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The Arg130:Nw atom coordinates the heme iron atom in the
novel L130R mutant of the heme protein nitrophorin 4 (NP4)
at low temperature. NP4 is a ferriheme protein that is found in
the saliva of the blood-sucking insect Rhodnius prolixus.
X-ray structures reveal that its architecture resembles the
antiparallel 8-stranded b-barrel body structure of the lipo-
calins.[1] The heme b cofactor, which is typically in the
ferriheme state, is embedded in the barrel and concomitantly
coordinated by His59:Nt. The distal iron coordination site is
not occupied by an amino acid. Instead, it is ready to bind
a number of low-molecular weight ligands, including water,
NO, NO2

� , CN� , and imidazole (ImH).[2] While studying the
mechanism of the reaction of NP4 with NO2

� ,[3] we generated
a mutant protein NP4(L130R) with surprising characteristics
that we present herein.

The choice for the mutation of the distal pocket Leu130
residue was made upon careful inspection of the X-ray
structures. It was noticed that this side-chain, which is part of
the flexible G-H loop, should have ample space to not
disturbing the fold upon mutation.[4, 5] The expression and
purification of NP4(L130R) yields quantities of protein
comparable to that of wild type (wt) protein. The absorbance
spectra (Figure S1, Supporting Information) and resonance
Raman (RR) spectra (Figure S2, Supporting Information) are
very similar to those of the wt protein indicating a 6-
coordinate (6c) high-spin (HS) FeIII complex (S = 5/2), that
is, with a distal water ligand. This situation is in good
agreement with the obtained axial cw-EPR spectrum shown
in Figure 1, which is typical for HS ferriheme proteins with
a weak distal ligand, such as wt NP4[3b] (Figure 1). However,

in the case of wt NP4 a significant contribution from a low-
spin (LS) species is found, which is attributed to the OH�

complex as a consequence of partial deprotonation of the
water ligand,[6] this deprotonation is virtually absent in case of
NP4(L130R).

The large distal pocket of NPs allows the binding of rather
bulky ligands, for example, ImH or histamine. Complexes
with ImH are among the best characterized LS species (S =
1/2) of NPs. Furthermore, the bulkiness of ImH in combination
with the sensitivity of the g tensor to the rotational orienta-
tion relative to the heme Npyrrole�Fe�Npyrrole axis[7] makes ImH
a good probe with which to study the influence of the
mutation by EPR spectroscopy. The cw-EPR spectrum of
NP4(L130R)[ImH] is displayed in Figure 1. The principal
g values are comparable to those reported for other NP[ImH]
complexes as can be seen from Table 1. The slightly larger
g strain of the mutant reflects some inhomogeneity with
respect to the orientation of ImH on the heme plane.[7]

Overall, NP4(L130R)[ImH] resembles the coordination
geometry found for the wt structure.

Crystals of NP4(L130R) appear after around 2 weeks
using 3.2m ammonium phosphate (pH 7.4) as a precipitant,
which is similar to the conditions reported for wt NP4.[1, 4,8]

Crystals of NP4(L130R)[ImH] were prepared by soaking
NP4(L130R) crystals in mother liquor containing 10 mm of
ImH prior to freezing. Diffraction datasets were taken at

Figure 1. X-band EPR spectra of NP4 (black), NP4[NH3] (blue), NP4-
(L130R) (red), and NP4(L130R)[ImH] (green). Spectra were recorded
at 10 K. All samples were in 100 mm HEPES/NaOH, 25% glycerol
(pH 7.2) except for NP4[NH3], which was in 2m NH4OAc, 100 mm

MOPS/NaOH (pH 7.5). Inset: Absorbance spectrum of NP4[NH3] in
2m NH4OAc, 100 mm MOPS/NaOH (pH 7.5) at ambient temperature.
HEPES= 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid,
MOPS= 3-(4-morpholinyl)-1-propanesulfonic acid.
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100 K and the crystal structures of NP4(L130R) and NP4-
(L130R)[ImH] were solved by molecular replacement at
a resolution of 1.3 and 1.4 �, respectively. The crystallo-
graphic refinement parameters are summarized in Table S1 in
the Supporting information and a comparison of the overall
structures of NP4(L130R) and NP4(L130R)[ImH] with those
of the respective wt protein structures is presented in
Figure S3 and S4 of the Supporting Information. Overall,
the influence of the mutation on the total structure is
negligible as is indicated by the high degree of structural
similarity between NP4 and NP4(L130R) (root-mean squared
deviation (RMSD) = 0.49 �) and between NP4[ImH] and
NP4(L130R)[ImH] (RMSD = 0.69 �).

A detailed representation of the heme pockets of NP4-
(L130R)[ImH] and NP4(L130R) is shown in Figure 2. In case
of NP4(L130R)[ImH] a single crystal form was obtained with
very similar structural features to wt NP4[ImH].[12] Similar to
Leu130 in the wt, the Arg130 side-chain is folded towards the
front of the distal heme pocket and does not interfere with the
ImH ligand. The similarity between the heme pockets is also
reflected by the comparable degree of distortion of the heme
planarity (Supporting Information, Figure S5).

In the heme pocket of NP4(L130R), Arg130 adopts two
conformations (Supporting Information, Figure S3). Surpris-
ingly, in the form with the higher occupancy (ca. 60%), the
iron is axially coordinated by Arg130:Nw with an interatomic
distance of 2.1 � (Figure 2B). To our knowledge, this is the
first example of an Arg-coordinated metalloporphyrin. The
crystallographic results are surprising because the spectro-
scopic data do not give evidence for a strong interaction of
Arg130:Nw with the iron center, whereas the bond length
suggests a strong interaction.

Examples of coordination complexes with guanidine
ligands are scarce, and in biomolecules nearly unknown.[13]

A big challenge for their formation is the high pKa value of
guanidines (for example, arginine ca. 12.5), so that in aqueous
media their deprotonation is hardly achieved.[13c] Metal
complexes of guanidines have been reported for CrII, MnII,
FeII, CoII, NiII, CuI/II, ZnII, PdII, PtII, and AuI and in all cases the
coordination is through the imine nitrogen atom.[13, 14] By
analogy, the C=Nw(H)�Fe coordination should occur through
the Nw lone pair. The C�NwH(Fe) distance (1.32 �) is indeed
slightly smaller than the C�NwH2 distance (1.33 �), although
this is at the edge of the resolution. However, of the
approximately 150 guanidine-metal interactions deposited in
the Cambridge Structural Database (CSD) most are digua-
nidines and only four examples of individual guanidine–metal
interactions are reported.[13d] The few examples of protein
structures containing Arg:Nw–metal bonds are the arginase of
Bacillus caldovelox (Mn)[15] and a human carbonic anhydrase
variant (Zn).[16] Most interesting in this context is the Arg
coordination of one of the iron atoms in the [2Fe-2S] cluster
of biotin synthase BioB,[13e, 17] not least because very few iron–
guanidine complexes are known at all.[13b,14a,e,f] However, the
rather poor resolution of this structure (3.4 �, protein data
bank (PDB) code: 1R30) does not provide reliable bond
parameters. Recent QM/MM calculations on four models of
this site support the C=Nw(H)�Fe arrangement.[13e] Overall,
the Nw�Fe distance is slightly longer than the mean Nguanidine�
Mn+ distance of 1.91� 0.06 � found in the synthetic guanidine
complexes[13d] but is very similar to the Nw�Fe distance in the
complex [Fe(TMG3tren)NCCH3]

2+ (2.07–2.25 �; TMG3tren
= tris(tetramethylguanidino)tren; with tren = tris(2-amino-
ethyl))[13b] and distances calculated for the BioB [2Fe-2 S]
cluster models (2.05–2.18 �).[13e] The angle ](C=Nw�Fe) of
1418 is wider than the mean ](C=N�Mn+) angle of 129� 28,
which is probably a consequence of the constraints of the
protein structure. The dihedral angle ](Nd�C=Nw�Fe) of 08
is close to the mean angle in guanidine–metal compounds of
](RNH�C=N�Mn+) =�1� 98.[13d]

Another aspect of the weakness of the bonding in
guanidine–metal ion complexes is the negligible Lewis
basicity.[13c] Of the few metal complexes reported, there is
one complex of FeII, but not of FeIII.[13b] Therefore, to
determine whether FeII might be the coordinating entity in
the NP4(L130R) crystals, X-ray irradiation of NP4(L130R)
crystals was performed in conjunction with UV/Vis absorp-
tion using a microspectrophotometer attached to the beam
line.[18] The initial absorbance spectrum of the crystal is
depicted in Figure 3. It should be noted that in NP crystals
grown in ammonium phosphate, NH3 is available as a distal

Table 1: The principal g values of the ImH complex of NP4(L130R) and of
wt NP4, -2, and -7.

Species g1 g2 g3 Reference

NP4(L130R) 3.01 2.26 1.45 This work
wt NP4 3.02 2.25 1.46 [9]
wt NP2 3.02 2.26 1.37 [10]
wt NP7 3.07 2.19 1.36 [11]

Figure 2. The 2Fo�Fc electron density map (contour level: 1s) of the
heme pocket of NP4, a) NP4(L130R)[ImH] (PDB code: 3TGB) and
b) NP4(L130R) (PDB code: 3TGA). The electron density map covers
the heme and the residues His59 and Arg130.
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iron ligand. Although this has been proposed,[1,4, 8, 19] it was
never demonstrated experimentally. Herein we show that the
absorbance spectrum of the crystal resembles that of a LS
complex, which is indicated by the two intense Q-bands. For
comparison, an absorbance spectrum of NP4[NH3] was
recorded (Figure 1, top right). Also, the cw-EPR spectrum
of this sample reveals a LS species as indicated by a highly
anisotropic low-spin (HALS) signal with gmax = 3.3 (Figure 1).

The crystals were then irradiated by a low intensity X-ray
beam (12.4 keV, 3.5 � 1010 photonss�1) and spectra were
sampled continuously over 5 min to a total dose of
0.45 MGy (Supporting Information, Figure S6A). The kinetic
trace in Figure S6 B shows that the photo reduction of the
crystal is accomplished to 50% within the first 0.2 MGy and
a novel LS species is formed, as indicated by the two sharp Q-
bands in Figure 3. The splitting in the absorbance bands
reflects the concomitant presence of NP4(L130R)[FeII�
Nw

R130] (526, 552 nm) and NP4(L130R)[FeII�NH3] (532,
560 nm), which is assigned by comparison with the spectra
of NP4(L130R)[FeII/III�NH3] in solution (Supporting Infor-
mation, Figure S7). For comparison, the total dose applied
during the collection of the dataset used for the solution of the
structure of NP4(L130R) (Figure 2) was approximately 15-
fold higher than the total dose for the spectral kinetic
measurements. Therefore, the structure is of the ferroheme
state NP4(L130R)[FeII�Nw

R130].
However, at room temperature, the absorbance spectrum

of ferroheme NP4(L130R) generated by careful chemical
reduction with Na2S2O4 (Figure 4, top right), is not different
from that of NP4[FeII].[1, 20] The high-frequency region (1200–
1700 cm�1) of the Soret band excited RR spectrum has a high
diagnostic potential with regard to the coordination and spin-
state of heme proteins.[21] The RR spectrum of NP4(L130R)-
[FeII] at room temperature is identical to that of NP4[FeII]
(Figure 4). Thus, the so-called oxidation-state marker band n4

is well in the range of ferrohemes (1350–1375 cm�1).[21, 22] The
so-called coordination-state marker band n3 is sensitive to the
heme core size, which changes with the spin state of the iron in
a particular oxidation state, that is, 1460–1470 cm�1 for
a 5cHS FeII and 1490–1510 cm�1 for a 5cLS or 6cLS FeII

center.[22a,b, 23] Consequently, NP4[FeII], like NP4(L130R)-
[FeII], can be assigned as the expected 5cHS complex. In
contrast, recording the RR spectra at 77 K reveals a significant
change of n4 and n3 toward values indicative of LS for
NP4(L130R)[FeII], in agreement with the absorbance spec-
trum of the frozen crystal (Figure 4). As a control, after these
measurements samples were thawed and subjected to absorb-
ance spectroscopy at room temperature, which revealed the
HS species again. Thus, the temperature dependent HSQLS
conversion in NP4(L130R)[FeII] is fully reversible. As
expected, the coordination and spin-state of NP4[FeII] do
not depend on temperature (Figure 4).

Scheme 1 summarizes the findings reported herein. The
coordination of Arg130:Nw to the heme iron center is highly
dependent on the iron oxidation state (FeII) and on the
temperature. An FeII center is a softer Lewis acid than FeIII

and is, therefore, expected to better coordinate the imine
nitrogen atom. However, the reason for the temperature
dependence is less obvious. The concomitant appearance of
Arg130:Nw coordination in the crystal state and in frozen
solution rules out a crystallographic artifact from structural
deformation during crystal growth. Another possibility may
be the change in the pKa value of Arg130 and/or the change of
the pH value of the solution, both of which are temperature-
dependent parameters, although, in principle, the pH value is
not defined in a frozen solution. On the other hand, the

Figure 3. Absorbance spectrum of a crystal of NP4(L130R) grown in
3.2m ammonium phosphate (pH 7.4) before (dashed line) and after
(continuous line) X-ray irradiation. Inset: Single crystal of NP4(L130R).

Figure 4. RR spectra of NP4 (black) and NP4(L130R) (red) in 100 mm

HEPES/NaOH (pH 7.2) at ambient temperature and at 77 K
(lex = 413.1 nm). Inset: absorbance spectra of NP4[FeII] and NP4-
(L130R)[FeII] at ambient temperature.

Scheme 1. Reaction scheme for the binding of the internal Arg130
guanidine to FeII in NP4(L130R). (w = water oxygen atom)

.Angewandte
Communications

4472 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 4470 –4473

http://www.angewandte.org


influence of temperature on coordination and spin state is
sometimes observed. For example, in case of NP1[{FeNO}7]
(S = 1/2) a mixture of 5c and 6c is detected by EPR
spectroscopy at 4.2 K but not at room temperature in
absorbance spectroscopy.[24] Furthermore, RR spectroscopy
of NP1[FeIII] at 298 K suggests 6cHS, that is, a bound water
ligand is present, where at 77 K 6cLS is dominant.[25]

A number of heme proteins contain an Arg residue in the
distal heme pocket site. A selection of those for which an X-
ray structure is available and that have a meaningful Arg:N�
Fe distance is presented in Table S2 of the Supporting
Information. However, NP4(L130R) remains the only case
in which an Arg:Nw�Fe bond occurs. Figure 2b shows that
a water molecule is hydrogen bonded to Arg130:Nd(H) and
three other backbone atoms. As can be seen from Figure 2a,
this water is also present in NP4(L130R)[ImH], coordinated
to the N1(H) of ImH. It is also found in the structures of
NP4[ImH] (PDB code: 1IKJ) and of NP4[histamine] (PDB
code: 1IKE).[12] The orientation of the guanidine plane
toward the heme Npyrrole�Fe�Npyrrole axis is very similar to
the orientation of ImH and histamine in the NP4 structures
and the bond lengths and angles are comparable (see
Table S3, Supporting Information). These data further sup-
port the imine Nw coordination mode of Arg130 as does the
similarity to the imine N3 coordination of the imidazoles.

In conclusion, this study of the non-native protein variant
NP4(L130R) shows that an iron guanidine bond in an iron
porphyrin is in principle possible. It is remarkable that this
was first achieved in a protein. The advantage of the protein
matrix is undoubtedly that the overall structure ties the
ligands together gaining binding energy from the chelate
effect. Furthermore, guanidine deprotonation has to be
accomplished, which is difficult in water but is assisted by
the environment created by the heme pocket. The weak
coordination is additionally stabilized through a water mol-
ecule. Moreover, stabilization was also achieved through low
temperature and through reduction of the iron.
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