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Abstract The genome of the cold-adapted bacterium

Pseudoalteromonas haloplanktis TAC125 contains multi-

ple genes encoding three distinct monomeric hemoglobins

exhibiting a 2/2 a-helical fold. In the present work, one of

these hemoglobins is studied by resonance Raman, elec-

tronic absorption and electronic paramagnetic resonance

spectroscopies, kinetic measurements, and different bioin-

formatic approaches. It is the first cold-adapted bacterial

hemoglobin to be characterized. The results indicate that

this protein belongs to the 2/2 hemoglobin family, Group

II, characterized by the presence of a tryptophanyl residue

on the bottom of the heme distal pocket in position G8 and

two tyrosyl residues (TyrCD1 and TyrB10). However,

unlike other bacterial hemoglobins, the ferric state, in

addition to the aquo hexacoordinated high-spin form,

shows multiple hexacoordinated low-spin forms, where

either TyrCD1 or TyrB10 can likely coordinate the iron.

This is the first example in which both TyrCD1 and

TyrB10 are proposed to be the residues that are alterna-

tively involved in heme hexacoordination by endogenous

ligands.
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Introduction

Most ocean waters are permanently at temperatures rang-

ing between 2 and 4 �C. Therefore, marine organisms have

been exposed to a permanent excess of oxygen, due to the

high solubility of this gas at cold temperatures, leading to

oxygen reserves that are larger than those available in

warmer waters. Although many cold-adapted marine spe-

cies have been studied [1], we still have limited knowledge

about molecular adaptations at low temperatures. The

genome of the Antarctic marine eubacterium Pseudoalte-

romonas haloplanktis TAC125 (PhTAC125) has been

sequenced and annotated [2], shedding light on several

molecular features that have selectively developed in cold

environments. The genome contains multiple genes

encoding three different truncated hemoglobins (Hbs) at

distinct positions on chromosome I, namely PSHAa0030,

PSHAa2217 and PSHAa0458, which exhibit a 2/2 a-helical

fold [3]. The unusually high number of 2/2 Hbs strongly

suggests that these proteins are bound to fulfil important

physiological roles that are perhaps related to the peculiar

features of the Antarctic habitat.

In the present study, we cloned and overexpressed the

2/2 Hb encoded by the PSHAa0030 gene (hereafter named

Ph-2/2HbO). The ferric form was investigated by spec-

troscopy, kinetic measurements and different computer

simulation approaches. This work represents the first

detailed characterization of a cold-adapted bacterial Hb.

The results highlight the unique features of the ferric state

among 2/2 Hbs of Group II. The ensemble of results

indicates high protein structural flexibility, which may be

linked to the cold environment.

Materials and methods

Protein expression and purification

The gene encoding Ph-2/2HbO was cloned as described

previously [3]. The reported expression and purification

methods were replaced by an alternative procedure to (a)

improve the biomass yield of Ph-2/2HbO, and (b) avoid

sulfide binding [4].

Using the previous purification procedure, in the

presence of 1.0 mM b-ME, Ph-2/2HbO was isolated in a

ferric form with a Soret band at 427 nm and a broad

band at 550 nm. The close similarities of this unusual

spectrum to that of sulfide-bound heme proteins sug-

gested that an exogenous sulfide ligand was bound to the

heme Fe atom [4–6], possibly derived from sulfide

impurities contained in b-ME used during the purification

steps. Accordingly, in the present work, in the absence of

b-ME, ferric Ph-2/2HbO displays quite different spectral

characteristics (see Fig. S1 of the Electronic supplemen-

tary material, ESM).

The strain BL21(DE3) of Escherichia coli was suc-

cessfully transformed with the recombinant expression

plasmid pET28a-2/2HbO. The cells were grown overnight

in a flask at 37 �C and shaken at 180 rpm. Fifty microliters

of the growth medium were inoculated in an Applikon

fermentor with a working volume of 1 l. The culture was

grown using a mineral medium according to a standard

procedure from CPC Biotech. The first growth phase

occurred in fed-batch mode at 30 �C. After 23 h, the

temperature was decreased to 25 �C. The culture was

induced at OD600 = 32 by the addition of isopropyl-1-thio-

D-galactopyranoside to a final concentration of 0.5 mM,

and 0.3 mM d-aminolevulinic acid; expression was con-

tinued overnight. The cells were harvested by centrifuga-

tion at 4 �C.

For purification, the frozen cells were thawed, sus-

pended in 50 mM Tris–HCl pH 7.6, 1.0 mM EDTA, 1.0

mM phenylmethylsulfonylfluoride and protease-inhibitor

cocktail (SIGMA P8465) and disrupted in a French press

until the supernatant was reddish and clear. The cell debris

was removed by centrifugation at 30,000 rpm for 1 h at

4 �C. The supernatant was loaded onto an anion-exchange

column (Q Sepharose Fast Flow, GE Healthcare Biosci-

ences), equilibrated with 20 mM Tris–HCl pH 7.6 and

1.0 mM EDTA (Akta Explorer system, GE Healthcare

Biosciences, Amersham Biosciences Ltd, UK). Ph-2/2HbO

was eluted with a NaCl gradient (from 0 to 0.25 M) in

20 mM Tris–HCl pH 7.6, 1.0 mM EDTA [3]. The fraction

was chosen on the basis of the absorbance of heme at

407 nm and protein at 280 nm. The collected protein was

concentrated, dialyzed against 50 mM 2-(N-morpho-

lino)ethanesulfonic acid (MES) pH 6.0, and further purified

with a SP (sulfopropyl) Sepharose Fast Flow column (GE

Healthcare Biosciences) equilibrated with 50 mM MES pH

6.0. The protein was eluted with a NaCl gradient (from 0 to

0.35 M). Final purification was performed by using another

strong cation-exchange column, Mono S (GE Healthcare

Biosciences) equilibrated with 50 mM MES pH 6.0 and

applying a NaCl gradient (from 0 to 0.50 M). The protein

obtained was over 98% pure, as judged from sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), and was stored at -20 �C. The N-terminal

sequence was elucidated by automatic sequencing per-

formed with an Applied Biosystems Procise 494 Automatic

Sequencer, equipped with on-line detection of phenylthi-

ohydantoin amino acids.

Sample preparation

The samples of Ph-2/2HbO at pH 5.6 and 7.6 were

prepared in 0.1 M MES and 0.1 M Tris–HCl or 0.1 M

300 J Biol Inorg Chem (2011) 16:299–311

123



3-morpholinopropane-1-sulfonic acid (MOPS) buffers,

respectively. Protein concentrations in the range 10–70 lM

were used for the electronic absorption and RR samples.

Sample concentration for low-temperature RR was

between 30 and 100 lM. For kinetics measurements, the

final protein concentration was 5 lM. The concentration of

the electron paramagnetic resonance (EPR) sample was

160 lM. The protein concentration was determined on the

basis of the molar absorptivity, e = 131 mM-1 cm-1 at

408 nm.

Electrochemistry

Direct current cyclic voltammetry was carried out at 25 �C

using an AMEL (Milan, Italy) 433 multipolarograph. A

saturated calomel electrode (?244 mV vs. NHE at 25 �C;

AMEL) was the reference electrode and a pyrolytic

graphite electrode was the working electrode (3-mm

diameter, AMEL), modified as previously described [7].

Cyclic voltammograms were run at 25 �C in the potential

range ?200 to -600 mV (vs. the standard calomel elec-

trode), at scan rates of 0.05–1.00 V/s. Measurements were

carried out in 0.1 M phosphate pH 7.0.

Spectroscopy

Electronic absorption spectra were measured with a dou-

ble-beam Cary 5 spectrophotometer (Varian, Palo Alto,

CA, USA) using a 5-mm NMR tube and a 600 nm min-1

scan rate. The RR spectra were obtained using a 5-mm

NMR tube and by excitation with the 406.7, 530.9 and

568.2 nm lines of a Kr? laser (Innova 300 C, Coherent,

Santa Clara, CA, USA), and the 496.5 and 514.5 nm lines

of an Ar? laser (Innova 90/5, Coherent). A detailed

description of the room and low-temperature RR experi-

mental procedures has been reported previously [8]. The

measurements at 4 �C were obtained using a thermostati-

cally controlled water bath. All RR measurements were

repeated several times under the same conditions to ensure

reproducibility. The RR spectra were calibrated with

indene and CCl4 as standards to an accuracy of 1 cm-1 for

intense isolated bands. The RR spectrum of water was

subtracted from all spectra obtained with excitation at

wavelengths in the visible region (496.5–568.2 nm).

Spectra in polarized light were obtained by inserting a

Polaroid analyzer between the sample and the entrance slit

of the monochromator. The depolarization ratios, q = I\/

I//, of the bands at 314 and 460 cm-1 of CCl4 were mea-

sured to check the reliability of the polarization measure-

ments. The values obtained, 0.73 and 0.00, respectively,

compare well with the theoretical values of 0.75 and 0.00.

To determine peak intensities and positions, a curve-fitting

program (Lab Calc, Galactic) was used to simulate

experimental spectra, using a Lorentzian line shape. The

frequencies of the bands were optimized with an accuracy

of 1 cm-1, and the bandwidths with an accuracy of

0.5 cm-1.

EPR spectra were recorded as reported previously [8].

Kinetic measurements were carried out employing a

rapid-mixing stopped flow (SX.18MV, Applied Photo-

physics, Salisbury, UK) with a 1 ms dead time. The Fe(III)

form of Ph-2/2HbO was mixed with different concentra-

tions of sodium azide in 0.1 M phosphate buffer pH 7.0 at

20 �C, and transient absorption spectra were collected

between 350 and 700 nm. Kinetic progress curves were

fitted according to the following equation:

ODobs ¼ ODt¼1 �
Xi¼n

i¼1

DODiexpð�ikobstÞ; ð1Þ

where ODobs is the absorption at 408 nm at a given time

from the start of the reaction, OD? is the absorption at

longer times from the start of the reaction (when it is

completed), DODi is the signal change for phase i, ki is the

rate constant for phase i, and t is time. The sign ± indicates

that, depending on the wavelength, the signal may either

decrease or increase.

Sequence alignment

Sequence alignments were performed between Ph-2/2HbO

and four Hbs belonging to Group II for which the crystal

structures are available, namely Mycobacterium tubercu-

losis (Mt-2/2HbO) (pdb Id: 1NGK), Bacillus subtilis (Bs-2/

2HbO) (1ux8), Geobacillus stearothermophilus (Gs-2/

2HbO) (2bKm), Thermobifida fusca (Tf-2/2HbO) (2bMM).

Shewanella oneidensis 2/2HbO (see Fig. S2 of the ESM)

was selected due to the presence of an extension at the

N-terminus of the primary structure, similar to Ph-2/2HbO.

Sequence identities are 34, 37, 34, 33 and 39%,

respectively.

To align these sequences, different computational pro-

grams have been used, namely Modeller [9], BLAST [10]

and ClustalX [11]. Based on the present and previous

alignments [3], we constructed 3D models using Mt-2/

2HbO and Bs-2/2HbO proteins as templates, and the

Modeller program with default parameters. Several puta-

tive Ph-2/2HbO structures were obtained.

Molecular dynamics simulations

To evaluate the stabilities of the different structures,

molecular dynamics simulations (MD) were performed for

each structure using the Amber 9 force field ff99SB [12].

Initially, every system was minimized to avoid any possi-

ble structural clashes. Subsequently, the systems were
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heated slowly from 0 to 300 K using a time step of 0.1 fs,

and with a constraint on the a-C of the protein backbone. A

short simulation at the constant temperature of 300 K

under a constant pressure of 1 bar was then performed

using a time step of 0.1 fs to allow the systems to reach

proper density, as shown previously [13, 14]. Finally, 2 ns

of MD using a time step of 2 fs was performed for each

structure. The majority of the structures were found to be

unstable and unfolded during the time scale of these short

simulations. The most stable structure was obtained by

using the X-ray structure of Bs-2/2HbO as a template and

sequence alignments with ClustalX. This model structure

was used to perform 40 ns of MD simulation. The structure

was found to be stable during the time scale of the simu-

lation (Fig. S3 of the ESM).

To build the Tyr hexacoordinated structures, we pushed

the tyrosine oxygen toward the Fe(III) atom until typical

binding distances were reached, and we used the generated

structure to start a new simulation with TyrO- coordinated

to Fe(III), including the Fe–TyrO- bond in the force field.

We carried out minimization and thermalization as

described above, and 20 ns of MD were performed for the

protein with TyrCD1-O- and with TyrB10-O- coordinated

to Fe(III). The charges and parameters of the active site

were determined as reported previously [15] using the

isolated heme with a coordinated Tyr-O- as the model at

the DFT/B3LYP level with a 6-31G** basis set to compute

the active-site electronic structure. Since no reliable

structural information can be obtained for the pre-A helix,

all simulations were performed without this motif at the

N-terminus.

Results

Sequence alignment

The sequence alignment indicates that Ph-2/2HbO has

structural features typical of 2/2 Hbs, and especially those

belonging to Group II. In particular, Ph-2/2HbO has Trp at

position G8, and both the CD1 and the B10 positions are

occupied by Tyr (see Fig. S2 of the ESM). These three

positions are the most important for oxygen stabilization in

this family of Hbs [16]. In contrast to Group I of 2/2 Hbs,

the E7 and E11 positions are occupied by nonpolar amino-

acid residues, Ile and Phe, respectively, precluding ligand

stabilization by these two residues.

Several structures of Ph-2/2HbO were obtained (see

‘‘Materials and methods’’) starting from different align-

ments, with proteins of Group II giving rise to different

initial structural models. The global fold of the models was

very good, and the most significant structural differences

were located in the CD loop, due to the insertion of three

residues (Figs. S2, S4 of the ESM). In all of the obtained

alignments, the important heme cavity residues (HisF8,

TyrB10, TrpG8, TyrCD1, IleE7, PheE11) are in the posi-

tions originally proposed by Wittenberg et al. [17] and

subsequently confirmed by Vuletich and Lecomte [18] for

Group II proteins.

This alignment differs from that obtained in a previous

study with other Group II proteins, where the residue at

CD1 was His [3]. The latter did not take into account the

insertion of three residues in the CD loop, so the CD loop

of the current alignment is longer than in other Group II

Hbs.

Redox potential measurements

The redox potential of Ph-2/2HbO at pH 7.0 [(-80 mV vs.

standard hydrogen electrode (SHE)] is low compared to

that of horse heart myoglobin (Mb) and human Hb (?50

and ?135 mV, respectively) [19].

Spectroscopy at room temperature

The electronic absorption spectrum of ferric Ph-2/2HbO

and its second-derivative spectrum (D2, dotted line) are

invariant over the pH range 5.6–7.6. The spectrum obtained

at pH 7.6 (Fig. 1a, bottom) is characterized by a Soret band

at 408 nm and bands in the visible region at 503, 533 (538

in D2), 570, and 635 nm (638 in D2). The wavelength

maxima suggest the presence of various species, namely a

His–Fe–H2O six-coordinate high-spin (6cHS) form [bands

at 503 and charge-transfer transition (CT1) at 635 nm] and

at least one 6c-low-spin (LS) heme (bands at 533 and

570 nm). The absorption maxima of the LS forms are quite

unusual, reminiscent of those of ferric Chlamydomonas Hb

[20] and the hemophore HasA proteins from Serratia

marcescens and Pseudomonas aeruginosa [21, 22], and

they are very different from either a LS His–Fe–His (that

exhibits well-defined absorption bands at about 535 and

565 nm) or a His–Fe–OH heme complex (that exhibits

well-defined absorption bands at about 540 and 580 nm)

[23]. Therefore, on the basis of the similarity with the

UV–vis spectrum of ferric Chlamydomonas Hb and HasA

hemophores, a His and a Tyr ligand are suggested to occupy

the fifth and sixth coordination positions, respectively.

In agreement with the electronic absorption spectra, the

Raman excitation profile at pH 7.6 (Fig. 1b, bottom; Fig.

S5 of the ESM), together with the spectra in polarized light

(Fig. 2b), allow the identification of three species: a 6cHS

species (m3 at 1,480 cm-1, m10 at 1,608 cm-1), and two

6cLS species. In particular, with Soret excitation, two 6cLS

m3 bands at 1,505 and 1,512 cm-1 were observed (Fig. 1b,

bottom; Fig. S5 of the ESM; Fig. 2b, bottom trace), and in

the 1,600–1,650 cm-1 region the spectra in polarized light
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enable the identification of two polarized bands at 1,622

and 1,630 cm-1 assigned to the m(C=C) vinyl stretching

modes (Fig. 2b, bottom trace). Upon excitation with the

514.5 nm line (i.e., in resonance with the visible bands),

two depolarized bands at 1,635 and 1,643 cm-1 were

identified and assigned to two m10 modes of 6cLS hemes

(Fig. 2b). The m(C=C) vinyl stretching modes are enhanced

via the A-term (Franck–Condon mechanism); however,

these bands are also observed in Q band excitation. This is

consistent with previous observations for various heme

containing peroxidases—namely CcP [24], HRPC [25],

and Coprinus cinereus peroxidase (CIP) [26]—despite the

fact that vinyl stretching modes are not expected to be

enhanced a priori with visible excitation. The complete

assignment of the high-frequency region is reported in

Table S1 of the ESM.

A Tyr coordinated to a heme iron can often be identified

by RR experiments. In fact, excitation in the tyrosinate–

Fe(III) CT band (near 500 nm) yields characteristic

vibrational frequencies of the bound phenolate [27]. In the

400–1,700 cm-1 region, the spectra taken with excitation

wavelengths in the visible region (Fig. 2a; Fig. S5 of the

ESM) clearly show the enhancement of two bands at 598

and 1,510 cm-1 (which are polarized, data not shown),

displaying maximum intensification for excitation at

514.5 nm. Figure 2a shows the two spectral regions

expanded to better visualize the bands. These bands are

assigned to the m(Fe–OTyr) and mTyr(C=C) tyrosinate modes,

respectively. Note that, despite the observation of two low-

spin forms in the RR spectra, only one m(Fe–OTyr)

stretching mode at 598 cm-1 is clearly evident. However,

we cannot exclude that a second mode is hidden under the

polarized band at 572 cm-1 observed in both Soret and

visible excitations (Fig. 2a; Fig. S5 of the ESM), assigned

to the m48 (Eu) in analogy to Mb [28].

The frequencies of the phenolate modes observed for a

number of heme iron–tyrosinate proteins are listed in

Table 1 [20, 29–34]. In general, ferric–heme proteins with

tyrosinate ligation have been found to have penta- or hexa-

HS heme states. The only exceptions are Chlamydomonas

Hb and the HasA hemophores, which have 6cLS hemes.

The tyrosinate 6cLS heme of the protein studied herein,

Ph-2/2HbO, is now added to this list. Table 1 shows that

while the mTyr(C=C) modes occur in a narrow frequency

range, the mTyr(C–O) and m(Fe–OTyr) modes are markedly

variable, ranging from 1,260 to 1,310, and from 502 to

623 cm-1, respectively. The comparison between the data

Fig. 1 Ferric Ph-2/2HbO at pH 7.6. a UV–vis absorption (continuous
line) and D2 (dotted line) spectra in 20 mM Tris–HCl at 298 (bottom)

and 12 K (top). The visible region has been expanded tenfold. Spectra

have been shifted along the ordinate axis to allow better visualization.

b RR spectra taken with the 413.1 nm excitation wavelength in the

high-wavenumber region in 0.1 M MOPS at 298 K (bottom) and in 20

mM Tris–HCl at 12 K (top). Experimental conditions: 15 mW laser

power at the sample, 1 cm-1 (298 K) and 5 cm-1 (12 K) spectral

resolution; average of seven spectra with 600 s integration time

(298 K), 10 s/0.5 cm-1 (12 K). The intensities are normalized to that

of the 1,371 cm-1 band. c X-band EPR spectrum in 0.1 M Tris–HCl.

The spectra were recorded at 5 K, 9.36 GHz microwave frequency,

0.1 mW microwave power and 10 G modulation amplitude. The

asterisk indicates a spurious signal. The feature at g = 4.3 results

from a non-heme iron impurity

b
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reported in Table 1 for various heme proteins allows us to

exclude a trans-axial effect altering the frequencies of these

latter modes. However, different factors can affect these

frequencies, namely (a) the TyrO–Fe bond angle via the

interaction between the p orbitals of phenolate and the

porphyrin, (b) the relative orientation between the tyrosi-

nate ring and the heme plane, and (c) the Fe–O bond

strength via the donation of electrons from phenolate to the

heme with consequent weakening of the Fe–O bond. For-

mation of H-bonds between the tyrosinate and neighboring

groups strongly affects the frequency of the m(Fe–OTyr)

modes. In the 6cLS Chlamydomonas Hb, the band at

502 cm-1 was assigned to a tyrosinate H-bonded to a Lys

residue. Recently, for the natural mutant, Hb M Saskatoon,

in which the distal E7 His is replaced by a Tyr residue

giving rise to a 6cHS species, two m(Fe–OTyr) modes at

581 and 598 cm-1 have been observed (Table 1) [34].

These bands were assigned to a Fe–O (protonated Tyr)

(581 cm-1) and a Fe–O (deprotonated Tyr) (598 cm-1)

stretching mode, respectively, on the basis of variations in

their relative intensities at alkaline pH. The frequency of

598 cm-1 is close to the Fe–(deprotonated Tyr) stretching

frequency of another natural Hb mutant, Hb M Boston

(603 cm-1) [30], and identical to that reported herein for

the m(Fe–OTyr) mode. This outstanding coincidence of

frequencies suggests that, for at least one of the LS forms

observed in the RR spectra, the heme-bound Ph-2/2HbO

distal Tyr residue corresponds to a deprotonated species at

pH 7.6.

Azide binding kinetics

Figure 3a shows the progress curves at 408 nm for sodium

azide binding to ferric Ph-2/2HbO at pH 7.0 and 20 �C.

The continuous lines correspond to the nonlinear least-

squares fitting of the data according to Eq. 1, employing

three exponentials (i.e., i = 3 in Eq. 1).

In particular, two of these exponentials correspond to

azide-dependent bimolecular processes, whereas a third

process displays a rate which does not seem to depend on

azide concentration. As is evident from Fig. 3a, the optical

density change resulting from the reaction with azide

increases as the concentration is increased. The DOD at

408 nm for the two bimolecular processes is reported in

Fig. 3b as a function of azide concentration. Optical den-

sity changes were analyzed according to the following

equation:

DODobs ¼ DODtot

K N3
�½ �

1þ K N3
�½ �; ð2Þ

where DODobs is the optical density change at 408 nm

corresponding to the exponential process, DODtot is the

total optical density change at 408 nm (corresponding to

Fig. 2 RR spectra of ferric Ph-2/2HbO at 298 K, in 20 mM Tris–

HCl, pH 7.6 obtained with various excitation wavelengths: 406.7 nm,

10 mW laser power at the sample, 1 cm-1 spectral resolution;

413.1 nm, 15 mW laser power at the sample, 1 cm-1 spectral

resolution; 496.5 nm, 100 mW laser power at the sample, 2.4 cm-1

spectral resolution; 514.5 nm, 150 mW laser power at the sample,

2.2 cm-1 spectral resolution; 530.9 nm, 36 mW laser power at the

sample, 2.5 cm-1 spectral resolution; 568.2 nm, 23 mW laser power

at the sample, 2 cm-1 spectral resolution and in polarized light at

room temperature. a Experimental conditions: 413.1 nm, average of

18 spectra with 180 s integration time; 496.5 nm, average of 4 spectra

with 720 s integration time; 514.5 nm, average of 15 spectra with

720 s integration time; 530.9 nm, average of 15 spectra with 600 s

integration time (low frequency) and average of 6 spectra with 720 s

integration time (high frequency); 568.2 nm, average of 7 spectra

with 600 s integration time. The 520–740 cm-1 region has been

expanded twofold. The intensities are normalized to that of the

1,230 cm-1 band (m13). b RR spectra in polarized light taken with

excitation wavelengths at 406.7 and 530.9 nm in 0.1 M MOPS and

with excitation wavelengths at 496.5 and 514.5 nm in 20 mM Tris–

HCl at pH 7.6. Experimental conditions: 406.7 nm, average of 8

spectra (continuous line, parallel, //) and of 27 spectra (dotted line,

perpendicular, \) with 600 s integration time; 496.5 nm, average of 5

spectra (//) and of 8 spectra (\) with 720 s integration time;

514.5 nm, average of six spectra (//) and of 8 spectra (\) with 720 s

integration time; 530.9 nm, average of 12 spectra (//) and of 13

spectra (\) with 600 s integration time. The intensities are normal-

ized to that of the 1,230 cm-1 band (m13)
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complete saturation of the binding site), K is the equilibrium

constant, and [N3
-] is the azide concentration. In this way, it

was possible to determine the apparent equilibrium constant

of azide binding to the two Fe(III) forms of Ph-2/2HbO,

which are characterized by the two bimolecular processes

(corresponding to K = 9.8 ± 1.2 9 101 M-1 for the faster

bimolecular process 1, and K = 5.5 ± 0.7 9 102 M-1 for

the slower bimolecular process 2, respectively). This

information is particularly important since it allows the

concentration dependence of the two bimolecular rate

constants (Fig. 3c) to be fitted in a constrained way with

physically meaningful parameters. In this respect, the ligand

concentration dependence of kinetic rate constants has been

fitted using a classical bimolecular scheme:

kobs ¼ kon N3
�½ � þ koff : ð3Þ

The nonlinear least-squares fitting of the two

bimolecular rate constants is reported in Fig. 3c. It is

noted that only for the faster bimolecular process does

the use of Eq. 3 give a satisfactory description of the

azide-concentration dependence, with values of kon

(=2.4 ± 0.3 9 102 M-1 s-1) and koff (=2.44 ± 0.38 s-1)

compatible with the value of K [=9.8(±1.2) 9 101 M-1)

obtained from optical density changes (Fig. 3b). In the case

of the slower bimolecular rate constant, we must use a

different reaction scheme (Scheme S1 of the ESM). The

nonlinear least-squares fits of the rates for the two

bimolecular processes are reported in Fig. 3c; the

corresponding parameters are reported in Table 2.

Clearly, the fact that these data need three exponentials

indicates that the azide ligand encounters three different

hexacoordinated forms in the heme pocket. Two of these

forms allow a fairly fast ligand binding, such that the process

maintains its bimolecular nature (probably because the

originally bound ligand dissociates quickly), whereas the

third one, which is the slowest concentration-independent

process, seems to reflect a situation where the heme Fe(III)

atom is hexacoordinated by a ligand which dissociates very

slowly (with a kobs % 7.0 ± 1.5 9 10-4 s-1), such that

the dissociation process is rate limiting under all conditions

[i.e., when k2
0 � [N3

-] � k1
0, k1; see Scheme S1 of the

ESM].

Spectroscopy at low temperature

The electronic absorption and the D2 spectra of ferric Ph-2/

2HbO in the low-temperature range 220–12 K (Fig. 1a,

top) are essentially those of 6cLS hemes. The LS Q-bands

observed at room temperature (535 and 570 nm) are

intensified, whereas the Soret band redshifts by 2 nm and

the 6cHS bands at 503 and 635 nm (638 nm in the D2

spectrum) are considerably reduced. In accord with the

low-temperature absorption spectrum, the high-frequency

RR spectrum at 12 K pH 7.6 shows an intensification of the

LS form (m3 1,505, m2 1,582, m10 1,643 cm-1) at the

expense of the 6cHS form (m3 1,480, m2 1,558, m10

1,608 cm-1) observed at 298 K (Fig. 1b), which is con-

siderably reduced at 12 K. Moreover, of the two LS forms

observed at 298 K, characterized by m3 bands at 1,505 and

1,512 cm-1, only one form appears to be particularly

enhanced at 12 K (m3 at 1,505 cm-1). Interestingly, at the

physiological temperature for the bacterium (4 �C), a slight

increase in the relative intensity of the RR m3 LS band at

1,505 with respect to that at 1,512 cm-1 has been observed,

together with an intensification (of ca. 20%) of the UV–vis

Soret band (Fig. S6 of the ESM). Nevertheless, the broad m2

band (1,582 cm-1) at 12 K suggests the presence of two

LS forms. This interpretation is supported by the presence

of the bands at 1,604 and 1,611 cm-1, assigned to two m37

LS modes.

X-band EPR spectroscopy (at 5 K) was carried out to

gain further insight into the spin state and heme coordi-

nation environment of the protein (Fig. 1c). In agreement

with the electronic absorption and RR spectra, the EPR

spectrum at pH 7.6 is characterized by an axial HS ferric

signal (g\ * 6.0, g// * 2.0) and three rhombic LS forms:

Table 1 Tyrosinate vibrational bands (cm-1) for ferric heme proteins with tyrosinate ligation

Protein Spin state mTyr(C=C) mTyr(C=C) mTyr(C–O) m(Fe–OTyr) Reference

Ph-2/2HbO 6cLS 1,601a 1,510 n.d.b 598 This work

Chlamydomonas Hb 6cLS 1,595 1,500 1,308 502 20

Hb M Saskatoon 6cHS 1,607 1,504 1,300 581/598 29, 30, 34

Hb M Boston 5cHS 1,603 1,504 1,279 603 29, 30

Human Mb (H93Y) 5cHS 1,603 1,504 1,302 585 31

Human HO-1(H25Y) 5cHS 1,605 1,504 1,258 591 32

ShuT 5cHS 1,601 1,502 1,301/1,265 613 33

a This band overlaps with the 6cHS m10 observed at 1,608 cm-1. A polarized band at 1,601 cm-1 has been observed by curve fitting (bandwidth

13 cm-1) the spectra obtained with 514.5 nm excitation in polarized light (data not shown)
b This band overlaps with a mode observed at 1,309 cm-1 and assigned to the m21 (see Table S1 of the ESM)
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form 1, g = 2.95, 2.28, 1.49, form 2, g = 2.51, *2.29,

1.86, and form 3, g = 2.77, -, 1.63 (Table 3). The g val-

ues reported for form 2 should be considered to be average

values, as at each g value there is evidence of more than

one species with very similar g values, likely indicative of

some structural flexibility at this site (see Fig. S7 of the

ESM). The band corresponding to g2 of form 3 is likely

hidden by the bands of the other two species at g * 2.2 or

by the spurious band.

The g tensor anisotropy of these LS forms is typical of N

and O ligation to the heme (Table 3) [5, 20, 35–41]. The

Blumberg–Peisach diagram [36] can provide some empir-

ical guidance to obtain an indication of possible LS heme

iron axial ligands, although it should be kept in mind that a

number of pitfalls have been found in the use of this dia-

gram, and it should not be used as the only criterion for

ligand assignment [42]. The rhombicity (V/D) and tetrag-

onality (D/k) parameters determined from the g values

[43, 44] of the predominant LS form at pH 7.6 (form 1;

V/D = 0.59, D/k± = 3.30) place it in the H-type group of

the Blumberg–Peisach diagrams [36], characterized by

systems with bis-His axial coordination. Nevertheless, the

g values of form 1 are quite similar to those of the human

serum albumin–ibuprofen complex (2.93, 2.27, 1.55),

which is characterized by His–Fe–Tyr axial coordination

[41] (Table 3). A similar assignment to the H group of the

Blumberg–Peisach diagram was also reported for the HasA

proteins from S. marcescens and P. aeruginosa at neutral

pH (g = 2.86, 2.21, 1.71), which are characterized by His–

Fe–Tyr axial coordination. It is noted that the original EPR

study of S. marcescens HasA, prior to the determination of

the crystal structure, mistakenly assigned a bis-His axial

heme coordination [39, 40]. Furthermore, the rhombicity

and tetragonality crystal parameters determined from the

g values of Chlamydomonas Hb, which is assigned to His–

Fe–Tyr axial coordination, place it in the H structural

group [20]. In all the cited cases, the tyrosinate ligand is

Table 2 Kinetic parameters for azide binding to bimolecular species

of Fe(III) Ph-2/2HbO (indicated as r1 and r2) at pH 7.0 and 20 �C,

according to Scheme S1, employing Eq. S1 (see the ESM)

r1 r2

k1 (s-1) 1.0 (±0.2) 9 103 3.6 (±0.5) 9 101

k2
0/k1
0 (M-1) 0.23 ± 0.04 1.2 ± 0.3

k2 (s-1) 2.4 ± 0.4 0.07 ± 0.01

Fig. 3 a Kinetic progress curves at 408 nm of 3 9 10-6 M Fe(III)

Ph-2/2HbO for different concentrations of N3
-; i.e., 3 9 10-4 M

(curve a), 3 9 10-3 M (curve b), 1 9 10-2 M (curve c) and

3 9 10-1 M (curve d) at pH 7.0 and 20 �C. Continuous lines
represent nonlinear least-squares fits to data employing Eq. 1 with

three exponentials (i.e., i = 3 in Eq. 1). b Amplitude of optical-

density changes at 408 nm for the first two exponentials (open circle
r1 and asterisk r2) of N3

- binding to 3 9 10-6 M Fe(III) Ph-2/2HbO

as a function of [N3
-]. Continuous lines show nonlinear least-squares

fits to data employing Eq. 2. c Dependence on [N3
-] of the observed

rate constants for the first two exponentials of azide binding to Fe(III)

Ph-2/2HbO (symbols are the same as those used in the middle panel).
Continuous lines show nonlinear least-squares fits to data employing

Eq. S1 (see the ESM) and parameters reported in Table 2; dashed
lines show nonlinear least-squares fits to data employing Eq. 3

b
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strongly H-bonded with a nearby residue, which has been

suggested to be the origin of the atypical crystal field

parameters for O heme ligation [20, 40]. Hence, by analogy

with these three cases, form 1 is proposed to be a tyrosinate

LS heme species that is strongly H-bonded with a neigh-

boring residue.

The crystal field parameters of form 2 (V/D = 0.82,

D/k = 5.17) are consistent with normal O coordination of the

heme based on the Blumberg–Peisach diagram [36]. Thus,

it is suggested that in this case the bound Tyr residue is not

involved in H-bonding interactions and, consequently, is

deprotonated. It cannot be completely excluded that form 2

corresponds to His–Fe–OH- coordination (see Table 3),

although this possibility is considered unlikely as there is

no evidence for a hydroxyl complex in the UV–vis spec-

trum at 12 K at pH 7.6 (Fig. 1a) [23]. The heme coordi-

nation of form 3 (g1 = 2.77, -, 1.63) is uncertain due to

the absence of g2; however, the g tensor anisotropy sug-

gests a probable assignment to the H group of the Blum-

berg–Peisach diagram and, therefore, bis-His coordination.

This can be ruled out, as there are no histidine residues in

the near vicinity of the distal heme pocket of Ph-2/2HbO,

suggesting that the coordination is His–Fe–Tyr, with the

tyrosinate ligand involved in a H-bonding interaction with

neighboring resides distinct from that of form 1. Thus, in

accord with the UV–vis and RR data, all of the LS forms

are assigned to His–Fe–Tyr heme coordination.

The apparent absence in the RR spectrum of a third LS

form observed in the EPR spectrum at 5 K is likely due to

two forms having very similar RR frequencies.

Molecular dynamics simulations

The most stable structure found by homology modeling

was used to perform 40 ns of MD simulations. To elucidate

the potential residue(s) involved in the hexacoordinated

conformation, we monitored selected key distances during

the simulation. As reported for other Group II Hbs, the

oxygen atom of TyrB10 was found to be close to the Fe(III)

atom [16, 20]. However, TyrCD1 was found to be even

closer to the Fe(III) atom than TyrB10 (Fig. 4). This is the

first reported case in which the TyrCD1 may be bound to

the Fe(III) atom.

On this basis, we constructed two models in which

either TyrCD1 or TyrB10 was coordinated to the Fe(III).

MD simulations of these models were performed in order

to determine the stabilities of these potential structures.

The results show that both systems were stable during the

20 ns of the MD (see Figs. S8, S9 of the ESM). We also

found that when TyrCD1 is coordinated to the iron atom,

TrpG8 is H-bonded to the O- of TyrCD1, highlighting the

important role of this residue (Fig. 5). On the other hand,

when TyrB10 is coordinated to the iron, both TrpG8 and

TyrCD1 are H-bonded to the O- of TyrB10 (Fig. 6). These

Table 3 Comparison of the EPR spectral parameters of various low-spin heme proteins

Protein g1 g2 g3 pH Coordination Reference

Ph-2/2HbO 2.95 2.28 1.49 7.6 His/Tyr- a This work

Ph-2/2HbO 2.51 *2.29 1.86 7.6 His/Tyr- This work

Ph-2/2HbO 2.77 – 1.63 7.6 His/Tyr- a This work

HRPA2 2.96 2.13 1.66 Alkaline His/OH- a [35]

Mb 2.55 2.17 1.85 Alkaline His/OH- [5]

L. pectinata Hb II 2.61 2.20 1.82 Alkaline His/OH- [5]

Various heme proteinsb *2.8 2.4 1.5 His/His [36, 37]

Cytochrome b [3 His/Hisc [38]

Chlamydomonas Hb 2.52 2.31 1.86 Alkaline His/Tyr- a [20]

S. marcescens HasA 2.85 2.21 1.71 7.5 His/Tyr- a [39, 40]

HSA ibuprofen 2.93 2.27 1.55 6.9 His/Tyr- a [41]

L. pectinata Hb II 2.76 2.20 1.75 Alkaline His/Tyr- [5]

HH cytochrome c 3.06 2.25 1.25 7.0 Met/His [37]

Euglena cytochrome 3.20 2.05 1.39 7.0 Met/Hisd [37]

HH cytochrome c 3.37 2.1 Alkaline Lys/His [37]

HH cytochrome c 3.58 Alkaline Lys/Lys [37]

HRPA2 horseradish peroxidase isoenzyme A2, HSA human serum albumin, HH horse heart
a OH- strongly H-bonded
b Approximate g values
c Imidazole planes, nonparallel
d Imidazole with enhanced H-bonding
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results are fully in keeping with the presence of multiple

LS forms displaying different heme binding affinities and

spectroscopic properties.

Discussion

Unlike the great majority of bacteria, PhTAC125 possesses

three genes encoding 2/2 Hbs, two of which belong to

Group II, and one gene encoding flavoHb. Sequence

alignment (Fig. S2 of the ESM) of Ph-2/2HbO with other

2/2 Hbs indicates that the conserved residues HisF8,

TyrB10, TrpG8, TyrCD1, IleE7, and PheE11 are at the

typical positions for Group II Hbs [17, 18]. On the proxi-

mal side, HisF8 is coordinated to the heme iron, as con-

firmed by the m(Fe–Im) stretching mode at 223 cm-1 in the

RR spectrum of the deoxy form (data not shown).

Ph-2/2HbO presents an unusual extension of 15 residues

at the N-terminus (pre-A helix). A similar situation had

also been found in M. tuberculosis HbN (Group I) and

appears to occur in many slow-growing species of myco-

bacterium, such as M. bovis, M. avium, M. microti,

M. marinum [45], and S. oneidensis [18]. The X-ray

structure of M. tuberculosis HbN (1IDR) showed that the

pre-A motif does not significantly contribute to the struc-

tural integrity of the protein, protruding out of the compact

globin fold, but rather confers a vital contribution in

regulating the efficient nitrogen-monoxide-dioxygenase

activity of HbN [45].

Inactivation of the Ph-2/2HbO encoding gene makes the

mutant bacterial strain sensitive to high oxygen pressure, to

H2O2 and to nitrosating agents, suggesting a potential role

of the protein in oxidative and nitrosative stress [46].

At neutral pH, the heme population of Ph-2/2HbO

contains a mixture of 6cHS (aquo) and different 6cLS

heme forms. The LS forms are all characterized by a

nonprotonated tyrosinate bound to the heme iron, which

experience different degrees of H-bonding with neighbor-

ing H-bond donors. Either TyrCD1-O- or TyrB10-O- are

suggested to be coordinated to the heme Fe(III) atom. The

first residue is stabilized by TrpG8 and the second by both

TrpG8 and TyrCD1. Clearly, TrpG8 plays a very important

role in the stabilization of the coordinated tyrosyl resi-

dues. The lower redox potential of Ph-2/2HbO at pH 7.0

(i.e., -80 mV vs. SHE) compared to that of horse heart Mb

and human Hb (?50 and ?135 mV, respectively) [19]

does indeed agree with the presence of Tyr as axial ligand.

Fig. 4 Ph-2/2HbO Fe(III). Time evolution of selected distances

between distal residues of the protein. The distances are defined as the

distances between the iron and the hydroxylic oxygen of TyrCD1

(black), or the iron and the hydroxylic oxygen of TyrB10 (dark gray)

Fig. 5 Ph-2/2HbO with TyrCD1-O- coordinated to the heme iron.

a Schematic representation of the distal site of the protein showing the

coordinated TyrCD1-O- stabilized by a H-bond with the TrpG8. As

shown in b, the distance between TyrCD1-O- and the hydroxylic

proton of TyrB10 is too long to form a H-bond. b Time evolution of

selected distances between the O- atom of the coordinated TyrCD1

and the indole Ne proton of TrpG8 (black), and the hydroxylic proton

of TyrB10 (red)
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Moreover, the kinetic behavior observed for azide binding

indicates the presence of three reacting forms, suggesting

that the HS and LS hexacoordinated forms do not inter-

change quickly. The faster component displays a fairly fast

dissociation rate (likely corresponding to the hexacoordi-

nated HS species with a water molecule coordinated to the

heme), even faster than those reported for water dissocia-

tion from Mbs [47, 48]. The slight redshift of the CT1 in

Ph-2/2HbO compared to Mbs [48] suggests that this feature

might be accounted for by the lack of a H-bond between

the water molecule and distal residues of the heme pocket.

Thus, in Mbs the water molecule is H-bonded with distal

His that stabilizes the Fe(III)–H2O interaction, slowing

down its dissociation rate; this H-bonding is not present (or

is much weaker) in the distal pocket of Ph-2/2HbO, ren-

dering the water dissociation much faster. The slower

bimolecular component is characterized by a very slow

dissociation rate of the hexacoordinating ligand (Table 2),

a behavior that is in keeping with a stronger interaction

between this endogenous ligand (possibly one of the two

Tyr residues, TyrCD1 or TyrB10) and the heme. The

slowest azide-independent rate constant could instead

correspond to a form where the hexacoordination by Tyr is

stabilized by the H-bond network mentioned above.

All of the results presented here indicate that Ph-2/

2HbO displays unique adaptive structural properties con-

ferring higher flexibility to the protein that may facilitate

the functioning in the cold by providing greater freedom

for the correct positioning of ligand(s), even at low tem-

peratures. Alternatively, the multiple hexacoordinated

states may account for multiple functions in the same

molecule. Hexacoordinated Hbs are observed in unicellular

eukaryotes [17], plants [49], invertebrates [50], and in

some tissues of higher vertebrates [48, 51], but only a few

cases have been examined and reported in the literature for

bacterial 2/2 Hbs [52–55]. The physiological role of these

hexacoordinated Hbs is not well understood. Several roles

have been suggested for them: oxygen scavengers under

hypoxic conditions [56, 57], terminal oxidases [58], oxy-

gen sensors [59, 60], and that they are involved in nitrogen

monoxide metabolism [61].

The discovery of hexacoordinated neuroglobin and

cytoglobin in man and other vertebrates suggests that in

different phylogenetically unrelated groups of organisms,

these proteins may be endowed with a common function

that is mainly linked to the production of reactive oxygen

species (ROS) and nitrogen monoxide. The sixth ligand is

usually provided by the imidazole side chain of a His,

normally present at the distal site of the heme pocket, and

only a few examples have been reported where TyrB10 has

been found to act as the sixth ligand at the iron site in the

ferrous [55] and ferric states [16, 20]. Indeed, the amino-

acid sequence, the MD simulations, and the spectroscopic

data of Ph-2/2HbO indicate that the distal ligands of the LS

ferric form can be either TyrCD1 or TyrB10.

In summary, the existence of several similar LS forms

suggests that the protein has a high degree of structural

flexibility that gives rise to conformers which may be

distinguished by the strength of the H-bond interactions

with the Tyr ligand and/or the disposition of the H-bonding

partner.
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