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Abstract: Classical all α-helical globins are present in all 
living organisms and are ordered in three lineages: (i) 
flavohemoglobins and single domain globins, (ii) proto-
globins and globin coupled sensors and (iii) truncated 
hemoglobins, displaying the 3/3 or the 2/2 all α-helical 
fold. However, over the last two decades, all β-barrel and 
mixed α-helical-β-barrel heme-proteins displaying heme-
based functional properties (e.g. ligand binding, transport 
and sensing) closely similar to those of all α-helical glob-
ins have been reported. Monomeric nitrophorins (NPs) 
and α1-microglobulin (α1-m), belonging to the lipocalin 
superfamily and nitrobindins (Nbs) represent prototypi-
cal heme-proteins displaying the all β-barrel and mixed 
α-helical-β-barrel folds. NPs are confined to the Reduvii-
dae and Cimicidae families of Heteroptera, whereas α1-m 
and Nbs constitute heme-protein families spanning bac-
teria to Homo sapiens. The structural organization and 
the reactivity of the stable ferric solvent-exposed heme-Fe 
atom suggest that NPs and Nbs are devoted to NO trans-
port, storage and sensing, whereas Hs-α1-m participates 
in heme metabolism. Here, the structural and functional 
properties of NPs and Nbs are reviewed in parallel with 
those of sperm whale myoglobin, which is generally taken 
as the prototype of monomeric globins.
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Introduction
All α-helical globins are present in all living organisms 
and are ordered in three lineages: (i) flavohemoglobins 
and single domain globins, (ii) protoglobins and globin 
coupled sensors and (iii) truncated hemoglobins. They 
perform a wide range of essential biological functions 
including ligand transport, storage and sensing, as well 
as heme-Fe-based catalysis (1–12).

Most of the all α-helical globins [e.g. hemoglobin (Hb) 
and myoglobin (Mb)] display the classical 3/3 globin fold, 
made up of seven or eight α-helical segments forming a 
sandwich around the heme. In particular, A-, B- and E-α-
helices form one face of the sandwich, the other side being 
built by F-, G- and H-α-helices; C- and D-α-helices are very 
short, if present (2, 12–15). In the year 2000, a subset of 
the classical 3/3 α-helical sandwich was discovered and 
called 2/2 fold; this is essentially composed by B-, E-, G- 
and H-α-helices, which are arranged around the heme in 
a sort of bundle composed of anti-parallel pairs B/E and 
G/H connected by an extended polypeptide loop (16, 17). 
The heme is deeply buried in a crevice of the globin and 
is engaged in a number of hydrophobic contacts with the 
amino acid side chains paving the pocket which prevents 
the metal center oxidation (2, 10, 18, 19). The heme-Fe 
fifth coordination site is bound to the side chain of the so-
called ‘proximal’ HisF8. The other axial position faces the 
so-called ‘distal’ E7 residue, which was demonstrated to 
contribute substantially to the stability of the heme-bound 
ligand and to the reversibility of the reaction. Of note, the 
occurrence of a His residue at the E7 position may lead to 
hexa-coordination of the heme Fe-atom impairing ligand 
binding (Figure 1) (2, 7, 12, 21–24).

Over the last two decades, monomeric all-β-barrel 
and mixed-α-helical-β-barrel heme-proteins have been 
reported to display heme-based functional properties (e.g. 
ligand transport, storage and sensing) similar to those 
of all α-helical globins. They include Rhodnius prolixus 
nitrophorins (Rp-NPs) (25–27), human α1-microglobulin 
(Hs-α1-m) (28, 29), Cimex lectularius nitrophorin (Cl-NP) 
(30), Arabidopsis thaliana nitrobindin (At-Nb) and Homo 
sapiens THAP4 (Hs-THAP4) (31–33).
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Rp-NPs and Hs-α1-m are eight-stranded anti-parallel 
all β-barrel heme-proteins belonging to the lipocalin 
family (25, 27). At-Nb and Hs-THAP4 display a ten-stranded 
anti-parallel all β-barrel fold could be considered as the 
heme-binding prototypes of the Nb family (31, 32). Cl-NP 
displays a mixed α-helical-β-barrel fold, being structur-
ally related to bacterial exonuclease III (34) and to human 
inositol polyphosphate-5-phosphatase (30, 35). In Rp-NPs, 
Hs-α1-m and Nbs, the penta-coordinated heme-Fe atom is 
tethered to the protein by the imidazole ring of the proxi-
mal His residue, which is replaced by the Cys side chain 
in Cl-NP. The heme distal His residue, present in most of 
all α-helical globins, is absent in NPs, Hs-α1-m and Nbs 
avoiding heme-Fe hexa-coordination and, in turn, causes 
the loss of the metal center reactivity. Moreover, the high 

Figure 1: The three-dimensional structure of deoxygenated 
Pc-Mb-Fe(II).
An overview (panel A; ID PDB code: 1VXB) and some details of the 
heme pocket (panel B; ID PDB code: 1VXB). The proximal His93 and 
the distal His64 residues are shown. This and the following figures 
have been drawn with UCSF-Chimera package (20).

solvent exposure of the heme does not permit the reduc-
tion of the heme Fe-atom, which is stable in the ferric 
form. This allows to selectively bind small neutral and 
anionic molecules (e.g. NO) (36, 37).

The structural organization of all α-helical globins, 
binding the ferrous heme-Fe and of all β-barrel and mixed 
α-helical-β-barrel heme-proteins, joining the ferric heme-
Fe, is at the root of their different functions (30, 31, 38). 
Here, the structural and functional properties of Nbs, Hs-
α1-m and NPs are examined in parallel with those of sperm 
whale (Physeter catodon) myoglobin (Pc-Mb), which is 
generally taken as the molecular model of monomeric 
globins (39).

Heme-binding lipocalins
The lipocalins form a widespread superfamily of single 
domain extracellular proteins described in bacteria, 
plants, invertebrate and vertebrates (40–42). They are 
characterized by a large cup-shaped β-barrel structure that 
contains eight anti-parallel β-strands able to bind small 
hydrophobic molecules, including the heme, as well as 
exogenous molecules (40, 41, 43). Although for a long time, 
it was thought that Rp-NPs were the only lipocalins able to 
bind heme, in 2012, Hs-α1-m has been reported to host the 
heme and to participate in heme metabolism (44).

Nitrophorins
The nitrophorins (NPs) represent a group of NO-carrying 
heme proteins identified for the first time in the salivary 
glands of Rp. (26, 45). Rp-NPs possess anti-hemostatic 
activity, storage, transport and release of NO and binds 
host histamine (26, 27, 37). Of note, Rp-NPs are synthe-
sized in the salivary glands where NO is produced from a 
NO-synthase similar to mammalian constitutive isoforms 
(46). Although not evolutionarily related to Rp-NPs, the 
Cl-NP also transports, stores and releases NO by using a 
ferric heme-Fe. As expected from the high sequence diver-
gence among lipocalins, the shape of the β-barrel, the 
positioning of the hydrophobic ligands in the barrel core 
and the loops lining the barrel entrance are very different 
in NPs (30, 47, 48).

Rhodnius prolixus nitrophorins

About 6  million people worldwide, mostly in Latin 
America, are estimated to be affected by Chagas disease, 
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which is caused by Trypanosoma cruzi (49, 50). Trypa-
nosoma cruzi is mainly transmitted by contact with the 
feces/urine of infected hematophagous Triatominae 
insects like Rp (51), which typically lives in the wall or roof 
cracks of poorly-constructed homes in rural or suburban 
areas. Chagas disease is characterized by two phases: the 
initial and acute phase, in which, a high number of para-
sites circulate in the blood but during which symptoms 
are absent or mild, and the late and chronic phase, in 
which the parasites infest the heart and the digestive tract 
muscles. Most of the patients affected by Chagas disease 
suffer from cardiac, gastrointestinal, neurological, or 
mixed disorders. In later years, the infection can lead to 
death by progressive destruction of the heart and its con-
ducting fibers (49).

The saliva of Rp contains several proteins includ-
ing: (i) three platelet aggregation inhibitors (named from 
RPAI1 to RPAI3) (52); (ii) an anti-thrombin protein that 
modulates the blood-pumping frequency, facilitating 
the feeding efficiency of Triatominae (53, 54); (iii) six Rp-
NPs (designated from Rp-NP1 to Rp-NP6) that induce the 
vasodilation releasing NO and impair the activation of 
the host inflammation and immune responses by trap-
ping histamine; (iv) Rp-NP2, also called prolixin-S, which 
blocks both the intrinsic and extrinsic coagulation path-
ways by inhibiting the factor IX (55, 56); and (v) Rp-NP7 
that is devoted to impair platelet aggregation (26, 27, 37). 
Although Rp-NPs have been extensively studied and are 
structurally well characterized, it remains a matter of 
debate why Rp uses a set of NPs.

The Rp-NPs family arose from gene duplication as 
indicated by the very high amino acid sequence identity 
between NP1 and NP4 and between NP2 and NP3 (26). 
Among the seven Rp-NPs so far identified, the crystal 
structure has been solved for Rp-NP1, Rp-NP2, Rp-NP4 
and Rp-NP7 (37, 57–59). The Rp-NPs are ~20 kDa proteins 
showing a common fold characterized by eight anti-par-
allel β-strands, three short α-helices and two disulfide 
bridges (Figure 2) (26, 37, 57–60). Of note, the position 
of the Cys residues forming the disulfide bonds is con-
served among other insect-derived lipocalins such as bilin 
binding protein and insecticyanin (40, 61).

In Rp-NPs, the heme is located in one end of the 
β-barrel and is bound to the protein by the proximal His 
residue (25, 57, 61). The heme is surrounded by ten hydro-
phobic residues in addition to the proximal His (i.e. His57 
in Rp-NP2, Rp-NP3 and Rp-NP7; and His59 in Rp-NP1 and 
Rp-NP4) that represents the 5th heme-Fe ligand. The distal 
His residue, present in most globins, is absent in Rp-NPs. 
The heme contacts the Leu123 and Leu133 residues with 
a distance of ~3.4 Å from both of them (Figure 2). This 

packing results in a highly non-planar and distorted heme 
in which the four pyrroles are rotated out of the plane, 
giving rise to a ruffled heme (Figure 2) with altered elec-
tronic and chemical properties compared to the normal 
heme (26, 62–64).

NP7 is highly divergent from the other NPs due to the 
presence of 27 Lys residues (out of a total of 185 amino acid 
residues) that cluster at the surface opposite to the heme 
pocket (37, 60). This confers to Rp-NP7 a positive charge to 
bind membrane phospholipids (37, 59, 65).

In contrast to almost all α-globins, the heme-Fe atom 
of Rp-NPs is in the ferric form; in fact, the values of the 
midpoint potential of the heme-Fe atom of NPs is ~300 mV 
more negative than those of Mb and Hb (66, 67). The 
Asp29 and Glu53 residues in the heme distal pocket of Rp-
NPs are too far to coordinate the heme-Fe atom, but could 
contribute to the negative mid-point potential of the metal 
center (67). Accordingly, the introduction of a Glu or Asp 
residue in the heme distal pocket of Pc-Mb at position E7 
decreases the value of the midpoint potential by ~200 mV 
(68). The negative values of the midpoint potential of the 
heme-Fe atom of Rp-NPs impair the reductive nitrosyla-
tion of the metal center (25, 58, 67, 69), in contrast to most 
of the α-globins (66–68, 70).

Ligands bind to the heme distal site, which is part of 
a large and open cavity. In particular, NO is coordinated 
to the heme-iron of Rp-NP4 with a bond distance of 1.66 
Å and a Fe-N-O angle of 156° that facilitates van der Waals 
contacts between NO and the Leu123, Leu130 and Leu 133 
residues (Figure 2) (58, 63). The heme-Fe atom and the N 
and O atoms of NO are placed on the same plane of the 
proximal His ring. This is coherent with the Fe(III) oxida-
tion state stabilized by the ruffled heme (58, 63).

Upon NO binding to Rp-NP4, the rotation of the pyrrole 
rings becomes more pronounced, the iron moves out of the 
pyrrole nitrogens plane and into the distal pocket by 0.06 
Å and the heme becomes even more ruffled. Furthermore, 
this rotation causes the packing of the AB and GH loops 
around the NO to form a hydrophobic cavity (26, 27, 61, 
63). NO protection within the Rp-NPs protein is necessary 
to prevent its reaction with solvent molecules such as O2, 
water, hydroxide, or thiols during storage and transport 
(25, 27). The different rates by which the AB and GH loops 
move in and out of the distal pocket upon NO association 
and dissociation are at the root of biphasic and triphasic 
processes, respectively (Table 1) (25, 58, 71).

Although NO binds to either ferrous or ferric heme-
proteins, the kinetic parameters are very different 
(Table  1). Of note, the first-order dissociation rate con-
stant for Rp-NP(III)-NO denitrosylation is faster by about 
5-orders of magnitude than that of Pc-Mb(II)-NO (25, 67, 
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70, 75, 76) to easily release NO in the host tissues during 
blood-sucking of Triatominae (25, 58, 67).

NO release in the host tissues is a pH-driven process 
(25, 27, 30, 77). Indeed, while in the insect salivary glands, 
the pH ranges between 5.0 and 5.5, in the host tissues it 
is ~7.3. Rp-NPs modulate NO release by shifting from 
the ‘closed’ conformation at low pH value, to the ‘open’ 

state at neutral pH. In the closed conformation, the AB 
and GH loops, which are positioned at the heme side 
of the barrel, are collapsed on the heme and prevent 
NO release. In Rp-NP2 and Rp-NP4, the pH-dependent 
conformational change is caused by the deprotona-
tion of the Asp29 and Asp30 residues, respectively (78). 
Indeed, upon pH increase in the blood of the victim, the 

Figure 2: Three-dimensional structure of Rp-NP-Fe(III).
An overview (panel A; ID PDB code: 4XMC), details of the ligand-free heme pocket (panel B; ID PDB code: 4XMC), details of the histamine-
bound derivative (panel C; ID PDB code: 4XMF) and details of the nitrosylated species (panel D; ID PDB code: 4XME). Packing of the Leu123 
and Leu133 residues results in the ruffled heme of Rp-NP-Fe(III)-NO, as highlighted from the four pyrrole rings that are rotated out of the 
plane (panel E; modified from Ref. 62). In panel E, the non-pyrrole atoms have been omitted for clarity. The proximal His57 residue is shown.
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Asp29-Leu132  hydrogen bond in Rp-NP2 and the Asp30-
Leu130 hydrogen bond in Rp-NP4 break down, the newly 
charged Asp residues become solvated and the transition 
to the open conformation takes place with the consequent 
NO release (78, 79). Subsequently NO binds to the host 
soluble guanylate cyclase protein causing smooth muscle 
relaxation and vasodilation (80, 81).

Once in the host, Rp-NP-Fe(III) traps the histamine 
released from platelets and mast-cells to prevent the re-
association of NO and to impair the activation of the host 
inflammation and immune responses. Indeed, upon his-
tamine scavenging, the itching response deriving from the 
recognition of salivary antigens by the host IgE is limited 
(26, 37, 67, 82).

Histamine is coordinated to the heme iron through 
the Nε2 of its imidazole ring, the angle between the 
imidazole ring and the heme proximal His (i.e. His59 in 
Rp-NP1 and Rp-NP4; His57 in Rp-NP2, Rp-NP3 and Rp-
NP7) being approx. 32°. The Rp-NP1:histamine complex 
is stabilized by hydrogen bonds that occur between the 
Asp30 and Glu32 residues of Rp-NP1 and the alkylam-
monium group of histamine (Figure 2) (57). The same 

heme-Fe(III)-histamine geometry occurs also in Rp-NP4 
and Rp-NP7 (37, 63).

Kinetic parameters for NO and histamine binding 
to Rp-NP1-Fe(III), Rp-NP2-Fe(III), Rp-NP3-Fe(III) and 
Rp-NP4-Fe(III) are closely similar. At variance with Rp-
NP-Fe(III)-NO denitrosylation, the dissociation of the Rp-
NP-Fe(III)-histamine complex is a monophasic process, 
reflecting the open conformation of the heme distal pocket 
(Table 1) (25, 71) (Table 1).

Under anerobic conditions (i.e. in the presence of 
sodium dithionite) Rp-NP4-Fe(II) reacts quickly with CO, 
the value of k′1 (=7.9 × 106/m/s) for Rp-NP4-Fe(II) carbon-
ylation (58) being higher by about one order of magnitude 
than that for CO binding to Pc-Mb-Fe(II) k′1 (=5.1 × 105/m/s) 
(Table 1) (23). This possibly reflects the different proximal 
His-heme-Fe geometry of all-α and all-β heme-proteins  
(7, 58).

Overall, understanding the mechanisms of infection 
of Rp may help in the proper treatment of patients affected 
by Chagas disease as well as in understanding the insecti-
cide resistance processes (83). In this context, Rp-NPs rep-
resent prototypic proteins required to study the molecular 

Table 1: Kinetic and thermodynamic parameters for ligand binding to Rp-NPs, At-Nb and Pc-Mb.a

Protein   Ligand   k′1 (/m/s)   k′2 (/s)   k1 (/s)   k2 (/s)   k3 (/s)   K1 = k′1/k1 (/m)

Rp-NP1-Fe(III)b  NO   1.5 × 106     4.3   2.2   6.0 × 10−1   3.5 × 105

Rp-NP2-Fe(III)c   NO   6.8 × 106   ~2.5 × 101   2.7 × 101       2.5 × 105

Rp-NP2-Fe(III)b  NO   3.3 × 107   ~4.2 × 101   3.2 × 101   1.2 × 10−1   1.0 × 10−2   1.0 × 106

Rp-NP3-Fe(III)b  NO   6.7 × 106   ~3.3 × 101   3.0 × 101   8.0 × 10−2   1.0 × 10−2   2.2 × 105

Rp-NP4-Fe(III)d  NO   2.5 × 106   3.2 × 101   1.5 × 101   1.8   6.0 × 10−1   1.7 × 105

At-Nb-Fe(III)e   NO   1.2 × 106     7.3 × 101       1.6 × 104

Pc-Mb-Fe(III)f   NO   7.0 × 104     1.2 × 101       6.7 × 103

At-Nb-Fe(II)e   NO   8.1 × 107     ~8 × 10−2       ~1 × 109

Pc-Mb-Fe(II)f   NO   2.2 × 107     9.8 × 10−5       2.2 × 1011

Rp-NP4-Fe(II)g   CO   7.9 × 106          
At-Nb-Fe(II)e   CO   2.3 × 105     5.0 × 10−2       4.5 × 106

Pc-Mb-Fe(II)h   CO   5.1 × 105     1.9 × 10−2       2.7 × 107

Rp-NP1-Fe(III)b  Histamine  4.3 × 106          
Rp-NP2-Fe(III)c   Histamine  4.6 × 106   ~1.2 × 101   1.4 × 101       3.3 × 105

Rp-NP2-Fe(III)b  Histamine  1.0 × 107   ~3.1 × 101   1.6 × 101       6.3 × 105

Rp-NP3-Fe(III)b  Histamine  6.8 × 106   ~1.5 × 101   1.3 × 101       5.2 × 105

Rp-NP4-Fe(III)d  Histamine  4.7 × 106   2.0 × 101        

ak′ indicates the second order rate constant for ligand binding to heme-Fe, k indicates the first order rate constant for ligand dissociation 
from heme-Fe and K indicates the dissociation equilibrium constant for ligand binding to heme-Fe. The subscripts 1, 2 and 3 indicate the 
kinetic and thermodynamic parameters of the first, the second and the third step of ligand binding to and dissociation from heme-Fe, 
respectively.
bpH 8 and 25°C. From (25).
cpH 8 and 12°C. From (25).
dpH 8 and 25°C. From (71).
epH 7 and 20°C. From (31).
fpH 7 and 20°C. From (72–74).
gpH 8 and room temperature. From (58).
hpH 7 and 20°C. From (23).
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mechanism underpinning the interaction between the 
host and the parasite.

Cimex lectularius nitrophorin

Cimex lectularius (Cl) is a hematophagous insect known 
as a human and domestic animal parasite (84, 85). In 
the second half of the 20th century, the use of pesticides 
significantly decreased the spread of Cl in Europe (86). 
However, it has been recently reported that a dramatic 
increase of the diffusion of this parasite has occurred due 
to the higher incidence of international travel, immigra-
tion and insecticide resistance (85, 87). Although many 
disease pathogens have been reported in Cl, the latter may 
possess ‘neutralizing factors’ that attenuate pathogen 
virulence and thereby, decrease the ability of bed bugs to 
transmit infectious disease. However, Cl has been recently 
reported to be a competent vector for Bartonella quin-
tana and T. cruzi, the causes of trench fever and Chagas 
disease, respectively (88).

Cl expresses a single NP (Cl-NP) structurally different 
from Rp-NPs although sharing similar biological func-
tions, such as NO storage, transport and release (30, 47, 
48). In fact, Cl-NP is structurally homologous to a bacte-
rial exonuclease (34) and to the human inositol polyphos-
phate-5-phosphatase (35, 48).

The Cl-NP transcript is an open reading frame of 
906 base pairs (bp) that codes for a precursor protein of 
302 amino acids. The secreted protein usually contains 
a signal peptide that is lost upon cleavage of the Ala20-
Gly21 bond. The processed protein consists of 282 amino 
acids with a molecular mass of ~30 kDa (48).

The three-dimensional (3D) structure of Cl-NP con-
sists of an extensive β-sandwich motif characterized by 11 
anti-parallel β-strands and three α-helices connected to 
the β-barrel by loops (Figure 3) (30). The Cl-NP contains: 
(i) two potential glycosylation sites placed within the 
Asn122-Glu123-Thr124-Ile125 and Asn199-Ala200-Thr201-
His202 regions, (ii) several protein kinase C phosphoryla-
tion sites characterized by the Thr-Xxx-Lys, Thr-Xxx-Arg 
and Ser-Xxx-Lys consensus sequences and (iii) a poten-
tial N-myristylation site within the Gly136-Gly137-Ile138-
Val139-Thr140-Ser141 sequence (30).

The heme-Fe is hosted in a hydrophobic pocket above 
one face of the sandwich. The sulfur atom of Cys60 rep-
resents the 5th coordination bond of the heme-Fe atom, 
which is located near the N-terminus of the proximal 
α-helix (Figure 3). The Cys60 residue is also hydrogen 
bonded to the Gln56 residue, this bond possibly strength-
ening NO binding. The heme is moderately ruffled, with 

Figure 3: Three-dimensional structure of Cl-NP-Fe(III).
An overview (panel A; ID PDB code: 2IMQ), details of the ligand-free 
heme pocket (panel B; ID PDB code: 2IMQ) and details of the nitros-
ylated species (panel C; ID PDB code: 1Y21). The proximal Cys60 
residue is shown.

the heme-Fe shifted 0.36 Å out of the heme plane towards 
the proximal Cys60 residue. The Cl-NP distal pocket is 
small and hydrophobic (35 Å3) and contains three solvent 
molecules, one of which is weakly associated with the 
heme-Fe (30).

In contrast to Rp-NPs, Cl-NP does not bind histamine 
but rather binds reversibly two molecules of NO. The dia-
tomic gaseous ligand first binds to the heme-Fe(III) atom, 
leading to the formation of the penta-coordinated heme-
Fe(II)-NO adduct. In the presence of an excess of NO, the 
diatomic gas reacts with the Cys60 thiolate leading to the 
formation of a neutral S-nitrosyl (SNO) conjugate. In the 
presence of low levels of NO or increased pH values, NO 
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dissociates from Cl-NP by reversal steps. The dissociation 
of the Cys60-SNO adduct is facilitated by electron trans-
fer from the heme-Fe(II)-NO adduct to the Cys60-S atom. 
In parallel, the heme-Fe(II)-NO adduct is converted to 
the heme-Fe(III)-NO complex, which releases quickly the 
diatomic gas (30, 89).

The (de)nitrosylation mechanism and structure of 
Cl-NP are completely different from those of the Rp-Nps, 
highlighting the divergent evolution of proteins involved 
in the insects’ blood feeding (26, 27, 30, 37, 45).

Human α1-microglobulin

Hs-α1-m (also known as protein HC, ‘human complex 
forming protein, heterogeneous in charge’) has a wide phy-
logenetic distribution, being well conserved among verte-
brates (28, 90). The α1-microglobulin/bikunin precursor 
AMBP human gene, which maps to a lipocalin gene cluster 
in the 9q32-22 region in humans (91), encodes for a precur-
sor that is splitted into Hs-α1-m and bikunin, a proteinase 
inhibitor and component of the extracellular matrix (92, 
93). The Hs-α1-m/bikunin precursor is expressed mainly in 
the liver and after its cleavage, the two mature proteins are 
secreted separately into the bloodstream (90, 94). Hs-α1-m 
has been found expressed in most tissues, in the intersti-
tial fluids and in plasma (94–96), where about 50% of it 
forms a 1:1 complex with the plasmatic immunoglobulin 
A (IgA) (97).

Plasma Hs-α1-m is involved in heme transport and 
extracellular clearance (28). Moreover, Hs-α1-m protects 
cells and tissues against oxidative waste products and 
transports them to the kidneys for degradation and/or 
excretion (96). The anti-oxidative protection of Hs-α1-m 
is achieved by its reductase and radical-binding activi-
ties exerted through the Cys34 unpaired thiol group and 
the side-chains of the Lys92, Lys118 and Lys130 residues 
(98–100). Of note, a truncated form of Hs-α1-m lacking the 
C-terminal tetrapeptide, called t-Hs-α1-m, has been found 
in human urine, skin and placenta. This truncated form 
not only maintains the capability to bind the heme, but 
also induces its degradation (29, 101, 102).

Hs-α1-m is a heterogeneously charged glycoprotein of 
26 kDa composed of 183 amino acids (92), the glycosyla-
tion sites being at the Thr5, Asn17 and Asn96 residues 
(103). Hs-α1-m shows the typical kernel lipocalin β-barrel 
fold that is open to the solvent at one end and is charac-
terized by eight anti-parallel β-strands (labeled as A–H) 
connected by four structurally variable loops (desig-
nated as 1–4) connecting pairs of neighboring β-strands 
(40, 41, 104). Loop 1 includes a short α-helix that closes 

one end of the barrel and the Cys34-Pro35 dyad that 
binds the heme-Fe. Loop 2 connects the β-strands C and 
D. Loop 3 connects the β-strands B and C that are placed 
at the closed bottom of the β-barrel. Loop 4 contains a 
Ni2+-binding site (104). The Cys72-Cys169 disulfide bond 
links the C-terminal region to the region between loop 2 
and the β-strand D, which represents a conserved struc-
tural feature of the lipocalin family (105). The Lys118 and 
Lys92 residues pave the top region of the Hs-α1-m central 
cavity, which is wider than in most lipocalins, while 
Lys130 residue is positioned halfway down towards the 
bottom of the cavity. Cys34, Met62, Met99, Lys118 and 
Lys130 residues are involved in ligand recognition (104, 
106, 107), although none of them are conserved among 
orthologous Hs-α1-m species (104). Residues Arg43, 
Arg66, Arg68, Lys69, Lys92, Lys94, Lys118 and Lys130 
line the upper part of the pocket, whereas the hydropho-
bic side chains of the Tyr79, Phe88, Phe114 and Tyr132 
residues form the lower cavity of the pocket. These 
hydrophobic residues form π-stacking interactions and 
contribute to ligand binding. Overall, the positive poten-
tial inside the Hs-α1-m cavity and the non-polar envi-
ronment at the bottom of the pocket allow preferential 
binding of negatively charged ligands with hydrophobic 
moiety(ies) (Figure 4) (104).

Hs-α1-m binds the heme-Fe with K values ranging 
between 1 × 105/m and 1 × 106/m (28, 101, 102, 108). More-
over, values of k′ and k for heme-Fe binding to Hs-α1-m 
are 5.7 × 102/m/s and 7.7 × 10−3/s, respectively (108). Struc-
tural, spectroscopic and functional evidence supports 
the view that the Hs-α1-m:heme stoichiometry is 1:2 (44, 
104, 108). The main binding site has been hypothesized to 
be located in the lipocalin pocket (108), the second cleft 
being placed between loops 1 and 4 at the outer rim of the 
pocket (Figure 4) (104, 108). In the inner pocket, the non-
pyrrolic groups of the heme-Fe have been suggested to be 
in close proximity with the Lys118 and Lys130 residues. 
These residues may react with the inner heme-Fe group 
leading to the covalent attachment of the degradation 
products (108). In the outer cleft, the Cys34 and His123 
residues coordinate the heme-Fe atom (104, 108). Of note, 
the inner and outer sites are filled in that order by increas-
ing the heme-Fe concentration (108).

As observed in several lipocalins (40, 41, 96, 104), the 
Cys34 residue of Hs-α1-m is involved in the IgA covalent 
binding (109). However, the affinity of heme-Fe for the Hs-
α1-m:IgA complex (K = 2 × 105/m) is similar to that for the 
heme-Fe recognition by free Hs-α1-m. Therefore, heme-Fe 
binds the Hs-α1-m:IgA complex in the inner pocket (28, 
110). Therefore, IgA should not affect the macrocycle 
degradation.
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Nitrobindins
In 2010, heme binding has been reported to occur in a 
fatty acid-binding protein (FABP)-like protein expressed 
in At and named nitrobindin (At-Nb) (31). Although Nbs 
have been identified in different species and show a 
‘FABP-like’ ten-stranded β-barrel fold, they (i) possess 
cross-barrel electrostatic interactions that are absent in 
FABPs and (ii) do not show the two α-helices followed by 
a hairpin on the opposite side of the barrel that are present 
in FABPs (33). Moreover, the phylogenetic tree reconstruc-
tion indicates that Nbs and FABPs cluster separately, Nbs 
forming a ubiquitous heme-protein family spanning from 

Figure 4: Three-dimensional structure of Hs-α1-m.
An overview (panel A; ID PDB code: 3QKG) and some details of the 
hypothethical binding modes of the two heme groups (panel B). The 
two heme groups were positioned according to literature data (104). 
The proximal His123 and the distal Cys34 residues are shown.

bacteria to Hs (33). All the Nb-like proteins display con-
served residues in the pocket involved in the coordina-
tion and recognition of the heme-Fe. Moreover, molecular 
models of putative Nbs from different organisms match 
very well with the 3D structure of At-Nb and of the human 
homolog of At-Nb [i.e. human thanatos-associated protein 
4 (THAP4)] (33).

The gene coding for At-Nb (i.e. AT1G79260) is located 
on chromosome 1 and is composed of four exons (111). The 
At-Nb transcript is composed of 542 bp and codes for a 166 
amino acids protein displaying a 3D structure composed 
of ten-stranded β-barrel (Figure 5).

The N-terminal 310 helix of At-Nb closes the hydropho-
bic core of the protein and is stabilized by hydrogen bonds 
between the Trp30 side chain and the backbone carbonyl 
group of the Leu26 residue and between the Lys165 side 
chain and the carbonyl groups of Tyr25 and Leu27 residues 
(33). The central part of the β-barrel of At-Nb is stabilized 
by two salt bridges between Arg133 and the carboxylate 
groups of Glu78 and Glu102 and by two strong hydrogen 
bonds between Tyr144 and Glu48 and between Glu78 and 
Tyr62 (33) (Figure 5). The heme pocket of At-Nb is rela-
tively open and exposed to the solvent and interacts with 
the protein moiety by multiple van der Waals interactions. 
The proximal His158 and the distal His76 side chains face 
the heme, although His76 seems to be located too far away 
from the heme-Fe atom to properly coordinate it (31).

The exposure of the At-Nb heme-Fe may be at the root 
of: (i) the high value of the heme-Fe(III) dissociation rate 
from At-Nb heme-Fe(III) (=3.6 × 10−5/s), which is one-order 
of magnitude larger than that of Pc-Mb-Fe(II), and (ii) the 
very high value of the O2-dependent oxidation rate of the 
metal center of At-Nb-Fe(II) (1.0 × 10−1/s), which is 10 000-
fold larger than that of Pc-Mb-Fe(II) (1, 31, 112). These data 
suggest that the heme of At-Nb may be exchanged easily 
and is stably in the oxidized form in the presence of O2 
(31). Accordingly, At-Nb-Fe(III) does not undergo reduc-
tive nitrosylation (31) as is observed in Rp-NPs (25, 58, 67, 
69).

The value of K for NO binding to At-Nb-Fe(III) 
(1.6 × 104/m) (31) is 10-fold lower than those observed for 
Rp-NP-Fe(III) (~2 × 105/m) (25, 71). Moreover, the nitrosyla-
tion rate constant of At-Nb-Fe(III) (k′1 = 1.2 × 106/m/s) (31) 
is similar to those of Rp-NP1-Fe(III) (k′1 = 1.5 × 106/m/s) 
(25) and Rp-NP4-Fe(III) (k′1 = 2.5 × 106/m/s) (71), but higher 
than that of Pc-Mb-Fe(III) (k′1 = 7.0 × 104/m/s) (72–74) 
(Table 1). The fast dissociation of NO from At-Nb-Fe(III)-
NO (k = 7.3 × 101/s) (31) may be pivotal for NO metabolism 
(Table 1).

At-Nb-Fe(III) can be reduced by dithionite and bind 
NO and CO. The value of k′ for At-Nb-Fe(II) nitrosylation 
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(=8.1 × 107/m/s) exceeds by 4-folds that of Pc-Mb-Fe(II) 
(=2.2 × 107/m/s), whereas the value of k for At-Nb-Fe(II)-
NO denitrosylation (~8 × 10−2/s) is faster by three-orders 
of magnitude than that of Pc-Mb-Fe(II)-NO (=9.8 × 10−5 
/s). As a consequence, the affinity of NO for At-Nb-
Fe(II) (K ~ 1 × 109/m) is lower than that of Pc-Mb-Fe(II) 
(=2.2 × 1011/m) (31, 72–74) (Table 1). The value of k′ for 
Pc-Mb-Fe(II) carbonylation (=5.1 × 105/m/s) exceeds by 
2-folds that of CO binding to At-Nb-Fe(II) (=2.3 × 105/m/s), 

Figure 5: Superimposition of the three-dimensional structures of 
At-Nb (in green and red) and Hs-Nb (in blue) (panel A; ID PDB code: 
3EMM and 3IA8, respectively) and some details of the ligand-free 
heme pocket of At-Nb (panel B; ID PDB code: 3EMM).
The proximal His158 and the distal His76 residues are shown.

whereas the value of k for At-Nb-Fe(II)-CO decarbon-
ylation (5 × 10−2/s) is faster by 2-folds than that of Pc-
Mb-Fe(II)-CO (=1.9 × 10−2/s). Thus, the affinity of CO for 
At-Nb-Fe(II) (K = 4.5 × 106/m) is lower than that of Pc-Mb-
Fe(II) (=2.7 × 107/m) (23, 31) (Table 1). The low reactivity of 
At-Nb-Fe(II) has been hypothesized to reflect the proximal 
constraints limiting the in-to-out plane movement of the 
heme-Fe(II) atom (31).

The human THAP4 protein contains a human 
homolog of At-Nb. THAP4 consists of a N-terminal modi-
fied zinc finger domain, which has been proposed to bind 
DNA and of a C-terminus At-Nb-like domain, which could 
act as a NO sensor (32, 113, 114). It has been hypothesized 
that NO-binding to the C-terminal domain modulate the 
DNA binding activity of the N-terminal region, acting as 
an NO-dependent transcriptional regulator (31).

The exact role of Nbs is still unknown, although At 
produces NO in response to wounding and pathogenic 
infections. Therefore, it has been hypothesized that At-Nb 
may play a role in NO transport and release at the infec-
tion site and/or may rapidly reduce O2 to superoxide radi-
cals with the generation of reactive oxygen species which, 
in turn, would represent a plant defense mechanism (31, 
115–117).

Therapeutic and biotechnological 
applications
The saliva of Rp has long been known to act as an anti-
coagulant, this activity possibly residing in Rp-NP2 and 
Rp-NP7 (55, 56, 60, 65). Rp-NP2 (also called prolixin-S) 
acts not only as a NO carrier but also in the blood coagula-
tion cascade preventing the conversion of factor X to Xa 
(55, 56). Indeed, Rp-NP2 is a good therapeutic molecule 
in the care of arterial thrombosis: 20–40 μg/ml of Rp-NP2 
can reduce thrombin formation by 50%–80%, and 400 
μg/kg of Rp-NP2 displays a better effect than heparin; fur-
thermore, 1 mg/kg of Rp-NP2 can even increase the time 
taken for carotid artery occlusion (56).

Rp-NP7, which is not devoted to NO storage and trans-
port, displays a positively charged surface that enables it 
to bind to anionic phospholipid membranes. This process 
blocks the assembly of the pro-thrombinase complex on 
vesicles and activated platelets, inhibiting platelet aggre-
gation (60, 65).

The rigid β-barrel scaffold of At-Nb, instead, provides 
a suitably sized cavity to host catalytic metal centers 
opening new avenues in the production of hybrid biocata-
lysts (118–120). A Rh complex with cyclopentadiene and 
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cyclooctadiene ligands has been synthesized as an artifi-
cial active site of At-Nb to catalyze the polymerization of 
phenylacetylene. The metal adduct has been covalently 
linked to the Cys96 residue of the Gln96Cys mutant of 
At-Nb by the maleimide group of cyclopentadiene which 
is tightly bound to Rh. At-Nb-Rh catalyzes preferentially 
the synthesis of trans-poly(phenylacetylene) (53%), 
whereas the Rh catalyst without the protein scaffold pre-
dominantly produces cis-poly(phenylacetylene) (93%). 
At-Nb-Rh has been reported to represent the unique 
example of biocatalyst inducing the C-C bond formation 
and the subsequent polymerization, which has never 
been seen in nature. This indicates that a rigid and chiral 
protein scaffold can function as a powerful platform for 
the modulation of monomer recognition during a propa-
gation reaction (118, 121).

Also a (μ-S)2Fe2(CO)6 complex was covalently embed-
ded within the β-barrel of At-Nb to obtain a hydrogenase 
mode system. The (μ-S)2Fe2(CO)6 complex is linked onto 
the At-Nb cavity by the dithiolate moiety with a maleimide 
group that forms a covalent bond with the Cys96 residue 
of the Gln96Cys mutant of At-Nb. At-Nb-(μ-S)2Fe2(CO)6 cat-
alyzes the H2 production in a photocatalytic cycle based 
on the Ru-photosensitizer [Ru(2,2′-bipyridine)3]2+. The 
At-Nb-(μ-S)2Fe2(CO)6 catalytic activity is slower than that 
of the (μ-S)2Fe2(CO)6 complex lacking the protein matrix, 
probably reflecting the reduced accessibility of the Ru-
photosensitizer to the diiron active site (119).

The terpyridine-(tpy) metal complexes catalyze a broad 
range of chemical reactions including cyclopropanation, 
cross coupling, benzylic oxygenation, olefin epoxidation 
and click reactions in combination with metal ions (122, 
123). Recently, a hybrid biocatalyst containing a tpy-metal 
complex hosted in the cavity of At-Nb has been synthe-
sized. The tpy was covalently linked to the Cys96 residue of 
the Gln96Cys/Met75Leu/Met148Leu/His76Leu/His158Leu 
mutant of At-Nb by the maleimide group of the maleimide-
modified tpy. Although Cu2+, Zn2+ and Co2+ bind to the At-
Nb-tpy complex, the At-Nb-tpy-Cu2+ derivative catalyzes the 
Diels-Alder reaction between azachalcone and cyclopenta-
diene. The product yield is 2-fold higher than that of the tpy-
Cu2+ adduct without the protein. This suggests that At-Nb is 
a suitable scaffold for the design of the second coordination 
sphere of synthetic metal active sites (120).

Conclusions
Small gases (i.e. O2, CO, CO2, NO, NH3 and H2S) partici-
pate in several biochemical processes in living cells. 
Thus, CO2 and NH3 regulate the acid-base homeostasis, 

CO, NO and H2S are involved in signaling and O2 is pivotal 
for metabolism. The reactive sites of these gases include 
metal centers (e.g. the heme) and active amino acids (e.g. 
Cys). Although β-barrel and mixed α-helical-β-barrel NPs, 
Hs-α1-m and Nbs and all the α-helical globins (e.g. Mb) 
host a heme group, the different structural organization 
and redox properties are at the root of their diverse func-
tions. In fact, all α-helical heme-proteins (e.g. Mb) host a 
ferrous heme-Fe whereas all β-barrel and mixed α-helical-
β-barrel NPs, Hs-α1-m and Nbs binds a ferric heme-Fe. 
Likely, the solvent-exposed ferric heme-Fe of NPs, Hs-α1-m 
and Nbs plays a role in NO storage, transport and sensing 
whereas ferrous all α-helical globins catalyze the O2-based 
detoxification of the tight-bound NO. Lastly, all β-barrel 
heme-proteins may represent a frontline of anticoagulant 
strategies and a biotechnological frontier for the develop-
ment of hybrid biocatalysts.
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