crystallography. Crystals grew after about 10
days in different conditions (both with salts and PEGs as precipitants), at 294 K.
Currently, X-ray diffraction experiments and 3D structure determination are in progress.
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To address general questions about the evolution of novel protein functions, we
are investigating the molecular basis of a unique mechanism of heterotypic
allostery: bicarbonate-binding by crocodilian hemoglobin (Hb). This unique
mode of allosteric regulatory control is thought to contribute to crocodilians’
extraordinary capacities for breath-hold diving and may also prevent a
detrimental increase in blood-oxygen affinity during the postprandial ‘alkaline
tide’ (Bauer et al. 1981, Perutz et al. 1981, Perutz 1983, Weber and White
1994). Using ancestral protein resurrection in conjunction with a combinatorial
protein engineering approach based on site-directed mutagenesis, we are
examining the effects of sequential mutational steps in the evolution of
bicarbonate-binding. Komiyama et al. (1995) previously demonstrated the
possibility of transplanting bicarbonate sensitivity into human Hb. Rather than
swapping residues between homologous proteins of contemporary species, we
use a vertical approach to investigate the mechanistic basis of this novel
property on the genetic background in which it actually evolved in the ancestor
of modern-day crocodilians. The specific aims of the project are to identify the
specific substitutions that are responsible for the evolution of bicarbonatebinding and to identify and characterize the biophysical mechanisms
responsible for the functional transition in allosteric regulation (gain of
bicarbonate sensitivity, loss of the ancestral ATP sensitivity).
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Despite its phylogenetic antiquity in metazoans, Androglobin (Adgb) was only recently
discovered as the newest member of the globin protein family. Compared to its
relatives, it has a very peculiar structure, as the globin domain is circularly permutated
and interrupted by a calmodulin binding site. Furthermore, the globin domain is
connected to a potential calpain protease domain at its N-terminal end. Initially, Adgb
was described as being expressed mainly in testis and lung tissue.
Broad-scale RNA-Seq analysis now revealed that Adgb is additionally expressed in
parts of the female reproductive tract, namely the oviduct and the uterus, of cattle and
humans. Especially with the latter, expression levels are highly variable even between
individuals, which indicates either a temporal or spatial restriction of Adgb expression,
or both. RNA-Seq data of endometria subdivided into stromal und epithelial fractions of
humans showed Adgb expression mainly in the epithelial layer. Bioinformatical
correlation and subsequent GO-term enrichment analysis revealed that Adgb also
shows the same expression patterns as many cilia associated genes. Therefore, Adgb
could be expressed mainly in the ciliated cells of the epithelia of both oviduct and
endometria, hypothetically exerting a hitherto unknown function in cilia associated
molecular pathways.
The association of Adgb with cilia in the fallopian tube could also imply a role in female
reproduction, as it was already suggested for male individuals. We currently investigate
more closely a temporal expression pattern connected to the menstrual cycle of
humans or the estrous cycle of cattle. Further, we use single-cell RNA-Seq,
bioinformatics and in situ techniques as well as immunohistochemistry, to better define
the cell-type specific expression of Adgb.
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Cytoglobin (Cygb) is an anti-oxidative protein that belongs to the mammalian globin
family. Despite extensive research efforts, little is known about its physiological function
in the kidney. Accumulating evidence suggests that oxidative stress plays a crucial role
in podocyte detachment and/or apoptosis during diabetic nephropathy. In the present
study, we investigated if Cygb has a protective role in the kidney, by using in vivo and
cellular-based approaches. We compared the renal function, apoptosis and gene
expression of Cygb-/- and Cygb+/+ mice under basal conditions. Additionally, we
generated stable CYGB knock-down and overexpressing cellular models in 2
independent human podocyte cell lines (AB8/13 and LY), in order to investigate the
Cygb-dependent transcriptome, cell viability and oxidative stress response.
Cygb-/- mice displayed impaired renal function and increased apoptosis compared to
Cygb+/+ mice, while no significant differences were observed in urine and serum
parameters.
Cygb-deficient podocytes showed increased cell death and accumulation of ROS as
assessed by H2-DCF-DA assays and the redox sensitive probe roGFP2-Orp1.
Transcriptome analysis of control and Cygb-depleted cells identified dysregulation of
multiple genes involved in apoptosis, oxidative stress and podocyte injury. Finally, gene
array data from human patients revealed that CYGB is upregulated in diabetic
nephropathy and GWAS analysis identified a SNP in the 3’ intergenic region of Cygb
that is potentially associated with chronic kidney disease (CKD).
In conclusion, data of our study demonstrate that Cygb protects podocytes from
oxidative stress and apoptosis in vitro and may be involved in CKD, particularly in
diabetic nephropathy. In vivo data show that Cygb deficiency is associated with worse
renal clearance and increase in apoptosis, consistent with a protective role of Cygb in
the kidney.
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Binding of exogenous ligands in Cytoglobin (Cygb) is accompanied by substantial
changes in the protein structure and dynamics, which have a notable impact on the
topology of inner cavities, reflecting the complex kinetic pattern observed in human
Cygb.1 However, can this behavior be a trait shared by Cygb in multiple organisms?
Our aim is to ascertain the structure-function relationships between psycrophilic and
mesophilic Cygbs. To this end, we have run microsecond molecular dynamics
simulations for C. aceratus (Ca), D. mawsonii (Dm) and human (h) Cygbs at 10, 25 and
40 degrees. In hCygb, the shape and size of inner cavities reflect a large temperature
sensitivity, which agrees with the significant enhancement in the fluctuations of
residues observed upon increase of the temperature. In contrast, the results obtained
for CaCygb and DmCygb suggest the presence of a stiffer structure, less influenced by
the rise in temperature, which preserves better the structural integrity and
concatenation of the set of inner cavities. The analysis of the sequence differences
indicates that the mutation of Met30 in hCygb by Ser in CaCygb and DmCygb has a
major role in determining the distinct plasticity of these proteins, since Ser enables the
formation of a stable hydrogen-bond with Trp151, which in turn influences the shape
and size of inner cavities. This finding is supported by the results observed in
simulations performed for the Met30→Ser variant of hCygb, which turns out to be
rigidified. According to these results, it can be hypothesized that the presence of this
hydrogen bond, which has a drastic effect on Cygb dynamics, may have evolved as a
mechanism to facilitate ligand migration in Cygb at low temperature.

1

Gabba, M., Abbruzzetti, S., Spyrakis, F., Forti, F., Bruno, S., et al. (2013). CO Rebinding Kinetics and

Molecular Dynamics Simulations Highlight Dynamic Regulation of Internal Cavities in Human Cytoglobin.
PLoS ONE, 8 (https://doi.org/10.1371/journal.pone.0049770)

Poster 33

Globin Nucleotide Sequences, 3 Exons and 2 Introns, Imply Molecular
Relationships of Paleosuchus palpebrosus in Crocodilians (Reptiles)
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Crocodilians are comprising three families: Gavialidae, Alligatoridae, and Crocodylidae
(1). Primary structures of α and β globins from crododilian species have been
established (2, 3), however there are few report on nucleotide sequences of α and
β genes except one report (4). The aims of this study, therefore, are to demonstrate
nucleotide sequences of the two globin genes from the smallest extant species of
crocodilans, Paleosuchus palpebrosus, and to analyze molecular relationships of P.
palpebrosus among reptilian species based on nucleotide sequences of the two globin
genes. Finally, the author sequenced all the nucleotide sequences of the two globin
genes from P. palpebrosus whose globin genes consist of three exons and two introns.
Here, the author would like to present currently obtained gene information (5) and
molecular phylogeny of reptilians based on their nucleotide sequences of globin genes.
Gene Name
α intron I
α intron II

β intron I
β intron II

Nucelotide Sequence (base number)
5’GTAAGGGCTGCCCTGTCCCAGCCCCGCCCTGCGAGCCCGGCAGGCGCCCTCACCCCGTGCT
GTTCCTTGCAG-3’ (72)
5’GTGAGTGAGCGCGGAGCGGGCTGCCTCGGGCCCTGCTCGTGTGCGGCGCCAGCCGCTGCCT
CCTTACCCGCCCCTGGGTGCTTTAAGCCCTAACCAGCCGGGAAGCGCATCCCCCATCAGTTCGA
GGCCGGGCTCCGAGGCAGGAGCACTGCTGAGCCCGGTCCTCTCTCGGTTGAGGCGTCCCGGC
CGGCCAGGCCCCAGCGCTCCCAGAGGCCCCTTTCTCACCCTTTCCCGTTGCTTTCCAG-3’ (245)
5’GTAAGTCCAGACCCAGGACATGAGCTGAGCTGGCACCTCCTGGGGAAGCTGCTGCCTCCACA
GGGATGTGGCATTCACCAGGTTTGTGTCTCTGCTTGTGTCTCCCCCTGCCTAG-3’ (115)
5’GTGAGCGGTGTGCATGGCTTGCTTGCAGGCTGGCATGGATGGGCATTCATGAAAGATCATTCA
GGGAGCTGGTACTTAATTAAGAAATGCACATGGAATACCTCCTGGTGCCCCCTGAGACAGGAACT
CCCTTTCAGGGTGGGGAAGGTATGTTCCAGGTAGGTGGCCAGGAGACTTGGGGCAGTTCAGCC
AGAGGCAGGAGATGACAGGAGGCAAAGCACATCTGAAGGAAGTTTTGCTCAGAGTAATCAGGAG
TGTGCAGCGTGTGTGGAGATGGGAATATCCATGAAGGCAGCTGAACAGAGAATGAAGAGAGCAG
CCCAAGGTGGACAGGTAGGAGGAAAAGAGAGAGGAAGGGGGTAGGGGTGCAATGCAGTTAATG
CAAGCTCTGTCAGGAAGTAAAGCAAAAGCAGAGGAGGGGAGTGAAACCAGGCAGGAAAGGAAC
AGAGAGGAGATGCCCAACATCACGCCGTGCTTTGGAGCTTGCGCTGGCTTGATTTGAGAAAGAG
GAAAGTGGACGCAGGTTCCCTTCCTCTGGCGGAAATGTGTTGAATTCAGCTGGTGGCATCAACC
CCCACTTTGGGCTGTGTGAGCTCCTCCCCGGGACTGCTGCGCCTCTTCCCCCCAGGGCTAACCT
CTGCAATATGTGGGGCACGAGGATGCAAAAATGGGCTGACTGCGGGCTCTTTCCTCCTCCTCCT
CATTCCAG-3’ (709)
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Despite Mycobacterium tuberculosis has an ancient origin, it is still a major global
threat causing the death of over 1.2 million people. The lengthy treatment and multiple
resistances have made difficult any expectation of erradication. Additionally, ¼ of the
world population habors latent bacteria(1). During the last decades, many studies have
been carried out aiming to better understand the latent (dormant) state, which
unraveled important proteins involved in this process. DosT and DevS (DosS) were
identified as key sensors leading to this dormant state, once trigerred by oxygen
depletion. These proteins are heme-based sensors histidine kinase that work as a twocomponent system with the response regulator DevR (DosR) (2,3). This system shares
remarkable similarities to FixL/FixJ, also another oxygen sensor(3). However, much
less is known about their structural organization and molecular mechanism of signal
transduction. Aiming to further investigate this system, DevS was studied in the active
and inactive states employing fluorescence, chromatography and dynamic light
scattering techniques. Analytical gel filtration was used and showed multiples peaks
correspondng to distinct oligomeric state for DevS, which were quickly and reversibly
altered by changing the heme ligand (e.g. O2, CO). These results indicated a higher
oligomeric state is favored once DevS is kept in an active state (deoxy, CO), while
lower oligomeric state (tetrameric as major) in the inactive state (O2, met).
Fluorescence studies using intrinsic and extrinsic probes also showed changes
consistent to a transition of distinct conformational states. Light scattering further
supported the oligomeric composition of DevS, its non-globular profile, and changes
noticed in active to inactive states. Altogether these results pointed out to an exciting
mechanism of signal transduction associated to changes in the oligomerization of
DevS, which is quite distinct of FixL, its closest heme-based sensor relative.
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Nowadays, and in the coming decades, antimicrobial resistance (AMR) will be among
the most serious health threats. Methicillin-resistant Staphylococcus aureus (MRSA) is
one of the most dangerous multi-drug resistant bacteria worldwide and it is included as
“high priority” in the Global Priority Pathogens List (Global-PPL) drafted by WHO in
2017. The Staphylococcus aureus pathogenesis of human infections has been shown
to be reliant on the acquisition of iron. To overcome the human nutritional immunity, S.
aureus has developed the Iron-regulated Surface Determinant (Isd) system aimed at
iron retrieval based on Hb binding. In detail, Iron-regulated Surface Determinant (Isd)
system consists of nine components: four surface proteins covalently anchored to the
peptidoglycan that reversibly bind hemoglobin (Hb) and heme (IsdA, IsdB, IsdC and
IsdH), an ABC transporter (IsdF) with an associated lipoprotein (IsdE), and two
intracellular heme-degrading enzymes (IsdG and IsdI) [1]. In the Isd system, IsdB and
IsdH are the proteins in charge of binding Hb to extract heme. Interestingly, antibodies
and vaccines directed against IsdB have been demonstrated to be active in the
protection against S. aureus infections [2]. We present here an optimized, ELISAbased assay for the detection of IsdB-Hb complex, where the affinity-tag recombinantly
added to IsdB ensures its binding to the well and Hb bound to IsdB is detected through
an HRP-conjugated anti-Hb antibody. The assay allows to calculate a KD of IsdB for
OxyHb and MetHb of 50 and 120 nM respectively, in good agreement with published
data [3]. The optimized assay has been used for a self-confident identification of
inhibitors of IsdB-Hb complex formation and SAR development. Thirty molecules,
identified by structure-based virtual screening and molecular docking, were purchased
from commercial suppliers and tested. The very high affinity of IsdB for Hb limits the
sensitivity of the assay. To overcome this limitation, the Y165A IsdB mutant has been
designed and purified. In the mutant, an alanine replaces tyrosine 165, the aminoacidic
residue that plays a fundamental role in Hb binding. The dissociation constant of this
mutant for Hb was found to be in the micro-molar range and the ELISA screening on
IsdBY165A-Hb complex has identified four compounds that interfere with complex
formation. Further experiments are ongoing to calculate the potency of these
compounds.
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We recently identified a novel globin lineage, consisting of a large chimeric protein with
an N-terminal protease domain and a central globin domain, named androglobin
(Adgb) because of its specific expression in testis tissue. Intriguingly, this new member
of the globin family is evolutionary ancient and extremely conserved, being present in
mammals, vertebrates, more basal animal clades and even unicellular organisms.
Hexacoordination of the Adgb heme iron and lack of transcriptional induction in hypoxia
in mammalian cell culture and in mice as well as decreased expression in human tumor
biopsies indicate a function independent of classical O2 supply. Adgb expression is
associated with postmeiotic stages of spermatogenesis and analysis of a newly
generated Adgb knock-out mouse model suggests a crucial role in reproduction,
consistent with decreased Adgb expression levels in semen and testis biopsies from
infertile males. Phenotyping of Adgb-deficient mice demonstrates absence of mature
spermatozoa and developing elongating spermatids in the lumen of seminiferous
tubules, indicating an Adgb-dependent arrest of spermatogenesis prior to spermatid
differentiation at the round haploid spermatid stage. To gain additional insights into the
physiological function of Adgb we explored the Adgb-dependent interactome by
performing immunoprecipitation (IP) followed by mass spectrometry analysis, and
identified multiple spermatogenesis-related proteins with major roles in chromatoid
body formation and RNA processing and storage. Validating co-IP and FRET
experiments confirm the observed interactions further suggesting that Adgb is
indispensable for male reproduction possibly via chromatoid body associated
processes.
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Nitrobindins (Nbs) are ubiquitous all β-barrel heme-proteins spanning from bacteria to
Homo sapiens [1,2]. The functional role of Nbs is still obscure although they are
structurally reminiscent to nitrophorins, which are devoted to NO transport [3], and to
lipocalins that are involved in ligand transport [4]. In Nbs, the heme is hosted in the
eight-stranded β-barrel [5,6]. Interestingly, amino acid residues paving the heme pocket
are strictly conserved [1], suggesting a crucial role of the heme-protein interactions on
the modulation of Nb reactivity. Resonance Raman (RR) spectroscopy provides
information on the Fe3+, Fe2+ and Fe2+-CO species of Mycobacterium tuberculosis and
Homo sapiens Nbs (Mt-Nb and Hs-Nb). At pH 7.0, both Fe3+ Nbs show the coexistence
of a main His-Fe-H2O 6-coordinated (6c) high spin (HS) and a His-Fe-OH- 6c low spin
(6cLS) species. The 6cLS form of Mt-Nb is predominant at pH 10; however, the protein
undergoes denaturation at pH 11.0. On the contrary, Hs-Nb does not show any pHdependent transition. The Fe2+ forms of Mt-Nb and Hs-Nb are pure His-Fe high spin
(5cHS) species, the intense band observed at 213 cm-1 is assigned to the ν(Fe-His)
stretching mode. This mode is an optimum probe of the proximal cavity structure as it is
very sensitive to the H-bonds between the N atom of the proximal His and nearby
residues, displaying an increase in the frequency with a strengthening of the H-bond
[7,8]. The frequency at 213 cm-1 is quite low and suggests a weak or no H-bond. Both
Fe2+ proteins bind CO. This ligand is an excellent probe for investigating the heme
distal cavity [9] since back-donation from the Fe dπ to the C-O π* orbitals is modulated
by polar interactions and H-bonds between the heme-bound CO and the cavity
residues. The RR Fe-CO frequencies suggest the weakening of the proximal His-Fe
bond upon CO binding. Overall, the RR data indicate the absence of a rigid H-bonding
network in the barrel cavity around the heme.
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Cytoglobin (Cygb) and neuroglobin (Ngb) are hexacoordinate members of the human
hemoglobin family. The physiological role of these globins is not clearly understood,
however numerous studies have proposed physiological functions including nitric oxide
(NO) regulation, oxygen sensing or protection against oxidative stress under hypoxic/
ischemic conditions. Both Ngb and Cygb have high NO dioxygenase (NOD) activities,
rapidly consuming NO under normoxic conditions. Under hypoxia, both Cygb and Ngb
exhibit nitrite reductase activity (NiR), generating NO. We have recently reported that
the NiR activity of Cygb is strongly modulated by the oxidation state of the cysteines
[1]. The high NiR activity for Cygb with intramolecular disulfide suggests a plausible
role for this biochemistry in controlling NO homeostasis under oxidative conditions.
Considerable work has been previously reported on using mutations to control specific
properties of hemoglobin (Hb) and myoglobin (Mb), including O2 binding and NO
binding/scavenging [2] and on the NiR activity of Ngb [3]. We have mapped these
mutations onto both Cygb and Ngb, in addition to other rationalised mutations, to
examine their effects on various potential functions of these proteins. By understanding
how particular mutations can affect specific reactivities, these mutations may be used
to target mutations (e.g. by CRISPR/Cas9) in cell or animal models to help understand
the precise role (or roles) of these proteins under physiological and pathophysiological
conditions.
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In heme-based gas sensor proteins, heme acts as the sensing site for binding of
gaseous molecules, including O2, NO, CO and indirectly participates in regulation of
important bacterial functions such as antibiotic resistance, sporulation, biofilm formation
or virulence. Since these bacterial properties affect human's health their regulation
pathways have become an important target for studying (1,2).
Heme-based gas sensor proteins are always composed of at least two domains: one is
a sensor domain (heme-based gas sensing) and the other is a functional domain.
However, the structure-function relationship and mechanisms of communication
between these domains have not been fully understood. Therefore, we selected three
model systems, namely (i) a globin-coupled histidine kinase, AfGcHK, from
Anaeromyxobacter sp. strain Fw109-5 (3-6), (ii) a globin-coupled heme-based oxygen
sensor diguanylate cyclase, YddV, from Escherichia coli (7,8) and (iii) a direct oxygen
sensor from Escherichia coli (EcDOS) (9), in order to study the signal transduction in
heme-containing oxygen sensor proteins. Especially the interaction between the two
domains, the heme-containing sensor and its functional domains, is therefore currently
studied by techniques such as spectroscopy, hydrogen-deuterium exchange, enzyme
kinetic analysis, crystallography etc. under various conditions.
Moreover, as H2S has been reported as an important biological signal in some
systems, we have decided to examine the effect of H2S on heme coordination structure
and catalytic activity of the selected heme-based gas sensor proteins (5,9) in order to
shed more light on general features associated with the signal tranduction.
Supported by the Grant Agency of Charles Univeristy (948218).
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Plants may contain symbiotic and non-symbiotic hemoglobins. The latter are now
termed phytoglobins (Glbs)1. Symbiotic hemoglobins include leghemoglobins and
hemoglobins of actinorhizal plants and are expressed only in nodules. In contrast, Glbs
are expressed in most tissues and can be grouped, based on phylogenetic analyses
and biochemical properties, in three classes, The model legume Lotus japonicus
contains two class 1 (Glb1-1, Glb1-2), one class 2 (Glb2), and two class 3 (Glb3-1,
Glb3-2) phytoglobins. To obtain information about Glb functions, we have started a
detailed phenotying study of L. japonicus mutants obtained from the LORE1 collection2.
First, we have identified mutants defective in Glb1-1, Glb1-2, Glb2, and Glb3-2. These
mutants bear the endogenous retrotransposon LORE1 inserted in the coding part of
the respective genes and are therefore knockout. We produced homozygous seeds
from one to three independent lines for each gene and verified the absence of Glb
transcripts by qRT-PCR. Nodulated plants were grown for 4-5 weeks on Jensen
medium and non-nodulated plants were grown for 3 weeks on Jensen medium
supplemented with 1.5 mM NH4NO3. A set of nodulated plants was grown until the
fruiting stage; these plants were grown in plates for 4-5 weeks and were then
transferred to pots.
Non-nodulated plants deficient in Glb1-1, Glb1-2, or Glb2 were smaller than the wildtype plants (WT) and those deficient in Glb3-2 exhibited lower root development.
Nodulated plants of Glb1-1 and Glb1-2 also showed reduced shoot length and had
fewer nodules, and Glb3-2 plants were shorter, had smaller roots, and developed fewer
nodules. Regarding flowering and fruiting, Glb1-1 plants had increased flower and pod
production, Glb1-2 plants produced more flowers and pods, Glb2 plants had smaller
pods with a lower number of seeds, and Glb3-2 showed a delay of 10 days in flowering
with respect to the WT plants.
Our results strongly suggest that Glbs perform distinct functions during plant
development. They may act specifically at certain processes taking place from the
vegetative to the flowering and fruiting stages. Glb1-1 may play an important role in
nodulation, whereas Glb2 seems to be involved in the fruiting process. Finally, Glb1-2
and Glb3-2 may be important in plant development, including flowering and fruit set.
Acknowledgments. I.V. is the recipient of a contract (BES2015-073059) from Ministerio de Economía y
Competitividad (MINECO). This work was funded by grant AGL2017-85775-R to M.B. and M.C.R. from
MINECO-Fondos Europeos de Desarrollo Regional.
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Resonance Raman of murine Neuroglobin in solution reveals the
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Neuroglobin (Ngb) is a recently discovered globular heme protein [1], mainly expressed
in vertebrate neuron tissues. Unlike in the well-known myoglobin (Mb), where the axial
ligands are a His residue and a water molecule, the crystal structures and resonance
Raman (RR) spectra of Ngbs from different sources (murine [2,3], human [4], Antarctic
fishes [5]), show that in the ferric and ferrous forms in absence of an exogenous ligand,
both the proximal and the distal ligands are His residues (bis-His conformation).
However, exogenous ligands, such as O2, NO and CO, bind the heme iron by
replacement of the distal His residue. The bis-His endogenous ligation,which is likely
related to the still unknown physiological role(s) of Ngbs, has been proposed as a
unique mechanism for affinity regulation and ligand discrimination [6].
In the present work, a UV-Vis and RR characterization of the ferric, ferrous and ferrousCO adducts of the murine WT protein and selected mutants, was carried out. In
particular, we studied site-directed mutants at residues involved in modulating CO
binding either at the proximal heme side or in the CD-loop. The CO-adducts give
similar results to those previously obtained for other Ngbs [3,5]: two different CO
conformers are observed, constituted by a closed (CO is H-bonded to the distal His)
and an open (CO is not H-bonded) form. The RR data of the WT ferric form reveal the
presence of two different 6-coordinated low spin (6cLS) bis-His conformers, which have
distinct heme orientations. In complete agreement with the crystallographic findings [2]
the main conformer, termed A, contains a heme which is rotated 180° with respect to
the a-g meso axis (reversed conformation), while the other form, termed B, shows a
canonical heme insertion. These conformers are maintained also upon reduction. In the
mutants, the canonical conformer increases at the expense of the reversed form. To
our knowledge, this is the first reported case of a reversed 6cLS heme protein identified
by RR, hence, the results will be discussed and compared with those obtained for the
reversed form of the 6-coordinated high spin Mb [7].
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