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a b s t r a c t

Methanosarcina acetivorans is a strictly anaerobic non-motile methane-producing Archaea expressing
protoglobin (Pgb) which might either facilitate O2 detoxification or act as a CO sensor/supplier in meth-
anogenesis. Unusually, M. acetivorans Pgb (MaPgb) binds preferentially O2 rather than CO and displays
anticooperativity in ligand binding. Here, kinetics and/or thermodynamics of ferric and ferrous MaPgb
(MaPgb(III) and MaPgb(II), respectively) nitrosylation are reported. Data were obtained between pH 7.2
and 9.5, at 22.0 �C. Addition of NO to MaPgb(III) leads to the transient formation of MaPgb(III)–NO in
equilibrium with MaPgb(II)–NO+. In turn, MaPgb(II)–NO+ is converted to MaPgb(II) by OH�-based catal-
ysis. Then, MaPgb(II) binds NO very rapidly leading to MaPgb(II)–NO. The rate-limiting step for reductive
nitrosylation of MaPgb(III) is represented by the OH�-mediated reduction of MaPgb(II)–NO+ to MaPgb(II).
Present results highlight the potential role of MaPgb in scavenging of reactive nitrogen and oxygen
species.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Phylogenetic analysis revealed that three globin lineages prob-
ably evolved from an ancestral flavo-hemoglobin-like single-do-
main protein. The first lineage includes flavo-hemoglobins and
related single domain globins (e.g., myoglobin; Mb). The second
lineage comprises truncated hemoglobins showing the 2-on-2 a-
helical fold. The third lineage encompasses two-domain globin-
coupled sensors, single-domain sensor globins, and related sin-
gle-domain protoglobins (Pgb) [1–6].
ll rights reserved.
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artimentale di Microscopia
vale 79, I-00146 Roma, Italy.
Pgbs are homodimers, each subunit being composed by approx-
imately 195 amino acids, which are related to the N-terminal do-
main of archaeal and bacterial globin-coupled sensor proteins
[1–6]. The elucidation of the three-dimensional structure of Met-
hanosarcina acetivorans protoglobin (MaPgb) revealed that the sub-
units of Pgbs are structurally related to single-chain globins (e.g.,
Mb) and to the heme-based aerotaxis transducer sensor domain
of Bacillus subtilis globin-coupled sensor, being folded into the clas-
sical 3-on-3 a-helical sandwich, which is however somewhat ex-
tended in its N- and C-terminal regions [7,8]. Since Pgb-specific
loops and the N-terminal extension completely bury the heme
within the protein matrix, the ligand access to the heme distal
pocket is permitted by the Pgb-specific apolar tunnels located at
the B/G and B/E a-helix interfaces [7–9].

Up to now, Pgbs have been identified in both Archaea and Bac-
teria [1–6,10]. Although their function(s) is openly debated, Pgbs
might either facilitate O2 detoxification or act as CO sensor/sup-
plier in methanogenesis [1–6,10]. Unusually, MaPgb shows a selec-
tivity ratio for O2/CO binding that favors O2 ligation and
anticooperativity in ligand binding [7,11]. This feature could be re-
lated to the fact that M. acetivorans takes advantage of acetate,
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methanol, CO2, and CO as carbon sources for methanogenesis;
methane production occurs simultaneously with the formation of
a proton gradient that is essential for energy harvesting
[10,12,13]. Therefore, the ability to convert CO to methane might
indicate that CO is the actual ligand of MaPgb ‘‘in vivo’’, supporting
the hypothesis of a very ancient origin for such metabolic path-
way(s) [10,14].

Here, kinetics and thermodynamics of ferric and ferrous MaPgb
(MaPgb(III) and MaPgb(II), respectively) nitrosylation are reported.
Reductive nitrosylation of MaPgb(III) highlights the potential role
of Pgbs in scavenging of reactive nitrogen and oxygen species.
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2. Materials

MaPgb was expressed in Escherichia coli cells Bl21(DE3)pLysS
and collected as described previously [7,15]. MaPgb(III) was pre-
pared by adding very few grains of ferrycyanide to the MaPgb solu-
tion (1.3 � 10�6 and 2.4 � 10�6 M). MaPgb(II) was prepared by
adding very few grains of sodium dithionite to the MaPgb(III) solu-
tion, under anaerobic conditions. MaPgb(II)–NO was prepared by
adding NO (5.0 � 10�6 M 6 [NO] 6 1.0 � 10�3 M) solution to either
MaPgb(III) or MaPgb(II) solution, and by keeping in a closed vessel
either MaPgb(III) or MaPgb(II) solution under purified NO, at
760.0 mmHg. The MaPgb concentration was determined spectro-
photometrically using the extinction coefficient of the MaPgb(II)
derivative (i.e., e = 1.25 � 105 M�1 cm�1 at 432 nm) [11].

1,3-Bis(tris(hydroxymethyl)methylamino)propane (bis–tris
propane) was obtained from Sigma–Aldrich (St. Louis, MO, USA).
Gaseous NO was purchased from Aldrich Chemical Co. (Milwaukee,
WI, USA) and purified by flowing through a NaOH column in order
to remove acidic nitrogen oxides. The NO stock solution was pre-
pared anaerobically by keeping in a closed vessel distilled water
under purified NO, at 760.0 mmHg and 20.0 �C. The solubility of
NO in the water is 2.05 � 10�3 M, at 760.0 mmHg and 20.0 �C
[16]. The NO stock solution was diluted with degassed 1.0 � 10�1

M bis–tris propane buffer (pH 7.2–9.5) to reach the desired concen-
tration (5.0 � 10�6 M 6 [NO] 6 1.0 � 10�3 M).
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3. Methods

Kinetics and thermodynamics of MaPgb(III) and MaPgb(II) nit-
rosylation between pH 7.2 and 9.5 were fitted to the minimum
reaction mechanism represented by Scheme 1 [17–22].

Values of the pseudo-first-order rate constants kobs and hobs (see
reactions a and c in Scheme 1, respectively), and of the dissociation
equilibrium constant K (= koff/kon; see reaction a in Scheme 1) for
MaPgb(III) reductive nitrosylation were obtained by mixing the
MaPgb(III) solution (final concentration and 2.4 � 10�6 M) with
the NO solution (final concentration, 2.5 � 10�5 to 1.0 � 10�3 M)
under anaerobic conditions. No gaseous phase was present.
Scheme 1. MaPgb nitrosylation mechanism.

Fig. 1. MaPgb(III) reductive nitrosylation, at pH 7.2 and 22.0 �C. (A) Normalized
averaged time courses of MaPgb(III) reductive nitrosylation. The NO concentration
was 5.0 � 10�5 M (trace a) and 2.0 � 10�4 M (trace b). The time course analysis
according to Eqs. (1)–(3) allowed the determination of the following values of
parameters a, kobs, and hobs: trace a � a = 0.48, kobs = 5.1 s�1, and hobs = 9.5 � 10�4

s�1; and trace b � a = 0.74, kobs = 15.0 s�1, and hobs = 1.2 � 10�3 s�1. (B) Dependence
of kobs on [NO] for MaPgb(III) reductive nitrosylation. The continuous line was
generated from Eq. (4) with kon = (4.8 ± 0.5) � 104 M�1 s�1 and koff = (2.6 ± 0.3) s�1.
(C) Dependence of a on [NO] for MaPgb(III) reductive nitrosylation. The continuous
line was generated from Eq. (5) with K = (6.0 ± 0.7) � 10�5 M. (D) Dependence of
hobs on [NO] for MaPgb(III) reductive nitrosylation. The average hobs value is
1.0 � 10�3 s�1. The MaPgb(III) concentration was 2.4 � 10�6 M. Where not shown,
standard deviation is smaller than the symbol. For details, see text.



Table 1
Values of kinetic and thermodynamic parameters for nitrosylation of ferric and ferrous MaPgb, at 22.0 �C.

pH kon (M�1 s�1) koff (s�1) K (M) koff/kon (M) hobs (s�1) lon (M�1s�1)

7.2 4.8 � 104 2.6 6.1 � 10�5 5.4 � 10�5 1.0 � 10�3 2.7 � 107

7.8 2.6 � 104 8.9 � 10�1 3.2 � 10�5 3.4 � 10�5 2.4 � 10�3 n.d.
8.5 3.1 � 104 9.1 � 10�1 4.1 � 10�5 2.9 � 10�5 8.5 � 10�3 2.1 � 107

9.2 4.2 � 104 1.6 2.8 � 10�5 3.8 � 10�5 4.7 � 10�2 n.d.
9.5 3.7 � 104 1.7 4.6 � 10�5 4.6 � 10�5 9.0 � 10�2 3.6 � 107
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Fig. 2. Dependence of hobs on [OH�] for MaPgb(III) reductive nitrosylation. The
continuous line was generated from Eqn. (6) with hOH

� = (2.9 ± 0.3) � 103 M�1 s�1

and hH2O = (4.1 ± 0.4) � 10�4 s�1. Where not shown, standard deviation is smaller
than the symbol. For details, see text.
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Fig. 3. Dependence of lobs on [NO] for MaPgb(II) nitrosylation, at pH 7.2 and 22.0 �C.
The continuous line was generated from Eq. (7) with lon: = (2.7 ± 0.3) � 107 M�1 s�1.
The MaPgb(II) concentration was 1.3 � 10�6 M. Where not shown, standard
deviation is smaller than the symbol. For details, see text.
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MaPgb(III) reductive nitrosylation was monitored between 370
and 450 nm.

Values of the pseudo-first-order rate constants kobs and hobs

were obtained according to Eqs. (1)–(3) [17–23]:

½MaPgbðIIIÞ�t ¼ ½MaPgbðIIIÞ�i � e�kobs�t ð1Þ

½MaPgbðIIIÞ � NO�t ¼ ½MaPgbðIIIÞ�i � ðk
obs � ððe�kobs�t=ðhobs � kobsÞÞ

þ ðe�hobs�t=ðkobs � hobsÞÞÞÞ ð2Þ

½MaPgbðIIÞ � NO�t ¼ ½MaPgbðIIIÞ�i � ½MaPgbðIIIÞ�t
þ ½MaPgbðIIIÞ � NO�t ð3Þ

Values of kon and koff (reaction a in Scheme 1) were determined
from the dependence of kobs on [NO], according to Eq. (4) [17–22]:

kobs ¼ kon � ½NO� þ koff ð4Þ

Values of K (= koff/kon; reaction a in Scheme 1) were determined
from the dependence of a (i.e., the molar fraction of ligand-bound
protein) on [NO], according to Eq. (5) [17–22]:

a ¼ ½NO�=ðKþ ½NO�Þ ð5Þ

The value of the second-order rate constant hOH� (see reaction c
in Scheme 1) for OH�-catalyzed conversion of MaPgb(II)-NO+ to
MaPgb(II) was determined from the dependence of hobs on [OH�]
according to Eq. (6) [17–22]:

hobs ¼ hOH� � ½OH�� þ hH2O ð6Þ

where hH2O is the first-order rate constant for H2O-catalyzed con-
version of MaPgb(II)–NO+ to MaPgb(II).

MaPgb(III) reductive nitrosylation was also obtained anaerobi-
cally by keeping the MaPgb(III) solution under purified gaseous
NO (760 mmHg), at pH 7.2 and 9.2 (1.0 � 10�1 M bis–tris propane
buffer) and 22.0 �C [17–22].

Values of the second-order rate constant lon (see reaction d in
Scheme 1) for MaPgb(II) nitrosylation were determined from the
dependence of lobs on [NO], according to Eq. (7) [16]:

lobs ¼ lon � ½NO� ð7Þ

loff was omitted simply because its value is very low, rendering the
reaction virtually irreversible.

MaPgb(II)–NO was also obtained anaerobically by keeping the
MaPgb(II) (1.3 � 10�6 M) solution under purified gaseous NO
(760 mmHg), at pH 7.2 and 9.2 (1.0 � 10�1 M bis–tris propane buf-
fer) and 22.0 �C.

All data were obtained between pH 7.2–9.5 (1.0 � 10�1 M bis–
tris propane buffer) and 22.0 �C. The results are given as mean val-
ues of at least three experiments plus or minus the corresponding
standard deviation. All data were analyzed using the matlab pro-
gram (The Math Works Inc., Natick, MA, USA).

4. Results and discussion

Mixing of the MaPgb(III) and NO solutions at pH 7.2 induces a
shift of the optical absorption maximum of the Soret band from
401 nm (i.e., MaPgb(III)) to 425 nm (i.e., MaPgb(III)–NO). Then,
the MaPgb(III)–NO solution undergoes a slow shift of the optical
absorption maximum of the Soret band from 425 nm (i.e., MaPg-
b(III)–NO) to 418 nm (i.e., MaPgb(II)–NO). The absorption spectra
of MaPgb(III), MaPgb(III)–NO, and MaPgb(II)–NO are superimpos-
able to those reported in the literature [3]. The reaction is irrevers-
ible as the spectrum of MaPgb(II)-NO reverts to MaPgb(II) instead
of MaPgb(III) by pumping off gaseous NO from the MaPgb(II)–NO
solution.

Under all the experimental conditions, the time course for
MaPgb(III) reductive nitrosylation corresponds to a biphasic pro-
cess (Fig. 1, panel A); values of kobs and hobs are wavelength-inde-
pendent at fixed NO concentration. The first step of MaPgb(III)
reductive nitrosylation (indicated by reaction a in Scheme 1) is a
bimolecular process as observed under pseudo-first order condi-
tions (Fig. 1, panel B). Plots of kobs versus [NO] are linear (Eq.
(4)), the slope and the y intercept corresponding to kon and koff val-
ues, respectively (see Table 1). From the dependence of the molar



Table 2
Values of kinetic and thermodynamic parameters for nitrosylation of ferric and ferrous heme–proteinsa.

Heme-protein kon (M�1 s�1) koff (s�1) K (M) koff/kon (M) hOH
� (M�1 s�1) hH20 (s�1) lon (M�1 s�1)

MaPgbb 4.8 � 104 2.6 6.1 � 10�5 5.4 � 10�5 2.9 � 103 4.1 � 10�4 2.7 � 107

G. max Lbc 1.4 � 105 3.0 2.1 � 10�5 2.1 � 10�5 3.3 � 103 3.0 � 10�4 1.2 � 108

Sperm whale Mbd 1.9 � 105 1.4 � 101 7.7 � 10�5 7.5 � 10�5 3.2 � 102 n.d. 1.7 � 107

Human Ngb fast phase 2.1 � 101e 2.5 � 10�3 e n.d. 1.2 � 10�4 f P 2 � 106 f n.d. n.d. g

slow phase 2.9 e 2.0 � 10�3 e n.d. 1.9 � 10�4 f P 5 � 105 f n.d. n.d. g

Tetrameric human Hbh a-chains 1.7 � 103 6.5 � 10�1 8.3 � 10�5 3.8 � 10�4 3.2 � 103 1.1 � 10�3 2.6 � 107

b-chains 6.4 � 103 1.5 8.3 � 10�5 2.3 � 10�4 3.2 � 103 1.1 � 10�3 2.6 � 107

Horse cytochrome ci 7.2 � 102 4.4 � 10�2 6.1 � 10�5 6.1 � 10�5 1.5 � 103 n.d. 8.3
HSA–heme–Fej 2.1 � 104 3.1 � 10�1 1.8 � 10�5 1.5 � 10�5 4.4 � 103 3.5 � 10�4 2.1 � 107

Rabbit HPX–heme–Fek 1.3 � 101
610�4 n.d. 68 � 10�6 P7 � 105 n.d. 6.3 � 103

n.d., not determined.
a All data were obtained between 10 �C and 22 �C. Values of K, kon, koff, koff/kon, and lon were obtained between pH 6.5 and 7.5.
b Present study.
c From [20,35].
d From [17,18,36].
e From [19].
f Values of koff, koff/kon, and hOH� were derived from [19].
g The lon value for nitrosylation of the homologous ferrous mouse Ngb is 1.5 � 108 M�1 s�1 [37].
h From [18,38,39].
i From [17,18].
j From [22].
k From [21,40].
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fraction of MaPgb(III) (i.e., a) on [NO] (Fig. 1, panel C), values of K
were determined (see Table 1). As expected for simple systems
[16], values of the Hill coefficient range between 0.98 ± 0.02 and
1.02 ± 0.02 (data not shown), and values of K agree with those of
koff/kon (see Table 1). The second step (indicated by reaction c in
Scheme 1) follows a [NO]-independent monomolecular behavior
at all the pH values investigated (Fig. 1, panel D). According to
Scheme 1, the value of hobs is linearly-dependent on [OH�]
(Fig. 2, and Table 1). The slope and the y intercept of the plot of hobs

versus [OH�] correspond to hOH
� (= 2.9 � 103 M�1 s�1) and hH2O

(= 4.1 � 10�4 s�1), respectively (see Table 1).
According to literature [3], addition of NO (either gaseous or

dissolved in the buffer solution) to the MaPgb(II) solution brings
about a shift in the maximum of the optical absorption spectrum
in the Soret band from 432 nm (i.e., MaPgb(II)) to 418 nm (i.e.,
MaPgb(II)-NO).

Under all the experimental conditions, the time course for
MaPgb(II) nitrosylation (see reaction d of Scheme 1) conforms
grossly to a single-exponential decay. Values of lobs are wave-
length-independent at fixed NO concentration. Fig. 3 shows the lin-
ear dependence of lobs for MaPgb(II) nitrosylation on [NO]. The
analysis of data according to Eq. (7) allowed to determine values
of lon (see Table 1). The very fast NO binding to MaPgb(II) agrees
with the fact that the MaPgb(II) species was never detected spec-
trophotometrically in the course of the MaPgb(III) reductive nitro-
sylation process.

The comparison of kinetic and thermodynamic parameters for
MaPgb(III) reductive nitrosylation with those of other heme–pro-
teins, reported in Table 2, allows the following considerations:

(i) Values of kon and lon for nitrosylation of ferric and/or ferrous
MaPgb (present study), Glycine max leghemoglobin (G. max
Lb) [20], sperm whale Mb [17,18], tetrameric human hemo-
globin (Hb) [18], and HSA–heme–Fe [22] are higher than
those reported for human neuroglobin (Ngb) [19], horse
cytochrome c [17,18] and rabbit hemopexin–heme–Fe
(HPX–heme–Fe) [21] (see Table 2). This reflects the rele-
vance of heme coordination in the modulation of this pro-
cess, since it turns out to be slower in six-coordinated
heme–proteins, such as human Ngb, horse cytochrome c,
and rabbit HPX–heme–Fe, which must undergo a transient
six- to five-coordination to allow binding of exogenous
ligands (e.g., NO) [24–26].

(ii) Values of koff for NO dissociation from ferric nitrosylated
heme–proteins span over five orders of magnitude (see
Table 2), possibly reflecting the different stabilization geom-
etry of the heme–Fe(III)–bound NO by heme distal amino
acid residues [24–33].

(iii) Although values of kon and koff for NO binding to ferric
heme–proteins span over several orders of magnitude (see
Table 2), values of K (= koff/kon) are similar, indicating the
occurrence of kinetic compensation phenomena.

(iv) Values of hOH
� for reductive nitrosylation of human Ngb(III)

and rabbit HPX–heme–Fe(III) [19,21] are larger by at least
three orders of magnitude than those reported for MaPgb(III)
(present study), G. max Lb(III) [20], sperm whale Mb(III)
[17,18], human Hb(III) [18], horse cytochrome c(III)
[17,18], and HSA–heme–Fe(III) [22] (see Table 2). This may
reflect either different anion accessibility to the heme pocket
or a difference of heme–protein reduction potentials
[16,18,20,34]. Moreover, values of hOH

� for ferric heme–pro-
tein nitrosylation are higher than those of hH2O by at least
five orders of magnitude (see Table 2) indicating that OH�

ions catalyze the conversion of heme–Fe(II)–NO+ to heme–
Fe(II) (see reaction c in Scheme 1) much more efficiently
than H2O.

(v) Reductive nitrosylation of MaPgb (present study), G. max
Lb(III) [20], sperm whale Mb(III) [17,18], human Hb(III)
[18], and HSA–heme–Fe(III) [22] is limited by the OH�-med-
iated reduction of heme–Fe(II)–NO+ to heme–Fe(II) (see
reaction c in Scheme 1). On the other hand, NO binding to
six-coordinated human Ngb(III), horse cytochrome c(III)
and rabbit HPX–heme(III) (reaction a in Scheme 1) repre-
sents the rate-limiting step [18,19,21].

Present results highlight the role of MaPgb in the scavenging of
reactive oxygen and nitrogen species which appears pivotal in the
physiology of the strictly-anaerobic Archaea M. acetivorans. In fact,
it is possible to envisage for MaPgb multiple functional roles, since
its scavenging function(s) might coexist with an enzymatic
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activity(ies) to facilitate the conversion of CO to methane, being an
adaptation to different gaseous environments.
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