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ABSTRACT

The cytoglobins of the Antarctic fish Chaenocephalus aceratus and Dissostichus mawsoni have
many features in common with human cytoglobin. These cytoglobins are heme protemnsh

the ferric and ferrous forms have a characteristic hexacoordination of the heme iron, i.e. axial
ligation of two endogenous histidine residues, as confirmed by electron paramagnetic resonance,
resonance Raman and optical absorption spectroscopy. The combined spectroscopic analysis
revealed only small variations in the heme-pocket structure, in line with the small variations
observed for the redox potential. Nevertheless, some striking differences were also discovered
Resonance Raman showed that the stabilization of an exogenous heme ligand, such as CO, occurs
differently in human cytoglobin than in the Antarctic fish cytoglobins. Furthermore, while it has
been extensively reported that human cytoglobin is essentially monomeric and can form an
intramolecular disulfide bridge that can influence the ligand binding kinetics, the 3D modeling of
Antarctic fish cytoglobins indicates that the cysteine residues are too far apart to form such an
intramolecular bridgeMoreover, gel filtration and mass spectrometry reveal the occurrence of
covalent multimers (up to pentameirsYhe Antarctic fish cytoglobins that are formed also at low
concentrations. Stabilization of these oligomers by disulfide-bridge formation is possible, but not
essential. We cannot exclude that if intermolecular disulfide bridges are fahaecaninfluence

the heme-pocket structure.

KEYWORDS
Cytoglobin; protein expression; electron paramagnetic resonance; resonance Raman

spectroscopy; mass spectrometry; redox.



1 Introduction

Cytoglobin (Cygb) is a vertebrate globin with a currently unknown function that is ubiquitously
expressed in different tissues in relatively low concentra@nﬂ I4 expressed in both the nucleus
and the cytoplasm depending on the cell t@e [2]. Possible functions of Cygb ingltrdasport

1,02 stora], nitrite reductase activ [5], peroxidase

activity , and a function as tumor suppressor gene [6]. Cygb has been reported to cdotribute

to the mitochondrial respiratory chgir

1

hypoxia adaptation in the subterranean mole rat S@akﬂﬁreover,it has been hypothesized
that Cygb protects cells against oxidative stElss [8] and plays a role in fibrotic organ disgrders [9-
. The possibility of using Cygb as a biomarker has also recently been evted [15

Human cytoglobin (CYGB) is expressed as a homodimer in Escherichia coli, which is stabilized

by electrostatic interactions and hydrogen bopdg [16446te that we here use the generally

accepted abbreviations in globin research, whereby the human variant of globins is indicated in
uppercase (e.g. CYGB), while the other variants are given in lower case (e.g. Gygi)sidts

of two monomers with a sequence length of 190 amino acids. This sequence shows few similarities
with vertebrate hemoglobin (Hb) and myoglobin (Mb) (< 30% iden) [1]. The tertiary structure

of CYGB contains eighd-helices, numbered A to H, that are ordered in a ‘three-overthree’ o-

helix configuration characteristic for many globi[]m contrast to other globins, CYGB has

extensions at the N- and C-termini, which seem to be disordered in the crystal stfucfures |17,19,20

and might be involved in lipid bindinl]. Note that in one of the reported crystal structures, an
additional helix is found in the N-terminus prior to the A h[20], indicating that the termini
may acquire order under certain circumstances. Similar to neuroglobin g b) [22], the heme iron
in Cygbs is hexacoordinated in the absence of exogenous Ii@ds [17], being ligated to both the
distal histidine in position 7 of the E-helix (HisE7) and proximal histidine (HisF8) in the ferrous
(FE€*) and ferric (F&) states. In this way, there is a competition between the endogenous HisE7
and an external ligand, such ag © bind the central heme iromdacleavage of the distal HisE7—

Fe bond is necessary for binding of exogenous ligands [R3,24




C. aceratus Cyghb-1 = —=—————————————— MERMQOGEAE-GDHLERPSPLTDKEKVMIQDSWAKVYENCDDTGV 43
D. mawsoni Cygb-1 = ———————————————— MERMQGEAE-GDHLERPSPLTDKERVMIQDSWAKVYENCDDTGV 43
T. nigroviridis Cygb-1 = ———————————————- MERMQRDGE-VDHVEQPGPLTEKEKVMIQDSWAKVFQSCDDAGV 43
T. nigroviridis Cygb-2 MSHREPPPP---—--- QLAVQRRDVDGQDGPERAEPLSDTEREMIRDAWGHVYKNCEDVGV 54
0. latipes Cygb-1 = ———————————mm—m MERKQ--GE-VDHLERSRPLTDKERVMIQDSWAKVYQNCDDAGV 41
0. latipes Cygb-2 MSCRESPPPPSPPPOMLGVQRGECE--DRPERAEPLSDAEMEI IQHTWGHVYKNCEDVGV 58
D. rerio Cygb-2 = ———m——————— MEKEREDEE-TEGRERPEPLTDVERGIIKDTWARVYASCEDVGV 43
D. rerio Cygb-1 = —————————— MEGDGG-VQLTQSPDSLTEEDVCVIQDTWKPVYAERDNAGV 40
cyece  mmmmmmm— MEKVPGEME-IERRERSEELSEAERKAVQAMWARLYANCEDVGV 43

A B
C. aceratus Cygb-1 AILVRLEFVKFPSSRQYFSQFKHIEEPEELERSAQLRKHANRVMNGLNTLVESLDNSEKVA 103
D. mawsoni Cygb-1 AILVRLEVNFPSSRQYFSQFKHIEEPEELERSAQLRKHANRVMNGLNTLVESLDNSEKVA 103
T. nigroviridis Cygb-1 AILVRFFVNFPSSKQFFKDFKHMEEPEEMQQSVQLRKHAHRVMTALNTLVESLDNADRVA 103
T. nigroviridis Cygb-2 SILIRFFVNFPSAKQYFSQFQODMEEPEEMERSSQLRHHACRVMNALNTVVENLHDPEKVS 114
0. latipes Cygb-1 AILVRLEFVNFPSSKQYFSQFKHIEDAEELEKSSQLRKHARRVMNAINTLVESLDNSDKVS 101
O. latipes Cygb-2 SVLIRFFVNFPSAKQYFSQFQODMODPEEMEKSSQLRQHARRVMNAINTVVENLQDPEKVS 118
D. rerio Cygb-2 TILIRFFVNFPSAKQYFSQFQDMEDPEEMEKSSQLRKHARRVMNAINTVVENLHDPEKVS 103
D. rerio Cygb-1 AVLVRFFTNFPSAKQYFEHFRELOQDPAEMQONAQLKKHGORVLNALNTLVENLRDADKLN 100
CYGB AILVRFFVNFPSAKQYFSQFKHMEDPLEMERSPQLRKHACRVMGALNTVVENLHDPDKVS 103

- B _C D E
C. aceratus Cygb-1 SVLKLLGKAHALRHKVEPVYFKILSGVILEVLGEAFSEVVT-PEVAAAWTKLLATMYCGI 162
D. mawsoni Cygb-1 SVLKLLGKAHALRHKVEPVYFKILSGVILEVLGEAFSEVVT-PEVAAAWTKLLATIYCGI 162
T. nigroviridis Cygb-1 SVLKSVGRAHALRHNVDPKYFKILSGVILEVLGEAFTEIIT-AEVASAWTKLLANMCCGI 162
T. nigroviridis Cygb-2 SVLAVVGRAHAVKHKVEPMYFKILSGVILEVLCEDFPEFFT-ADVQLVWSKLMATVYWHV 173
0. latipes Cygb-1 SVLNAVGKAHAIRHKVDPVYFKILSGVILEVLGEAYPQVMT-AEVASAWTNLLAILCCSI 160
0. latipes Cygb-2 SVLALVGKAHAVKHKVEPIYFKIXSGVMLSVLSEDFPEFFT-AEVQLVWTKLMAAVYWHV 177
D. rerio Cygb-2 SVLVLVGKAHAFKYKVEPVYFKILSGVILEILAEEFGECFT-PEVQTSWSKLMAALYWHI 162
D. rerio Cygb-1 TIFNQMGKSHALRHKVDPVYFKILAGVILEVLVEAFPQCFSPAEVQSSWSKLMGILYWQOM 160
CYGB SVLALVGKAHALKHKVEPVYFKILSGVILEVVAEEFASDFP-PETQRAWAKLRGLIYSHV 162
F G H
C. aceratus Cygb-1 NAIYEEVGWSKHSSSSG-——-—-—-=————-— 179
D. mawsoni Cygb-1 NAMYEEVGWSKHSSSSG-———-———-—-—-— 179
T. nigroviridis Cygb-1 AAVYKEAGWTELSSSVE--—=-=—————— 179
T. nigroviridis Cygb-2 TGAYTDVGWLQVSSSAV-—=—=——=———~— 190
0. latipes Cygb-1 KAVYEELGWPHLSNSTS-—-—--=-=-—-———-— 177
0. latipes Cygb-2 TGAYTEVGWLQVSSSAV-—-=-—————=——— 194
D. rerio Cygb-2 TGAYTEVGWVKLSSSAV-—————=———~— 179
D. rerio Cygb-1 NRVYAEVGWENSKK--—-=—==—————— 174
CYGB TAAYKEVGWVQQVPNATTPPATLPSSGP 190
H

Figure 1. Amino-acid sequences of Antarctic fish, Tetraodon nigrovir [30], Oryzias latipes
, Danio rerio CygbsiEO] and CYGEIl?]. The Cys residues are indicated in red; identical
amino-acid residues are in yellow and amino-acid differences between the two Antarctic fish

Cygbs are in green. Positions of helices A-H are underlined according to the secondar structur

of CYGB . Adapted from Giordano et ﬂ?ﬂ

Additionally, CYGB has two Cys residues positioned at B2 and E9 (Figure 1). Binding kinetic
studies on ferrous CYGB showed that it is possible to form an intramolecular disulfide bridge
between these two cystein[.lHVhiIe disulfide-bridge formation was shown to induce a
decrease in the Laffinity by a factor of 10 in human Ngb (NGB), the effect is much smaller for
CYGB (at most a factor of 6Electron Paramagnetic Resonance (EPR) studies on ferric wild-
type (wt) CYGB confirmed that the formation of intramolecular disulfide bridges does not have a



significant influence on the direct environment of the heme g@p [25]. Recent photoacoustic and

transient absorption data indicate that the disulfide-bond formation mainly influences ligand

migration and kinetics [46,2.7Surprisingly, recent kinetics studies indicate that the dissociation

rate constant of the E7His increases with a factor of ~1000 when the intramolecular disulfide
bridge is formed in monomeric CYGEIZ8]. Furthermore, monomeric CYGB with the internal
disulfide bond intact interacts with lipids to induce changes in the heme enviro@eﬁ'ﬂﬁzgs

not the case for the dimeric protein with intermolecular disulfide bonds and monomeric protein
without an intramolecular disulfide bridge, clearly indicating a regulatory role for the disulfide

bridge formation.

Cygb has been discovered also in teleosts, but unlike mammals, which have only a single gene
copy ], fish possess two paralogous Cygb genes (Cygb-1 and Cygb-2), which duplicated early
in the teleost evqutioOTeIeost Cygb-1 typically has 174 to 179 amino acids, while Cygb-2

has 179 to 196 residues. The sequence identity among fish and mammalian Cygbs shows that
Cygb-2 is more closely related to mammalian Cygb than Cy@l [3G their mammalian
orthologs, both fish Cygbs are expressed in a wide range of tissues. However, Cygb-2 has been
detected at highest levels in neuronal tissues, suggesting a sub-functionalization of the two globin
paralogs after gene duplicati 30

The 16 members of the Antarctic icefish family Channichthyidae, including Chaenocephalus

aceratus in this study, are the only vertebrates that do not have Hb in their blood (white-blooded

fish) [31}33, and six species also lack Mb in the skeletal muscle as well as the heart muscle
34]39]. They, however, have retained [36] and [37]. Therefore, the Antarctic fish may

provide a valuable system for understanding the mechanisms involved in the evolutionary

development and alternative physiology of losing globin genes.

The current work describes the purification and physico-chemical analysis of the Cygbs-1 of C.
aceratus (C.aceCygb-1) and of Dissostichus mawsoni (D.mawCygb-1), a related red-blooded
Antarctic notothenioi that has both Mb and Hb. The Cygb-2 gene has been found in the red-

blooded Antarctic fishes Notothenia coriiceps

http://www.ncbi.nim.nih.gov/nuccore/XM_01077824pand D. mawsoni (Cheng unpublished).

Antarctic fish have also Cygb-2 (Giordano, unpublished).


http://www.ncbi.nlm.nih.gov/nuccore/XM_010778246.1

We here evaluate to what extent the heme-pocket structure and properties are affected by the
sequence differences between the two Antarctic fish Cygbs and CYGB. ResonancgRa)mnan
and continuous-wave (CW) and pulsed EPR spectroscopy have been used to characterize the heme

environment, since they have been earlier shown to reveal valuable information on CYGB

25]39,4Q. Furthermore, the multimeric state of the Antarctic fish Cygbs is characterized by

analytical gel-filtration experiments, native mass spectrometry (MS) and 3D modeling. Finally,

the redox potential of the different proteins under study is determined and compared.
2 Materialsand Methods

2.1. Cloning and sequencing of Cygb cDNA.

Cygb cDNAs of the red-blooded notothenioid fish D. mawsoni and the icefish C. aceratus were
cloned from retina and brain tissues, respectively. Total RNA was extracted using Ultraspec RNA
isolation reagent (Biotecx, USA), and 4 pg was primed with a lock-dock oligodT30 primer for
reverse-transcription with Superscript 1l (Invitrogen, USA) to produce first strand cDNA. A pair

of degenerate primers designed to the conserved regions of Cygb-1 and Cygb-2 from percomorph
fishes, perco cygF1l (5’-AGGGWGATSATCCAGSACWCRTGG@), and perco_cyg R2 (5°-
GGATCTTAAAGTAYAYGGGKTCCACCTTGTGT3’) was first used to amplify a ~315nt

Cygb cDNA fragment from the two notothenioid fishes. The PCR products were sequenced and
verified to be Cygb cDNA. The partial cDNA sequences were then used to query an assembled
transcriptome database of D. maws [41{l identified a partial transcript covering the 5 end

of Cygb inclusive of 5’UTR sequence. Using this sequence a notothenioid-specific 5’UTR primer,
noto_cygbUTR_F (5- GAAACAGATTTCCATCCTCTCTCACCAGG-3) was designed and
paired with lock-dock oligo dT30 to amplify the full length Cygb cDNA. The PCR products were
cloned into pGemTeasy (Promega, USA), sequenced and verified to be Cygb. To confirm the
validity of the nucleotide variations observed in some clones, a notothepéoific 3°UTR

primer noto_cyg3UTR_R was designed to a conserved region in the 3'UTR of the Cygb cDNA of
the two species, and paired with noto_cyg5UTR_F to re-amplify full-length Cygb cDNAs using
Phusion® high fidelity DNA polymerase (NEB, USA). The fragment was subsequently cloned in
Smal site of pBSIl KS- (Stratagene) and sequenced. Sequencing confirmed that the nucleotide

variations were valid. All sequencing reactions were performed using BigDye® Terminator v3.1



chemistry (ABI) and electrophoresed on ABI 3730XL capillary sequencer at the Roy Carve
Biotechnology Center at the University of lllinois, Urbana-Champaign.

The subcloning of Cygb cDNAs was performed in expression vectors pPBADA. A PCR was carried
out on the above mentioned plasmids using the 5’ primer, containing a Xhol restriction site (5’-
CCGCTCGAGATGGAGAGGATGCAGGGAGAG®), while the 3’ primer contained an

EcoRI restriction site (5-CCGGAATTCTCACCCACTTGAGCTTGAR?’). The amplified
product was cleaned and cut with Xhol and EcoRI at 37°C. The fragment was ligated in the
similarly cleaved expression vector pBADA. The resulting plasmids were sequenced to verify that
D. mawCygb-1 and C. aceCygb-1 were successfully cloned in the pBADA vector with the N-
terminal His-tag in frame.

Cys residues were replaced by Ser (C38S/C160S double mutant) by using the QuicR€hange
site-directed mutagenesis method (Stratagene). These mutants are abbreviated as D. mawCygb-1

and C. aceCygb-1*.

2.2 Protein Expression, Mutagenesis and Purification.

Recombinant expression plasmids were transformed in the Escherichia coli TOP10 strain
(Invitrogen). The cells were grown overnight at 37°C in 6 ml L-broth (10 g/L tryptone, Seght y
extract and 0.5 g/L NaCl) with 50 mg/L ampicillin. The grown cultures were poured into a flask
containing 250 ml TB medium (1.2% bactotryptone, 2.4% yeast extract, 0.4% glycerol, 17 mM
KH2POQw and 72 mM KHPQy 3H20) and 50 mg/L ampicillin. The cultures were shaken at 160
rpm at 37°C. The cultures were induced gitA 1.0 O.D by the addition of 20% L-arabinose to a
final concentration of 0.2%. The expressions were continued overnight. The grown cells were
harvested (20 min at 4000 rpm) and resuspended in 12 ml lysis buffer (50 mM TrisHCI pH7.5,
300 mM NaCl, 1% lysozyme). The resuspended cells were freeze-thawed three times and
sonicated (1 minute 70 Hz with a 3-5 sec pulse). The extract was clarified by low speed
centrifugation (10 min at 10000 rpm, 4°C). Imidazole was added to an end concentration of 20
mM and another low speed centrifugation was performed. The supernatant was loaded on a nickel
Sepharose column (Clontech). The bound Cygb was eluted with elution buffer (250 mM imidazole,
50 mM TrisHCI pH 7.5, 300 mM NacCl). The Cygb fractions were dialyzed against 50 mM TrisHCI

pH 7.5 and concentrated by using a Stirred Cell (Millipore) under 2 bar air pressure.



The recombinant mutant®.mawCygb-1* andC.aceCygb-1* were expressed and purified as
described above for thet proteins. The expression, mutagenesis and purification of CYGB and
CYGB*, used as comparative proteins to the Antarctic fish Cygbs, was identical to what was
described previousl5].

The purity of the recombinant expressed proteins was analyzed by 15% SDS-PAGE (see Figure
S2), MS (see section 2.4) and UV/Vis absorption at 280 nm and 416 nm. The respadivef

for C.aceCygb and D.mawCygb are 1.91 and 1.89.

2.3 Analytical gel-filtration experiments.

To determine the quaternary structure of Antarctic fish Cygbs in solution, analytical gel-filtration
experiments were performed. The standards and the Antarctic fish Cygbs were passed through a
Superose 12 column (25 mL volume). The column was equilibrated at room temperature with 50
mM TrisHCI pH 8.0, 150 mM NaCl and 0.5 mM EDTA. The flow rate was 0.5 ml/min and protein
elution was monitored at wavelengths of 280 nm (probing amino acids with aromatic ring
structure) and 412 nm [Soret band typical for heme proteins (globins)]. To evaluate whether
protein concentration has an influence on the degree of the quaternary structure, different Antarctic
fish Cygb-1 concentrations were analyzedud, 12.5uM, 50 uM, 100 uM, 125 uM, 500 uM

and 1 mM). Also Antarctic fish Cygb-1* mutants were taken into account. A re-run of the
fractionated multimers, after concentrating, was performed to check the equilibrium between the
different forms.

Four standards (horse Mb, human Hb, recombinant CYGB and thyroglobulin) were taken into
account to make a standard curve. The logarithm of the molecular weights was given as a function
of elution time. The molecular weights of the Antarctic fish Cygb-1 proteins could be estimated
using the standard curve.

As part of the sample preparation for native mass spectrometry, gel-filtration experiments were
also run on a Superdex 200 10/300 GL column (25 mL volume) with a flow rate of 0.75 mL/min

(see section 2.4).

2.4 Native M ass Spectrometry (MS).
Proteins were diluted in 100 mM ammonium acetate to a final concentration | g¥120he

samples were desalted using BioSpin columns (Biorad) and were introduced into the vacuum of



the mass spectrometer using nano-electrospray ionization with in-house prepared gold-coated
glass capillaries at a voltage of +1.6 kV. lon mobility MS experiments were performed on a
travelling-wave ion mobility Q-TOF instrument (Synapt G2 HDMS, Waters, Manchester, UK)
42143 or a high mass modified Q-TOF (Micromass, Manchester,)[uned to maintain

native protein structure in the gas-phase. Critical voltages for ion mobility experiments on the

Synapt type instrument were 25 V for the sampling cone, 4 V trap collision energy, 1.5 ¥rtransf
collision energy and 45 V for the trap DC bias. Pressures throughout the instrument were 6 mbar,
4.5 10 mbar, 3.1 mbar and 4.3 #@nbar for the source region, trap cell, ion mobility- and transfer
cell, respectively. lon mobility data were calibrated against proteins of known structure, as
described elsewhe A 5]. Experiments on the modified Q-TOF instrument were performed using
20 uM protein in 100 mM AmAc for native or 10 uM protein in 49:502Dtacetonitrile:formic

acid for denatured experiments, which were obtained by collecting the monomer fraction of a SEC
run on a Superdex 200 10/300 GL column (25 mL volume) with a flow rate ofnfL7®in.

Critical voltages were 1.8 kV for the capillary, 100 V for the sampling cone, 3 V for the extractor
and 25 V for the collision cell, with pressures of 4 mbar in the source region and 1,5 E-2 mbar in
the collision cell.

Collision cross sections (CCS) for comparison of protein structures were derived gom th
coordinates of the structural model of C.aceCygb-1 that was predicted using the MODELLER
software W. (see further). Oligomeric heetails models were manually docked and
subsequently subjected to an energy minimization routine implemented in the Yasara software
(www.yasara.com). All CCS from PDB files were calculated with the Mobcal algorithm using the
projection approximation (PA) method at 298 K in He and scaled to the experimentally derived
factor 0f1.14 X (MWey,/MWypo4e1)%/3 X CCSpa , to correct for the difference in ion mobility

gas (N in IM-MS and He in PA calculations) and the fact that the PA algorithm tends to

underestimate cross sections.

2.5 Optical Absorption Spectroscopy.

Optical absorption measurements of ferric (as-expressed), ferrous deoxy, and CO-ligated ferrous
Antarctic fish Cygb-1 proteins were performed on a Varian Cary 5E UV-Vis-NIR spectrometer.
All spectra were measured in a range from 350 to 700 nm at room temperature with a protein

concentration of ~2@M. The ferric form of the protein was obtained after purification. The



ferrous and CO-ligated ferrous forms were prepared in a sealed cuvette contanhirgf fuffer
solution (50 mM TrisHCI pH 7.5). The sample was then equilibrated wi(felktous form) or CO
(CO-ligated ferrous form). The protein was added to a final concentration qiMagsing an
airtight syringe and 1QL of a saturated solution of sodium dithionite was finally added to reduce

the protein and remove any residual oxygen.

2.6 Resonance Raman (RR) Spectroscopy

Resonance Raman measurements were performed at room temperature on a Dilor XY-800 Raman
spectrometer in low-dispersion mode using a liquid nitrogen-cooled CCD detector. The excitation
source is a Krlaser (Spectra-Physics BeamLok 2060) operating at 413.1 nm. The slit width used
during the experiments is 2Q®n.

During the measurements, the proteins were magnetically stirred at 500 rpm to avoid local heating
and photochemical decomposition. Ten spectra were acquired with an integration time of 30-240
s each. In order to remove spikes caused by cosmic rays, we removed the highest and lowest data
points for each frequency value, and averaged the remaining values. The power ofldserKr

was 1-50 mW. The ferrous deoxy and CO-ligated forms of the proteins were obtained in the same
way as for the optical absorption spectroscopy measurements. The CO-ligated samples were
prepared with botF’CO and'*CO; the latter was obtained from Cortecnet (98@). All samples

had a final protein concentration of ~pbI.

2.7 Electron Paramagnetic Resonance

X-band continuous wave (CW) EPR measurements were performed at low temperature (10 K) on
a Bruker ESP300E spectrometer with a microwave frequency of ~9.45 GHz, equipped with a gas-
flow cryogenic system (Oxford Instruments), allowing for operation from room temperature down

to 2.5 K. The magnetic field was measured with a Bruker ERO35M NMR Gauss meter. During the
experiments, a vacuum pump was attached to the EPR tube in order to remove paramagnetic
oxygen from the sample. The spectra of heme proteins are typically measured with a modulation
amplitude of 0.5 mT, a modulation frequency of 100 kHz and a microwave power p¥AL00

The effect of dithiothreitol (DTT) on the heme pocket was determined as follows. DTT was

dissolved in the protein buffer to a concentration of 100 mM. This solution was then added to the

1C



protein in the EPR tube to a final concentration of 10 mM DTT, after which the sample was
immediately frozen for EPR measurements.

X-band pulsed EPR measurements were performed at low temperature (7K) on a Bruker E580
Elexsys spectrometer with a microwave frequency of 9.74 GHz, equipped with a gas-flow
cryogenic system (Oxford Instruments) allowing for operation from room temperature down to 2.5
K. Electron-spin-echo (ESE) spec[48] were recorded using/2he - -echo sequence with
tv2=16 ns, 4 = 32 ns and-was varied from 88 ns to 2888 ns in steps of 8 ns. Three-pulse ESEEM
spectr] were recorded using #e- - 7/2-T- 7/2- ~echo sequence withi4= 16 ns, =32 ns,

rwas varied from 88 ns to 648 ns in steps of 16 ns and T was varied from 88 ns to 5688 ns in steps
of 16 ns. Hyperfine sublevel correlation (HYSCORE) sp [49] were recorded usitig-the

7 2-t1- +-to- 1 2- -echo sequence withd= 16 ns, i = 32 ns anditand ¢ were varied from 88 ns to

5688 ns in steps of 16 ns. HYSCORE measurements were recorded with diffeatuds and

added together as indicated in the figure captions. The HYSCORE spectra are baseline corrected
using a third-order polynomial, apodized with a Hamming window and zero-filled. After Fourier
transformation, the absolute value spectrum was calculated. The Mims ENDOR (electron nuclear
double resonance) spectEI[SO] were recorded usingdtte-7/2-T-7/2--echo microwave
sequence with-t = 16 ns and- was varied from 88 ns to 488 ns in steps of 16 ns. Auprilse
between 6.5us and 11us was inserted during time T, depending on the magnetic-field position.
Spectra taken at the differenvalues were added together to remove blind spots.

For all EPR measurements, 20% glycerol was added as a cryoprotectant. All spectra were
computer simulated using Easys[51], a toolbox for MATLAB (MathWorks, Natick, Mass.,
USA).

2.8 Redox Potential M easur ements

All electrochemical measurements were carried out using-Autolab Il potentiostat
(EcoChemie, The Netherlands) controlled by Nova 1.10 software. Gold disk working electrodes
(MF-2014 BASI, surface area 200n?) were mechanically polished with abrasive slurries of
diamond and alumina (particle sizes of 3, 1, 0.25 and ih9)5 Residual polishing material was
removed from the electrode surface by ultrasonication in ethanol and water for 5 min. The

electrochemical pre-treatment was performed by recording 10 successive scans from 0.1 V to 1.5

11



V versus a saturated calomel electrode (SCE) in 0.580at 0.1 V<. Finally, the electrodes

were incubated overnight in 8 mM 6-mercaptohexanol (Sigma-Aldrich) water solution. The
electrodes were washed in copious amount of water before being installed in an electrochemical
cell. Electrochemical behavior in the solution was studied using an electrochemical cell designed
for measurements in a small sample voI [52]ul56f the protein solutions (20-50M) was

placed in the cell equipped with a glassy carbon counter and SCE (0.248 V versus SHE at 20 °C,
REF401 Radiometer) electrodes. Alternatively a conventional three electrode cell was used, where
a thin layer of protein solution was entrapped between the working electrode and a dialysis
membrane (MWCO 12 kDa) [$3]. The background voltammograms were recorded before
introducing a sample of the proteins. All measurements were carried out at (20 = 2) °C in 0.05 M

TrisHCI buffer (pH 8.0) under nitrogen atmosphere.

2.9 3D-Modeling of C.aceCygb-1

The structural model of C.aceCygb-1 was predicted using the MODELLER 9v15 sdftwar¢ [46,54
in combination with Chimer5]. The model was built omitting the N-terminal part of the protein
(i.e. assuming C.aceCygl§i¥-179)). ProchecG] evaluation indicated that the geometry of
100% of the residues is in allowed regions. Verify3Q) [5[7,58] showed that 84.66% of the residues

have a score higher than 0.2, and ProSA-\veli) [$9,60] results confirm this finding through a

negative Z-score for every residue, and a calculated Z-score of -7.5 for the global mélicule.
these data indicate a reliable model. The predicted model of C.aceCygb-1 is compared to the
known high-resolution 3D structure of CYGB (PDB: 2DC3 [A]) (Figure S1, supplementary

information).

3 Resultsand discussion

3.1 Amino-acid sequence analysis.

C.aceCygb-1 and D.mawCygb-1 reported here, are considered as Cygb-1 (accessioa number
KR73976 and KR732975, respectively), because their sequence is closely related to the Cygbs-1
of temperate fish with more than 70% of sequence identity, whereas they share from 54 to 59% of
sequence identity with fish Cygbs-2 and CYGB (Figure 1 and Supplementary Table S1). The only
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exception is for Danio rerio, since its Cygb-2 shares 60% of sequence identity with Cygb-1 of
Antarctic fish (Supplementary Table S1). Fish Cygb-2 is more closely related to mammalian Cygb
than fish Cygb-1 with a sequence identity of 6 [30].

In the liver and brain transcriptome of C. aceratus, Shin I. [61] have identified Cygb-1 mRNA
having the same nucleotide sequence found in the muscle of another icefish Chionodraco hamatus
. The Cygb-ImRNA has also been identified in the brain of C. hamatus and Trematomus
bernacchii (a red-blooded species of the family Notothenii) [37]. The latter Antarctic fish
Cygb-1 displays very high sequence similarity with C.aceCygb-1 and D.mawCygb-1 (unmlblishe
results). As mentioned, the Cygb-2 mRNA has been found in the red-blooded Antarctic fish N.
coriiceps, C. hamatus, T. bernacchii and D. mawBdiA.

The two Antarctic fish Cygbs are composed of 179 amino-acid residues with a sequence identity
of 98%, differing in only four positions: R&4(position A5), N52K (BC loop), 1158M (H15
position), V165l (H22 position). The residues suggested to be essential for the function (Leu46
B10, Phe60 CD1, His81 E7, Arg84 E10, Val85 E11 and His113 F8, considered equally important
in binding of an exogenous ligand [17}19)68te conserved and present in both Antarctic fish

Cygbs (Figure 1).

Mammalian Cygbs contain conserved Cys residues, positioned at B2 and E9, which are known to
create an intramolecular disulfide bridge in vi[16] that slightly increases Aladfidity of
mammalian Cygb under oxidizing conditions. However, these Cys residues are only conserved in
Tetraodon nigroviridis Cygb-2, whereas in the other teleost Cygbs, as well as in Antarctic fish
Cygb-1, the Cys at position E9 is replaced by another amino acid (Figure 1). Moreover, teleost
Cygbs have another Cys residue positioned at H17 (Figure 1), too far from the first Cys to form a
disulfide bridge [see discussion and modeling (Supplementary Figure S1)]. Therefore, the O
affinity of fish Cygb-1 is expected to depend differently on the redox state of the Cys residues than

in mammalian Cygbs.
3.2 Multimeric state of Antarctic fish Cygbs.

Analytical gel-filtration experiments for C.aceCygb-1* suggested the presence of monomers and

multimers [Figure 2B (low concentrations) and Figure S3 (high concentrations)]. A re-run of the
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fractionated peaks (immediately after concentrating the samples) was performed (Supplementary

Figure S4). No extra multimers were formiedhe fractionated samples. The same results were

obtained for D.mawCygb-1 (d

ata not shown).
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Figure 2. (A) Cartoon showing measurement approach. (B) Chromatogram of the gel-filtration
experiments performed on C.aceCygb* and D.mawCygb* (Superdex 200 10/300 GL column). (C)
Nano-ESI mass spectra of C.aceCygb-1 (left) and C.aceCygb-1* (right) introduced in the
spectrometer under non-denaturing conditions (top) and denaturing conditions (bottom). The

charges of the formed complexes and signals stemming from charged multimers are indicated.
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In order to study this in more detail, natM& was performed to assess the degree of heterogeneity
present in the Antarctic Cygbs (Figure 2). The experimental approach is outlined in Figure 2A.
First, gel-filtration experiments were performed over a Superdex 200 10/300 GL column on diluted
samples with a final concentration of 60 pM in a 100mM AmAc pH 7.5 buffer (Figure 2B). The
volume representing the monomeric species was collected and kept overnigkt at 4
concentration of 20 uM. Nano-electrospray ionization (nESI), which leaves the structure and non-
covalent interactions of a protein unaltered upon transfer to the gas phase, was then used to produce
the protein ions. MS measurements were performed under both native and denaturing conditions.
Figure 2C shows the results for C.aceCygb-1*, while the corresponding results for D.mawCygb-
1* are shown in Figure S5. nESI generates multiply charged protein ions, with a Gaussian like
charge state distribution for each species. For both Cygbs we observe spectra dominated by signals
from the monomer (Figure 2 blue circles) and dimer (Figure 2 red circles) species. However, along
with monomers and dimers, oligomeric species up to pentamers are observed. When chaotropic
solvents (acetonitrile and formic acid), which weaken all non-covalent interactions, were added to
the solutions and the solutions were left incubating overnigfiGatthe signals from oligomeric
protein were abolished (Figure 2C and S5). This shows that the driving forcesd behin
oligomerization are non-covalent interactions between the subunits. When the experiments were
repeated starting from a sample diluted from a high-concentration aged batch, similar multimers
were observed under native conditions (Figure S6). However, amttedenaturing conditions
(acetonitrile alone), the signal for oligomeric protein was partially retained (Figurg. S6C
Degrading in the presence of acetonitrile and formic acid was needed to abolish most of the signals
of the multimers, indicating that the non-covalent multimers are quite stable. The initial oligomers
formed in a non-covalent way may even be further stabilized by slow disulfide bridge formation.
Such disulfide bridge formation may explain the more pronounced broad signals observed at m/z
values larger than 3500 for the Cygb-1 in comparison to Cygb-1* both under denaturing
conditions (Figures 2C and S5) and can also explain the notable effect of DTT on the MS spectrum
of the high-concentration batch of D.mawCygb-1 (Figure S6D). However, these disulfide bridges
are clearly not necessary for the oligomerization and are not the keyifad&termining their

high stability.

Note that in the mass spectrum of C.aceCygb-1 shown in Figure 2C, extra peaks due to a complex

1.1 kDa lower in mass are observed. These peaks are, however, not observed in any of the other
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batches (e.g. Figure S6A) and are therefore ascribed to an impurity. Their presence does not
influence the oligomerization behavior.

We further assessed the topology of oligomerization withMBI{(Figure 3, Figure S7). All
Antarctic fish Cygbs investigated (both wild-type and mutants) displayed similar CCS for the same
oligomeric sizes, suggesting that oligomerization proceeds via a similar pathway in all cases. In
addition, native IM-MS revealed that the Antarctic fish Cygb forms oligomers for which the CCS
increases linearly with oligomer size, suggesting a chain-like growth of the oligomers. The
obtained results are congruent with a heathil oligomerization. In order to confirm the linear
oligomerization pathway, we considered models of heddH oligomeric C.aceCygb-1 (Figure

3). Although the CCSs predicted for these oligomeric models were found to be somewhat lower
than the experimental values, such differences are most likely due to the missing N-terminus in
the models.

CYGB was also investigated with native MS (Figure S8). Compared to the spectra of Antarctic
fish Cygbs-1, no extensive oligomeric CYGB was observed. The spectrum is dominated by

monomeric CYGB, with only low intense signals for dimer CYGB.
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Figure 3. lon-mobility MS shows that Antarctic fish Cygbs form oligomers that grow linearly in
size. Heado-tail model of oligomeric C.aceCygb-1 confirms a linear oligomerization pathway.

3.3 Optical absorption spectra.
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Figure 4 shows the optical absorption spectra of the ferric, the ferrous deoxy and the CO-ligated
ferrous forms of C.aceCygb-1. The corresponding spectra of D.mawCygb-1 are shown in the
supplementary information (Supplementary Figure S9) and are similar to those of C.aceCygb-1
Ferric C.aceCygb-ghows the Soret band at 415 nm and the f and o Q-bands at 531 and 562 nm,
respectively. This is typical for hexacoordination of the heme iron (low-spin (LS) state S=1/2) and
indicates bis-histidine ligation to the iron as was earlier observed for ferric EB[BQIarIy,

the Soret (425 nm) and Q-bands (531/559 nm) of the ferrous deoxy Antarctic fish Cygbs are typical
for a bis-histidine coordination of the ferrous i[39]. The Soret (423 nm) and Q-bands (543/471
nm) of the CO-ligated ferrous forms of the Antarctic fish Cygbs are also identical to those of the
corresponding form of CYG@Q

o
o

o
)
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o
'S

400 500 600 700
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Figure 4. Optical absorption spectra of the ferric (dashed line), ferrous deoxy (dotted line) and
CO-ligated ferrous (solid line) forms of C.aceCygb-1 at pH 7.5. The spectra were nodtalize

the Soret band in order to allow better visual comparison of the shifts of the spectral lines.

3.4 Resonance Raman spectr oscopy.

The porphyrin in-plane vibrational modes in the high-frequency region (1000eh7€)0of the

RR spectra of heme proteins present marker bands for the oxidation, coordination and spin state
of the heme iron. In the low-frequency region (250-8a6") different bending modes of the
propionate, pyrrole and vinyl groups can be fo [64]. Figure 5 shovRRIspectra of ferric
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(a), ferrous deoxy (b), and CO-ligated ferrous (c,d) C.aceCygb-1. The corresponding spectra for
D.mawCygb-1 are shown in the supplementary information (Supplementary Figure S10). The

spectra are very similar.

200 300 400 500 600 700 1300 1400 1500 1600
Raman Shift [cm'1] Raman Shift [cm'1]

Figure5. RR spectra in the low- and high-frequency range of C.aceCygb-1 in the ferric (a), ferrous
deoxy (b) and CO-ligated ferrous (c,d) form. The spectra were measured with a laser power of 12
mW (a,b), 1 mW (c) and 50 mW (d).

The main vibration modes of the ferric and ferrous ligated forms of the Antarctic fish Cygés-1
given in Supplementary Table S2 and compared to those of CYGB and other globins exhibiting
heme bighistidine coordination. The characteristic marker bands va4,v3 and vz clearly confirm this

coordination state for both the ferrous deoxy and the ferric state of the two proteins.
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The size of the porphyrin ring can be calculated using the following forrsla4-d) wherev
represents the peaks correlated with) v, vas andvs . The distance between the porphyrin
center and the pyrrole nitrogen is given by d (A) and the values of K)(and A (A) were
determined by Choi et a5}38 was not taken into account for the calculation of d for
C.aceCygb-1 and D.mawCygb-1 because of the uncertainty on the peak positionndétarmi
(Supplementary Table S2). For C.aceCygb-1 and D.mawCygb-1 the predicted distance is
0.1987(1) nm. This is comparable to the heme core dimension in CYGB, but somewhat lower than
the one found for the tomato globin SOLIly GL[66]. The out-of-plane magles y12and y»1

are not visible in the ferric and ferrous heme forms indicating that the central iron is located in the
heme plane due to the bis-histidine coordination.

The propionate bending mod€CsC.Cq) is found at 380-388m* for all forms of the Antarctic

fish Cygbs under study, in agreement with a strong hydrogen bond between the heme propionate
and the surrounding amino aci[67]. A similar value was found for C [39]. The vinyl
bending modes are observed at 416 andc#33(ferrous deoxy form), 416 and 42ev? (ferric

form) and 417 and 436 (CO-ligated form). Similar vinyl bending modes are observed for CO-
ligated ferrous CYGEiE9]. The two vinyl bending modes of the Cygbs are less separated than in
the Mb case (408 and 439 'é.

Figure 5 reports the RR spectra of CO-ligated ferrous C.aceCygb-1 recorded witlpawssesf

1 mW (Figure 5c¢) and 50 mW (Figure 5d). Upon increase of the laser powey ctiraponent at

1361 cm? (ferrous form) increases with respect to thecomponent at 1378m?* (CO-ligated
ferrous form) in line with the photolysis of the heme-bound CO. At the same time, a marked change
occurs in the 470-530 charea. This allows an identification of the Fe-CO stretching modes (

co). Two bands can be discerned: one strong band at 489%#f0) and one lower intense peak

at 509 cmt (23%) (Supplementary Figugil1 for fit). Analogous observations were done for the
CO-ligated form of D.mawCygb-1 (Supplementary Figure S10). The identification of these bands
is further corroborated by comparison of the RR spectra of@@- and*CO-ligated ferrous

forms of the Antarctic fish Cygbs (Supplementary Fighi®), revealing a down-frequency shift

of ~3cm! for both bands in th&CO-ligated Cygb case.

The RR spectra of CO-ligated ferrous C.aceCygb-1* and D.mawCygb-1* were foumal to
identical to those of the wild-type proteins (Figure S13). This shows that the mutations and putative

formation of intermolecular disulfide bonds do not influence the stabilization of the CO ligand.
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3.5 Electron Paramagnetic Resonance.

EPR Intensity [a.u.]

100 150 200 250 300 350 400 450
Magnetic Field [mT]

Figure 6. CW-EPR spectra of a frozen solution of ferric C.aceCygb-1 (a) and C.aceCygb-1* (b)
at pH 7.5. Solid line is the experiment, dashed line is the simulation. # indicates the contribution
of a non-heme iron, the feature around g~6 is due to a small amount of HS ferric heme; the spectra

are rescaled to the same microwave frequency and normalized to equal intensity for comparison.

Figure 6A shows the CW-EPR spectra of ferric C.aceCygb-1, and C.aceCygb-1Kawitl®

their corresponding simulations. The corresponding spectra for D.mawCygb-1 and D.mawCygb-
1* are given in the supplementary information (Supplementary Figldeas well as the ESE-
detected EPR spectra (Supplementary FiguresS3&h-Similar to earlier observations for ferric
CYGB , all EPR spectra are dominated by a low-spin (LS, S=1/2) ferric mmmoaoent that
agrees with the bis-histidine coordinated ferric form (HigFgl111)-HisE7) of the protein (Table

1). The EPR spectrum also shows minor contributions of a non-heme iron (indicated with an

asterisk, g~ 4.28), a batch-dependent high-spin (HS) ferric heme componenb(g6 + 0.01, g

2C



=5.85+0.01, g= 1.997 + 0.01) and a minor LS ferric form£g1.85 + 0.01, g= 2.37 £ 0.01, g

= 2.62 + 0.01) due to ligation of buffer molecules to the hemen [25]. The batch-dependent HS
form is related to protein denaturation and/or the breaking of the Fe-E7His bond. It stems from
less than 1% of the globin proteins and is of little biological relevance. Furthermore, all spectra
show a Cu(ll) cavity background signalt{g2.28 + 0.01, g= gx= 2.06 £ 0.01; |A=|A|=45%5

MHz , |A|= 500+ 5 MHz).

Table 1. Principal g values of the dominant LS heme form of the ferric Antarctic fish Cygbs-1

under study in comparison with other globins.

9z Oy Ox

(0.005) (x0.02) (+0.05)
D.mawCygb-1 (44mg/mL) 3.250 2.08 <1.05
D.mawCygb-1 (5.5mg/mL) 3.230 2.08 <1.11
D.mawCygb-1 (44mg/mL) + DTT 3.230 2.08 <1.11
D.mawCygb-1* 3.210 2.08 <1.17
C.aceCygb-1 (27.95 mg/mL) 3.200 2.08 <1.22
C.aceCygb-1 + DTT 3.190 2.08 <1.25
C.aceCygb-1* 3.210 2.08 <1.17
CYGB [25] 3.200 2.08 1.20
CYGB* [[25 3.200 2.08 1.20
D.mawNgb ] 3.125 2.15 1.27
C.aceNg] 3.125 2.15 1.27
NGB 3.10 2.17 1.30

3.26 2.06 1.05
NGB* 3.10 2.16 1.30
T. bernacchiH 3.15 2.26 0.98
T. newnesHb | 3.13 2.24 1.08

T calculated assuming gx°+0,°+0,°=16, ESE-detected EPR indicates that this is an upper limit

(see supplementary information, Figures S&l6)
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The principal g values of the domindrs component of ferric C.aceCygb-1 and D.mawCygb-1
(Table 1) are in line with those found for ferric - CY[25]. They are typical for heme proteins
with bis-histidine ligation of the ferric heme and a large dihedral angle between the imidazole
planes. The gvalue increases with increasing dihedral angle, suggesting that D.mawCygb-1 has a
slightly higher dihedral angle between the two heme-binding His imidazoles.

Interestingly, the principal-gralue of the C38S/C160S mutant D.mawCygb-1* shows small but
significant differences with those of the corresponditgvariant for the concentrated protein
solutions (44mg/mL) (Table 1 and supplementary information, Figilifg Furthermore, the EPR
parameters are also influenced by addition of DTT to this high concentration sample. A similar,
but more pronounced effect was observed earlier for [25]. Indeed, the EPR parameters of
NGB with or without an internal disulfide bridge differ strongly (Table 1), thus indicating a
significant change in the heme environment upon disulfide-bridge formation. Although
intramolecular disulfide-bridge formation was demonstrated to slightly influence the dioxygen
affinity of CYGB, no change in the EPR parameters was observed when comparing the spectra of
ferric wt CYGB and CYGB* or when DTT was added to ferric wt CY [25]. For the Antarctic
fish Cygbs intramolecular disulfide bridge formation can be excluded based on the 3D modeling
(Supplementary Figure S1). HowevBt$S experiments on samples diluted from the D.mawCygb-

1 batch used for EPR with and without DTT showed a change in the multimer composition (Figure
S6B,D). The observed change of the EPR spectrum after addition of DTT may thus agree with the
break-up of the disulfide bridges. This reveals that, although disulfide bridges are not necessary
for the oligomerization, their presence influences the heme-pocket region. More specifically, the
dihedral angle between the two imidazole planes of E7His and F8His is slightly changed. Since
the amino-acid residue at position B10 is located in the heme pocket of globins, formation of a
disulfide bridge between B9Cys and H17Cys may induce a movement of the B-helix (and thus the
position of B10), which can in turn influence the orientation of the E7His residue. Furthermore,
the low-field EPR feature of the ferric wt forms shifts in solutions with lower proteins
concentration (Table 1, Figure S17d), which may point to the loss of non-covalent multimers

and/or reflects the concentration dependence of the disulfide-bridge formation.

The changes are more subtle and within the experimental error for C.aceCygb-1 (Tahle 1).

agrees with the fact that the MS data did not change notably for this sample upon addition of DTT.
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It highlights further that disulfide bridges are not the key factors determining oligomerization for
these proteins.

Earlier work has shown that a combination of CW-EPR, HYSCORE and ENDOR experiments
can be used to deduce information on the relative orientation of the imidazole planes of the heme-

ligating histidine residues in ferric globins |40,66]. There exist two conflicting X-ray structures of

CYGB. One shows staggering imidazole planes of E7His and F8His with a dihedral angle between
the two planes of 60-8@nd different Fe-Ndistances for the two H7]. The other shows a bis-
histidine coordinated heme with only negilile differences between the Fe-tstances and a
dihedral angle of 60between the two imidazole plan[19]. The HYSCORE analysis of CYGB
allowed to establish that the second structure was the one found in sion [40]. Different pulse
EPR experiments were therefore set up for both ferric C.aceCygb-1 and D.mawCygb-1 and
compared to our results obtained earlier for ferric wt C : [40]. Figure 7 shows the experimental
14N HYSCORE spectrum of a frozen solution of C.aceCygb-1 taken at an observer magnetic field
corresponding to g =:gIn the supplementary information, the HYSCORE spectra taken at other
magnetic field positions and the corresponding spectra of ferric D.mawCygb-1 are shown
(Supplementary Figures819-S23). Since the electron spin echo is very small at high field, three-
pulse ESEEM experiments were also recorded to supplement the HYSCORE data (Supplementary
Figures S245%5). The!*N HYSCORE spectra reflect the interactions of the unpaired electron on

the iron and the nearby heme and His nitrogens (for more details and peak assignmer]nt, bee [40,68

and supplementary information (Figu$é8)). From the simulations of the HYSCORE and three-
pulse ESEEM spectra (Figure 7 and Supplementary Fi@is$23), the hyperfine and nuclear
quadrupole tensors of the¥&l nuclei can be determined (Table Bor each of the Antarctic fish
Cygbs only one set of hyperfine/quadrupole parameters is found for the Fe-Biindimarlei of

the two His residues. This indicates that in each protein the Besfdnce is the same for the two
heme-iron His ligands. The hyperfine values of these nuclei are slightly lower (in absolute value)
for Antarctic fish Cygbs than those found earlier for CYGB. This could indicate a slightly longer

Fe-N: distance in the former case.
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Figure 7. Experimental (black) and simulated (ré#y HYSCORE spectrum of a frozen solution
of ferric C.aceCygb-1 (pH 7.5) recorded at a magnetic field position correspondirgtdBp =
218 mT). The experimental HYSCORE spectrum is recorded at 7.5 K and is the sum of those
recorded for different -values (88, 184 and 264 ns). The same procedure was applied for the

simulated spectrum.

As shown earlier'H HYSCORE [[4(,68 andH ENDOR ] reveal the hyperfine interaction

with the nearby His protons that reflect the distance and rotation of the His imidazole planes versus
theg tensor frame. ThéH ENDOR spectra of ferric C.aceCygb-1 and D.mawCygb-1 were found

to be the same (Supplementary FigB®8). Figure 8 shows th#d HYSCORE and the simulation

of the contribution of the His protons closest to the heme iron for the case of the ferric C.aceCygb-
1 at one field setting (Supplementary Fig8&). The hyperfine tensor used for the simulation is
[-3.7, -4.8, 6.8] MHz for the closest protons with Euler angles [-45, 36, £30°]. These values are
very similar to those found for ferric CYGEIdO], indicating a similar arrangement of the two
imidazole planes of the HisE7 and HisF8 in the Antarctic fish Cygbs with maximum dihedral angle
between the planes being°&hd equal Fe-Ndistances (Supplementary Figi8a8). This also
indicates that the increase in dihedral angle going from CYGB to D.mawCygb-1 as follows from

theg-tensor analysis is only a few degrees.
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Table 2. Hyperfine @) and nuclear quadrupol®) tensors of the heme and histidine nitrogens of
ferric D.mawCygb-1 and C.aceCygb-1 used for the spectral simulations of Figure 7 and
Supplementary FigureS19-S25. An Euler angle. = (22 + 10)° was used for the tensors of the
histidine nuclei in thg-tensor frame, for all other tensors, all Euler angles were (0t 10)
A1 [MHz] A2[MHz] As3[MHz] Q:[MHz] Q2[MHz] Qs[MHZ]
(£ 0.2) (£0.2)  (+£0.05) (£0.10) (+0.10) (+0.10)

Histidine
D.mawCygb-1 4.7 -5.55 -4.80 0.76 0.12 -0.88
C.aceCygb-1 4.7 -5.55 -4.75 0.76 0.12 -0.88
CYGB 4.7 -5.90 -5.00 0.56 0.34 -0.90
Heme
D.mawCygb-1 -4.0 -4.05 -5.53 0.82 -0.40 -0.42
C.aceCygb-1 -4.0 -4.05 -5.55 0.82 -0.40 -0.42
CYGB -4.0 -4.10 -5.45 0.92 -0.50 -0.42
12
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Figure 8. Experimental (black) and simulated (réH) HY SCORE spectrum of a frozen solution
of ferric C.aceCygb-1 (pH 7.5) recorded at a magnetic field position corresponding (@159
mT). The experimental HYSCORE spectrum is recorded at 7.5 K and is the sum of those recorded

for different ~values (88, 184 and 264 ns). The same procedure was applied for the simulated
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spectrum. Only the contributions of the HisE7 and HisF8 protons, nearest to the iron, were

assumed.

Redox potential of Antarctic fish Cygbs. The electrochemical behavior of the Antarctic fish
Cygbs-1 was studied by cyclic voltammetry (CV) and differential pulse voltammetry (DRV) in

50 mM TrisHCI buffer (pH 8.0). The voltammograms (Figure 9, Supplementary Fig8eS30

reveal one redox process for each protein at approximately -0.04 V (versus SHE) related to
reduction/oxidation of the heme active site. The entrapped proteins gave clear peaks in both CV
and DPV measurements. Table 3 lists values of the redox potential including CYGB and CYGB*
for comparison. The value of tivet proteins equals that of the mutant forms, whereas a small
difference in the redox potential (10-15 mV) between D.mawCygb-1 and C.aceCygb-1 is noticed.
The redox potential of CYGB lies closer to the one of D.mawCygb-1 than of C.aceCygb-1. The
redox potentials found for dissolved and entrapped protein by DPV are identical (Table S2),
however, CV measurements for dissolved D.mawCygb-1 and C.aceCygb-1 showed no clear peaks
(Supplementary Figure S29), probably because of aggregation that slows down the protein
diffusion and hinders the redox active site. It is the only difference found betwear mutant

Cygbs.

Table3. Redox potential (E°) of the studied Cygbs obtained by differential pulse (DPV) and cyclic
voltammetry (CV).
E° [V] versus SHE * 0.005\

DPV CcVv
D.mawCygb-1 -0.037 -0.031
D.mawCygb-1* -0.037 -0.035
C.aceCygb-1 -0.048 -0.046
C.aceCygb-1* -0.043 -0.040
CYGB -0.033 -0.026
CYGB* -0.027 -0.025
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Figure 9. Cyclic and differential pulse voltammograms for D.mawCygb-1 and C.aceCygb-1
entrapped in a thin layer between the electrode surface and the dialysis membrane (MWCO 12
kDa). Scan rate, 5 m¥s step potential, 5 mV; DPV modulation amplitude, 20 mV; 50 mM
TrisHCI buffer (pH 8.0).

Interpretation of obtained results. The optical absorption spectra, RR spectra and CW-EPR
spectra (Figures 4-6) confirm that C.aceCygb-1 and D.mawCwgb-:hexacoordinated’ in both

the ferric and ferrous deoxy form, i.e. exhibiting a Histe8!" -HisE7 ligation in agreement with

CYGB [17,19,2%,3P]. Interestingly, a recent study revealed that zebrafish Cygb-1 is mainly

pentacoordinated in its ferrous deoxy fo[70], in contrast to what is observed here for the

Antarctic fish Cygbs-1, whereas zebrafish Cygb-2 displays spectral features consistent with a
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hexacoordinated henﬂm]. Nothing is at present known about the spectroscopic characteristics
of Antarctic fish Cygh-2, except that they share about 50% and 70% of sequence identity with D.
rerio Cygb-1 and Cygb-2, respectively (Giordano, unpublished).

The RR spectra of the Antarctic fish Cygbs show similar propionate bending modes as for the
CYGB cas], indicative of a strong hydrogen bond between the propionate heme groups and
the surrounding amino acids (Figure 4). In CYGB, the A propionate group interacts with the

Lys116 and His117 of the FG loop, while the D propionate interacts with GIn77 at position E3 and

two water moleculeg [17,19]. Furthermore, the nearby guanidinium group of Arg84 (E10) may be

involved in electrostatic stabilization through the same propionate 1 p [17]. GIn77 (E3), Arg84
(E10) and His117 are conserved in C.aceCygb-1 and D.mawCygb-1 (Figure 1), while the Lys116
is replaced by an Arg. This suggests a common heme-stabilization mechanism in the different
Cygbs. Small differences in the EPR data for the Antarctic fish Cygbs-1 and CYGB indgiate sli
differences in the dihedral angle between the imidazole planes of the two His residues ligating to
the heme iron (Table 1). Overall, the heme environment of the bis-histidine coordinated ferric form
of the three proteins is very similar.

This changes when an external ligand, like CO, is bound. F&GBO stretching modes are
observed in the CO-ligated ferrous form of the Antarctic fish Cygbs. The dominant form (77%)
has vreco at 489 crit and agrees with an open structure, where no group is sufficiently close to
the CO to affect the electronic structure of the Fe-C-O unit. This has been observed for Mb at low
pH , for C.aceNgb* and D.mang6] and for CY39], although in the latter case this
form constituted less than 40% of the Fe-Cénfo The second stretching mode (vreco = 509 cm

1y agrees with a closed conformation where a positively charged group near the iron-bound CO
stabilizes an Fe=C=&X" structure]. This mode is very similar to the one observed in CO-
ligated Mb at neutral pH and the' Xesidue is the His at position E7. A small contribution of this
mode was visible in CYGB (10%). Surprisingly, the CO-ligated form of C.aceCygb-1 and
D.mawCygb-1 does not show &aCO stretching mode at 518-523 ¢jras was the case for
CYGB (~50%) [3?,73]. This mode was associated with a second closed FeXCst@ucture,
whereby stronger hydrogen bonding and electrostatic interactions occur than in the closed form

characterized by vreco at ~509 crit. The X-ray structure of carbonmonoxy CYGB did indeed
show a shorter distance between the HisE7 and the CO ligand than in the carbonmonoxy Mb case
. If the mode at 520 ctis present, an Fe-CO bending mode is visible at 5814. In the
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RR spectra of CO-ligated ferrous C.aceCygb-1 and D.mawCygb-1 this mode is also not present,
thus confirming the absence of the second closed Fe-CO structure. This indicates different
arrangements of the residues in the heme pocket. Note that CYGB has a Cys residue at position
E9 (Cys83), while this is Asn in the two Antéicfish Cygbs under study (Figure 1). CYGB has

a second Cys at position B2 (Cys38) that is spatially close to Cys83 (E9), thus allowing formation
of a disulfide bridgg [16,18]. Although EPR revealed that the formation of the disulfide bond in

CYGB does not induce a marked change in the structure of the heme @ket [25], the ligand
binding affinity change6] and a switch in the ligand migration pathway is ind [26]. The
lack of CysE9 (and hence the lack of similar disulfide bridges as in CYGB) may afooths
different stabilization of the CO ligand in C.aceCygb-1 when compared to CYGB. Indeed, a
combined RR and FT-IR study of the ferrous-CO state of CYGB and mutants revealed that point
mutation of Arg84 at position E10 to Ala induced a change in the relative contributions of the three
Fe-CO stretching modes in favor of the open Fe-CO mode (49‘2@]. This proves that a point
mutation in the E-helix may indeed affect the relative contributions of the different Fe-C8& form
Interestingly, the cold-adapted C.aceNgb* and D.mawNgb* have only twoCHeodes (489

and 522 cr), while there are three CO-binding motives in NGB (494/505/521) @]

Another striking difference between the Antarctic fish Cygb-1 proteins and CYGB lies in their

oligomerization behavior. For CYGB, only monomers and dimers have been reported. From gel-

filtration experiments it was assumed that CYGB forms a dimer in solptign [16,17]. However, a

more detailed study revealed that CYGB is monomeric in a diluted solution and that the protein
has a loose structure with high flexibility at the N- and C-termini instead of a more compact
globular structur8]. Native MS studies showed that low fractions of dimers in CYGB could
form intermolecular disulfide bridges in vit@ls], as is confirmed in this work (Supplementary
Figure S8). Furthermore, the formation of intermolecular disulfide bridges was shown to have an
effect on the heme-pocket region, since clear structural differences were found between the crystal
structures of wt CYGB (dimer with an intermolecular disulfide bridge between Cys38 and Cys83)
and CYGB* (where the Cys are mutated to [17]. For Antarctic fish Cyghs-Here

report the observation of oligomers (up to pentamers). These oligomers are found to be stable also
at low concentrations and driven by non-covalent interactions. Although intermolecular disulfide
bridges may further stabilize the oligomers, they are not essential for the oligomerization.

Moreover, combined EPR and MS data of the protein with and without DTT indicates that the
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disulfide bridges, if formed, induce small changes in the heme-pocket region. This may not be so
surprising, giving the fact that one of the Cys is located on the B helix. Interestimegpredicted

3D structure of C.aceCygb-1 (Supplementary Figure S1), based on the known XRD structure of
CYGB (PDB:lURV]), shows that the two Cys ligands are located at the surface of the protein
pointing outwards at opposite sides of the protein. Whether the oligomerization of the Antarctic
fish Cygbs occurs in vivo is rather difficult to ascertain and deserves further investigation, but it is
worth noting that occurrence of the polymerization phenomenon displayed by other cold-adapted
(hemo)globins may be a response to stressful environmental con.ns [74

The sequences of C.aceCygb-1 and D.mawCygb-1 differ only in 4 amino-acidstéddicgreen

in Figure 1). Not surprisingly, the spectroscopic parameters of both Antarctic fish Cygbs are very
similar (Tables 1- 2 and Supplementary Table S2). The EPR parameters of ferric C.aceCygb-1
and D.mawCygb-1* are identical. It is unclear whether the small differences in va&igs of

ferric C.aceCygb-1 and D.mawCygb-1 (Table 1) are due to differences in the heme pocket of the
Cygb-1 monomer or reminiscent of different relative amounts of the formed multimers. The
hyperfine tensor and nuclear quadrupole tensor obtained for the heme-ligating histidine nitrogens
in ferric CYGB are slightly different from those obtained for the ferric Antarctic fish Cygbs-1
(Table 2). This may indicate local differences in the heme-pocket structure, possibly the difference
in the Fe-N distance and slight differences in the dihedral angle between the imidazole planes of
the Fe-bound His ligands. The nuclear quadrupole tensors are influenced by the full electronic
structure, and not only by the localization of the unpaired electron. Comparison of the sequences
of CYGB and the Antarctic fish Cygbs-1 (Figure 1) indicate small differences in the B, E and F
helices surrounding the heme. The differences at position E9 (CYGB: Cys, Antarctic fish Cygbs:
Asn) and B12 (CYGB: Phe, Antarctic fish Cygbs: Leu) are the most striking, which may lead to
small local variations in the heme-pocket environment. CYGB is longer at the C-terminal and
Lechauve et aI85howed that the C- and N-terminal ends are responsible for the loose structure
of the protein, which may have again an effect on the heme-pocket structure. Next to crystal
structures in which the C- and N-terminal segments were not resolved due to disorder (PDB:1URV
and 1V5H), a crystal structure wt CYGB could be obtained that showed an additional helix in

the N-terminal region prior to the A helix and an ordered loop in the C-terminal region
(PDB:2DC3) ]. The two crystal forms showed substantial differences in the conformation of
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the residues in the heme environment, thus suggesting that the terminal region is structurally
important.

The redox potentials of C.aceCygb-1 and D.mawCygb-1 are in the range of -0.03 to -0.05 V (versus
SHE). Mutation of the Cys to Ser did not alter the redox potential, but a small difference (10-15
mV) between C.aceCygh-1 and D.mawCygb-1 was observed. The difference is close to the
expected experimental error and is negligible for mutant forms. Notably, the largest difference is
observed between the redox potential of C.aceCygb-1 and CYGB (15-20 mV). The redox potential
of CYGB (-0.033 + 0.005 V versus SHE) found in the present work by the direct electrochemical
measurements equals to the previously reported value obtained by redox titration (-0.028 + 0.005
V) . To conclude, the direct electrochemical measurements show no significant variation in
the redox potential between mutant and wild type forms of the Antarctic fish Cygbs, but minor
differences among Cygbs of different origin are observed. This bmaglated to the earlier
mentioned small differences in the heme environment.

The impact of the primary structure on the spectral behavior of Antarctic fish Cygbs-1 is clearly
small since their sequence identity is very high, although C. aceratus and D. mawsoni differ hugely
in terms of globin composition in their genon@ther mechanisms, such as differences in gene
regulation and/or protein expression, may account for Cygbs function and regulation under specific

physiological requirements in Antarctic fish.

The difference between CYGB and Antarctic fish Cygbs-1 are clearer. They are most prdnounce
in the multimerization behavior (see MS data) and the binding of exogenous ligands (sEe RR
CO-ligated forms), and to a lesser extentheir redox properties. The ability of Antarctic fish
Cygbs-1 to form stable, non-covalently linked multimers up to pentamers even at low

concentrations is intriguing and may mark a common feature with other cold-adapted
(hemo)globin
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