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ABSTRACT: Nitrophorin 4 (NP4), a nitric oxide (NO)-transport protein from the blood-sucking insect
Rhodnius prolixus, uses a ferric (Fe3+) heme to deliver NO to its victims. NO binding to NP4 induces a
large conformational change and complete desolvation of the distal pocket. The heme is markedly nonplanar,
displaying a ruffling distortion postulated to contribute to stabilization of the ferric iron. Here, we report
the ferrous (Fe2+) complexes of NP4 with NO, CO, and H2O formed after chemical reduction of the
protein and the characterization of these complexes by absorption spectroscopy, flash photolysis, and
ultrahigh-resolution crystallography (resolutions vary from 0.9 to 1.08 Å). The absorption spectra, both
in solution and in the crystal, are typical for six-coordinated ferrous complexes. Closure and desolvation
of the distal pocket occurs upon binding CO or NO to the iron regardless of the heme oxidation state,
confirming that the conformational change is driven by distal ligand polarity. The degree of heme ruffling
is coupled to the nature of the ligand and the iron oxidation state in the following order: (Fe3+)-NO >
(Fe2+)-NO > (Fe2+)-CO > (Fe3+)-H2O > (Fe2+)-H2O. The ferrous coordination geometry is as expected,
except for the proximal histidine bond, which is shorter than typically found in model compounds. These
data are consistent with heme ruffling and coordination geometry serving to stabilize the ferric state of
the nitrophorins, a requirement for their physiological function. Possible roles for heme distortion and
NO bending in heme protein function are discussed.

Thousands of heme-containing proteins exist in nature,
each with a specific function made possible by the specific
tuning of the heme moiety. Generally, in such proteins, the
heme is partially or fully buried in the protein interior and
ligated to the protein through a proximal cysteine, methion-
ine, or histidine. In some cases, the heme is also covalently
linked to the protein through the vinyl groups. The protein
environment may influence the heme chemical properties in
multiple ways, including the restricting of access to the distal
(sixth) ligation site, influencing the strength of the proximal
ligand bond, altering the electrostatic surface near the heme,
and distorting the heme geometry away from planar. In
response to these forces, the properties of the heme are
altered such that a specific chemical process can be achieved.
Without this tuning of the heme by the protein, most heme
proteins would fail to carry out their function. Despite the
considerable data available on heme proteins, the means by
which they achieve their considerable functional diversity
remains largely unknown.

One heme property of importance is the reduction potential
of the iron center. Oxygen carrier proteins such as myoglobin

and hemoglobin require a ferrous (Fe2+)1 heme center for
oxygen binding and have evolved to resist oxidation to the
ferric (Fe3+) state. Nitric oxide carrier proteins such as the
nitrophorins require a ferric heme center to achieve a
reversible NO complex and have evolved to resist reduction
to the ferrous state. The cytochromes are redox active and
cycle between ferric and ferrous states while functioning.
Factors that have been proposed as important for setting the
heme reduction potential include the electrostatic environ-
ment, the properties of the proximal ligand, and distortion
of the porphyrin ring.

Nitrophorins from the saliva of the blood-sucking insect
Rhodnius prolixus(rNP) use a ferric heme to transport NO
from the salivary gland of the insect (pH∼ 5) to the tissue
of a victim (pH∼ 7), where the NO molecule is released in
response to higher pH and dilution (1). The release of NO
in the vicinity of the bite takes advantage of host signaling
pathways that lead to vasodilation and reduced platelet
aggregation. This, in combination with a host of other
antihemostatic salivary proteins released by the insect,
facilitates blood feeding by the insect (2-5). Maintenance
of the ferric state is necessary for NO release since the ferrous
state has such high affinity for NO (Kd ) 10-12-10-15) that
release is extremely slow, whereas the ferric state has an
affinity for NO that allows faster release of the molecule
(Kd ) 10-6-10-9) (6).
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Four Rhodniusnitrophorins have been characterized and
three (NP1, NP2, and NP4) have had their crystal structures
determined (7-9). The rNPs display a lipocalin fold with
heme inserted into one end of the lipocalin beta-barrel (Figure
1). At the low pH of the insect salivary gland, NO binding
leads to a large conformational change involving loops A-B
and G-H, which collapse into the distal pocket and pack
hydrophobic side chains against the NO moiety, protecting
it from solvent-mediated reduction (10). This transition
requires a nonpolar ligand such as NO; charged ligands such
as CN- do not induce the closed conformer. At higher pH,
such as that of the victim’s blood, these loops move out of
the distal pocket, facilitating NO release (6, 11, 12). The
rNP structures also display highly distorted heme conforma-
tions, with pyrrole rings rotated out of the heme plane.

The reduction potential for heme in unliganded rNP is
about-300 mV (6), the equivalent of a ferriheme stabiliza-
tion energy of∼7 kcal mol-1 with respect to the histidine
ligated heme in myoglobin. A correlation between heme
distortion and reduction potential has been noted for both
model compounds and proteins, leading to the suggestion
that heme distortion disfavors heme reduction (4, 13-16).
Crystals of NP4 diffract extremely well, allowing atomic
resolution structures to be determined and heme geometry
to be refined without model bias (11, 12, 17). These studies
make clear that the NP4 heme adopts a ruffled conformation

that becomes more pronounced upon NO ligation and that
the NO ligand is bent away from the expected linear state
by ∼20°.

Here, we report ultrahigh-resolution crystal structures of
ferrous NP4, prepared through chemical reduction, in
complexes with water, NO, and CO (which binds only to
ferrous heme). We also report the UV-visible spectra for
these complexes in both solution and crystal and the kinetics
of CO binding. The heme remains distorted in the ferrous
complexes, but less so than in the ferric state. Both NO and
CO binding increase the heme distortion, suggesting an as
yet unexplained electronic role for heme distortion in the
nitrophorins.

MATERIALS AND METHODS

Preparation of Protein Samples and Absorption Spectros-
copy.NP4 was overexpressed from anEscherichia colistrain
and refolded from inclusion bodies supplemented with heme,
as described previously (9, 18). Chemical reduction of NP4
was achieved by anaerobic addition of freshly prepared
sodium dithionite (10-fold excess) after the protein sample
in either sodium acetate, pH 5.0, or Tris-HCl, pH 8.0, had
been purged with argon. The ferrous CO and NO complexes
were prepared by two different methods depending on the
final concentration of gas in solution. When low final
concentrations of gas were required (25-100 µM), small
aliquots of gas-saturated buffer (concentrations of 1.25 and
1.9 mM for CO and NO, respectively) were added to a sealed
anaerobic cuvette containing the reduced protein, using a
gastight syringe. When higher final concentrations of ligand
were required, an appropriate small volume of concentrated
reduced protein was added to a CO- or NO-saturated solution.

UV-visible absorption spectra of the protein solutions
were recorded under anaerobic conditions at room temper-
ature using a Varian Cary-300 spectrophotometer. Molar
extinction coefficients were calculated using the pyridine
hemochromogen assay (19). A few microliters of protein
solution and crystals of dithionite were added to 1 mL of a
pyridine (30%)-NaOH (0.1 N) solution. The peak absor-
bance at 556 nm minus that at 700 nm was used to determine
the hemin concentration, assuming an extinction coefficient
of 32 mM-1 cm-1 (19) and a protein/heme molar ratio of 1.

The visible absorption spectra of protein crystals, the
preparation of which is described below, were obtained under
anaerobic conditions in sealed capillaries at room tempera-
ture. Measurements were carried out at room temperature
using a microspectrophotometer assembled in-house, consist-
ing of an optical stage with focusing optics (4DXray
Systems), a xenon lamp, and a CCD-based spectrophotometer
(Spectral Instruments). Light from the lamp was focused into
a quartz fiber optic cable connected to the optical bench.
The source entered a reflective objective (to retain UV light)
and was focused to∼25 µm at the sample, which was
typically not more than 0.1 mm thick. The transmitted light
was gathered by a second objective and led into the CCD
detector with a second quartz fiber.

Kinetics. All measurements were performed in solution
at room temperature under pseudo-first-order conditions.
Photolysis of CO (in solutions with CO concentrations of
25 µM to 1.25 mM, pH 8.0) was initiated at 396 nm by a
pulsed Photochemical Research Associates nitrogen dye laser

FIGURE 1: Ribbon drawings of NP4. (A) His 59, heme and NO
are shown in red. The NO-induced conformational change involves
two mobile loops A-B (residues 30-37) and G-H (residues 125-
131), shown in gold. (B) Close-up of the heme pocket, showing
residues in contact with CO (one heme propionate is deleted for
clarity).
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(500 ps and 0.1 mJ/pulse) using POPOP (0.39 g/mL) in
toluene as the dye. The progress of the reaction was
monitored at 440 nm and recorded with a Tektronix TDS
410A oscilloscope, averaging 7-13 separate transients. The
observed rate constant for CO rebinding (kobs) was calculated
with a single-exponential fit to the experimental data using
the software KinFit (Olis, Inc., Bogart, GA), and then taking
the average of three measurements at each of three CO
concentrations. The second-order rate constantkon was
obtained through fitting of the averagekobs values to eq 1
using SigmaPlot (SPSS, Inc., Chicago):

Crystallization and Diffraction Data Measurement.NP4
crystals were grown at room temperature in 2.8 M am-
monium phosphate, pH 5.6 or 7.5, using the hanging drop
method, as described previously (10, 17). To obtain crystals
in the ferrous state, protein crystals were first soaked in an
argon-saturated potassium phosphate solution (3.2 M, pH 7.1)
and then reduced with an anaerobic solution containing
sodium dithionite (20 mM) and potassium phosphate (3.2
M). To produce the ferrous CO or NO complex, NP4 (Fe2+)
crystals were transferred to a septum-sealed test tube
containing a potassium phosphate solution (3.2 M, pH 5.6
or 7.1) that had been saturated with CO or NO, respectively,
and soaked for 15 min after supplementing with the ap-
propriate gas. Crystals were either retrieved with a cryoloop
(Hampton) and flash-frozen in liquid nitrogen for X-ray data
collection at 100 K or sealed in a capillary under a gaseous
atmosphere (CO or NO) for absorption spectroscopy at room
temperature. All crystals belonged to theC2 space group
with cell constants typical of those found for NP4 (Fe3+)
complexes,a ) 70.2 Å,b ) 42.7 Å,c ) 52.9 Å,â ) 94.2°
(17).

Diffraction data were collected at 100 K on beam line 9-1
of SSRL (Stanford Synchrotron Radiation Laboratory, Palo
Alto, CA) using a Mar 345 imaging plate (NP4-H2O), or
on beam line 14ΒΜ-C of the Advanced Photon Source
(Argonne National Laboratory, Argonne, IL) with a Quan-
tum-4 CCD detector (NP4-NO and NP4-CO). All data
were reduced with Crystal Clear (d*TREK) (20).

Structure Determinations.The refined structures of the
ferric protein and its complexes with NH3 or NO (PDB
entries 1D2U and 1KOI, respectively) were used as starting
models (17). Refinement was first performed using REF-
MAC from the CCP4 package (21) and subsequently using
SHELX (22). Model building was accomplished with the
program O (23). For the final models, anisotropicB-factors
were refined and hydrogen atoms included at calculated
positions but not refined, resulting inR-factors ranging from
0.12 to 0.14. For certain residues, alternative positions were
indicated in electron density maps and added to the models.
All main-chain atoms of the alternate conformer were added
to preserve stereochemistry. The occupancy of protein
conformers was refined, while that of disordered solvent was
fixed at 0.5, except for those linked to protein conformers.

To model the heme without planar restraints and obtain
an estimate of the standard deviations in the heme coordina-
tion geometry, full-matrix least squares refinement was
applied to the final models using SHELX (22), with the
proximal histidine (His 59), the axial ligand (H2O, CO, or

NO), and the iron coordination sphere refined without
restraint but all other atoms fixed. This method also allowed
us to calculate the heme atom deviations from the least
squares heme plane, with associated errors.

To further quantify the degree of heme distortion in each
structure, the normal coordinate structural decomposition
(NSD) method developed by Shelnutt and co-workers was
applied (24). Using the NSD method, we report the mean
out-of-plane displacement of the heme atoms, in angstroms,
along the normal modes for ruffling (corresponding to the
out-of-plane vibrational mode ofB1u symmetry) and saddling
(B2u). MOLSCRIPT (25), BOBSCRIPT (26), and RASTER3D
(27) were used to prepare figures.

RESULTS

We have examined the structure, kinetic and spectroscopic
features of ferrous NP4 in complexes with H2O, NO, and
CO to aid in understanding how the ferric state is stabilized
and the binding of hydrophobic ligands induces the closed
protein conformation.

UV-Visible Absorption Spectroscopy of NP4 Solutions
and Crystals.The solution absorption spectra of the aqua
and nitrosyl adducts of ferric and ferrous rNPs have been
previously reported (6, 18), the ferrous spectra having been
obtained after electrochemical reduction (6, 28). Here, we
report the optical spectra of ferrous NP4 complexed with
H2O, NO, and CO in both solution and crystalline states after
reducing the ferric protein with sodium dithionite. Molar
extinction coefficients of these complexes were measured
in solution using the pyridine hemochrome method (see
Materials and Methods).

The absorption maxima and extinction coefficients for NP4
and myoglobin (Mb) complexes, pH 8.0, are listed in Table
1, and the solution absorption spectra for NP4 are shown in
Figure 2A. As previously described (6, 9), NP4 (Fe3+)-H2O
exhibits spectral features that are found in other histidine-
coordinated heme proteins, notably an intense, sharp Soret
band at∼400 nm, broadR- andâ-bands at∼550 nm, and
a weaker band at∼630 nm. When NO binds, the Soret band

kobs) kon[CO] + koff (1)

Table 1: UV-Visible Absorption Maxima (nm) and Extinction
Coefficients (mM-1 cm-1) for NP4 and Horse Heart Myoglobin at
pH 8.0

complex Soret R â

NP4
ferric aquaa 404 (141.4( 2.6)b,c npd npd

ferrous aqua 426 (102) npd 557 (14)
ferric NO 420 (121) 568 (12) 532 (11)
ferrous NO 416 (93)e 571 (10)e 547 (10)e

ferrous CO 420 (144)e 564 (7)e 540 (8)e

Mbf

ferric aquag 408 (188) npd npd

ferrous aqua 435 (121) npd 560 (13.8)
ferric NO 420.5 (155) 572 (10.3) 530 (10.5)
ferrous NO 421.5 (147) 575 (10.5) 543 (11.6)
ferrous CO 424 (207) 579 (13.9) 540 (15.4)

a Additional bands at 627 and 498 nm.b Unless otherwise noted,
the extinction coefficient in parentheses was determined using the
pyridine hemochrome method (see Materials and Methods).c The error
was obtained from four replicated sets of experiments.d Not present
or indistinct.e The extinction coefficient was calculated by using anε

) 141 mM-1 cm-1 for the Soret peak of NP4 (Fe3+). f Taken from ref
19. g Additional bands at 630 and 502 nm.
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red-shifts to near 420 nm, the intensities of theR- and
â-bands increase, and that of the 630 nm-band recedes, a
behavior typical of ferric nitrosyl heme proteins.

Reduction of the NP4 heme through the anaerobic addition
of a 10-fold excess of sodium dithionite is accompanied by
a broadening and red-shift of the Soret peak to near 428 nm
(Figure 2A), similar to that observed by applying a negative
potential to the ferric form (6). As previously noted (6), this
species is unstable and the Soret absorbance maximum blue-
shifts by several nm within a few minutes, most likely
reverting to the ferric state. In contrast, the 26 nm red-shift
of the metmyoglobin Soret after reduction with dithionite is
quite stable ((19, 29), E. M. Maes and W. R. Montfort,
unpublished observations).

The binding of CO to reduced NP4 in solution causes the
Soret band to blue-shift, sharpen, and increase in intensity,
indicating formation of a six-coordinate, low-spin heme.
Changes in the spectrum when CO binds are also apparent
in theR- andâ-band region (Figure 2A, Table 1). Likewise,
binding of NO to reduced NP4 elicits absorption maxima

that are consistent with a six-coordinate, low-spin ferrous
complex (Figure 2A, Table 1) (19, 29). Overall, the spectral
characteristics observed for the CO and NO complexes of
ferrous NP4 are qualitatively similar to those of ferrous
myoglobin, hemoglobin, and a variety of other histidine-
ligated heme proteins (19, 29, 30), with the exception of the
R-band of NP4-CO being blue-shifted relative to that of
Mb-CO (Table 1), and the difference in the Soret band
positions of the ferric and ferrous NO complexes, which is
larger for NP4 than for Mb (Table 1), a behavior also noted
for NP1 (6, 28).

The extinction coefficients at the Soret for NP4 are smaller
by 10-20% than those reported in the literature for sperm
whale myoglobin (19, 29) and 15-35% smaller than those
reported for horse heart myoglobin (Table 1; (19)), but
otherwise similar to the globins. Upon binding CO to ferrous
NP4, there is a sharp increase in the extinction coefficient,
but as with the globins, NO binding leads to little change in
extinction coefficient magnitude. The difference in extinction
coefficient values between the Fe3+-NO and Fe2+-NO
complexes is larger for NP4 (Table 1) and NP1 (28) than
for Mb, while the difference between the Fe2+-H2O and
Fe2+-CO species is smaller.

Armed with the solution absorption behavior, we could
now clearly monitor complex formation in the crystal using
a microspectrophotometer (Figure 2B). Because the crystals
are optically dense, the Soret band is generally too intense
to be measured, and the Q-band region must be used for
characterization. Conditions were identified that yielded NP4
complexes with essentially identical absorption spectra in
the crystalline state (Figure 2B) to those in solution (Figure
2A), giving confidence that the desired complex was indeed
formed in the crystal. The crystal spectroscopy proved
especially useful for finding conditions to generate the correct
heme oxidation state in the crystal and for fully saturating
ligand binding, which occurs more slowly in the crystal than
in solution.

Kinetics of CO Binding.NO binding to ferric NP is
multiphasic under all conditions, even after mutation to
active-site loops A-B and G-H, which undergo large
changes in conformation during binding (6, 11, 31). To
address whether CO binding is also multiphasic, we exam-
ined CO binding rates using flash photolysis. The initial,
concentration-dependent CO binding to ferrous NP4 at pH
8.0 was found to be 7.9( 1.4 µM-1 s-1, a value 10-fold
larger than that reported for sperm whale myoglobin (0.5
µM-1 s-1) (32) and 3-fold larger than for NO binding to
ferric NP4 (∼2.5 µM-1 s-1 at pH 8.0 (6, 11)). As with NO
binding to ferric NP4, a second kinetic phase was apparent
for CO binding but could not be accurately assessed by flash
photolysis. Attempts to measure both phases by stopped-
flow spectroscopy were unsuccessful due to the instability
of ferrous NP4.

Structure of Ferrous NP4-H2O at pH 7.1.A crystal of
NP4 grown in 2.8 M ammonium phosphate solution was
soaked in 3.2 M potassium phosphate and reduced with
dithionite to produce the ferrous aqua complex. A color
change occurred during the potassium phosphate soak,
indicating the replacement of ammonia at the distal ligation
site with water. We determined the structure of NP4 (Fe2+)-
H2O to 1.08 Å resolution at pH 7.1 (Table 2, Figure 3A)
and compared it to that of NP4 (Fe3+)-NH3 at pH 7.5 (17).

FIGURE 2: Solution and crystal UV-visible absorption spectra. (A)
Solution spectra of NP4 recorded at room temperature (pH 8.0).
Shown are (Fe3+)-aqua (black) and NP4 (Fe3+)-NO (green), and
after reduction with 10-fold excess sodium dithionite, (Fe2+)-aqua
(pink), (Fe2+)-CO (60 µM, red), and NO (100µM, blue), with
Soret maxima indicated. Inset: expanded view of Q-band region.
(B) Crystal spectra of NP4 (Q-band).
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The high resolution of the data allowed us to obtain
unrestrained refinement of the iron coordination geometry
(Table 3) and accurate assessment of heme distortion (Table
4). Overall, the two structures are very similar in that the
distal heme cavity is open with residues 31-37 (loop A-B)
poorly ordered and residues 125-133 (loop G-H) located
away from the heme pocket. The largest difference between
the structures is a lengthening of the iron-H2O bond in the
ferrous structure (2.20 (3) Å, Table 3) compared to the iron-
NH3 bond in the ferric structure (2.06 (2) Å). The temperature
factor of the H2O ligand is high relative to the surrounding
atoms, implying that the ligation site is only partially
occupied. Close examination of the heme coordination
geometry revealed additional structural differences at the iron
center. While the metal lies roughly in the porphyrin plane
in the oxidized state, it moves out of the plane toward the
proximal histidine by 0.1 Å in the reduced state. Both the
lengthening of the bond between ferrous iron and the weaker
axial ligand and the movement of the iron atom out of the
heme plane toward the stronger ligand are typical of ferrous
complexes.

In contrast to most six-coordinate porphyrin systems, for
which the macrocycle is generally planar in the absence of
bulky peripheral substituents (13), rNPs have ruffled hemes
(17), which may serve to stabilize the ferric state. In the
present structure, the Fe2+ heme of NP4 is still markedly
nonplanar, but less so than in the ferric state. We used the
normal-coordinate structural decomposition (NSD) approach
of Shelnutt and co-workers (13) to quantify the heme
distortion (Table 4). In the (Fe2+)-H2O complex, the heme
is both ruffled and saddled, with the same magnitude for
both distortions, but the ruffling distortion is smaller than
that observed in the equivalent ferric complex.

Structure of NP4-CO at pH 5.6.Obtaining fully saturated
NP4 (Fe2+)-CO crystals required developing specific han-
dling conditions. Initial attempts were not satisfactory as
judged by the electron density of the axial ligand in X-ray
structures and the absorption spectra. This is most likely due
to the instability of the ferrous state and the volatility of CO.
Success was achieved by minimizing the contact of the

reduced crystal with air during its transfer into the CO-
saturated solution, by supplementing the tube to which the
crystal was transferred with CO gas and by monitoring
complex saturation with the microspectrophotometer.

We determined the crystal structures of NP4-CO at pH
values of 5.6 (this section) and 7.4 (next section) to
resolutions of 0.89 and 1.0 Å, respectively. The most
significant difference between the ferrous aqua and the CO
complexes is the heme pocket conformation, which is closed
and desolvated in the presence of CO, particularly at pH 5.6.
The binding of CO to Fe2+ heme at pH 5.6 causes loops
G-H and A-B to move near the heme and the carbonyl
peptide group of Leu 130 to form a hydrogen bond with the
carboxylate group of Asp 30, just as is observed when NO

Table 2: X-ray Data Measurement and Refinement Statistics for
Ferrous NP4 Complexes

ferrous complex H2O CO NO

PDB ID 1YWD 1YWA 1YWC 1YWB
pH 7.1 5.6 7.4 5.6
wavelength (Å) 0.75 0.9 0.9 0.9
resolution (Å) 30-1.08 19-0.89 22-1.0 28-0.97
total no.

of reflections
331856 348741 228686 217232

no. of unique
reflections

65725 107559 77142 87670

completeness (%)a 99/98 90/70 92/76 96/93
meanI/σI

a 9.1/2.0 26.9/3.6 29.0/10.9 7.6/2.7
Rsym

a,b 0.052/0.23 0.038/0.20 0.040/0.13 0.052/0.46
rmsd bonds (Å) 0.014 0.015 0.015 0.015
rmsd angles (Å) 0.035 0.034 0.033 0.033
no. of multiple

conformers
9 19 19 13

Rcryst/Rfree
c 0.14/0.17 0.12/0.15 0.12/0.15 0.14/0.17

a Overall/outermost shell.b Rsym ) (∑h|Ih - 〈I〉|)/(∑hIh), where〈I〉 is
the mean intensity of all symmetry-related reflectionsIh. c Rcryst )
(∑|Fobs - Fcalc|)/∑Fobs. Rfree as forRcryst, using a random subset of the
data (5%) not included in the refinement.

FIGURE 3: Electron density (2Fo - Fc) for heme (blue) and distal
ligands (red). (A) Ferrous aqua complex. (B) Ferrous CO complex
(pH 5.6). (C) Ferrous NO complex. While the ligands and heme
core adopt a single conformation, one heme propionate is less well-
ordered.
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binds to NP4 (Fe3+) (10, 12, 17). In addition, as in the case
of NO binding to NP4, several water molecules are expelled
from the pocket upon CO binding. Overall, the structures of
NP4 (Fe3+)-NO and NP4 (Fe2+)-CO at pH 5.6 are nearly
identical, but display a few differences in side-chain posi-
tioning. In particular, Leu 130, which swings into the distal
pocket upon loop closure (Figure 1B), differs in position by
∼0.5 Å. The Leu 130 side-chain position appears to depend
on the distal ligand geometry and adopts slightly different
positions in the ferric NO, ferrous NO, CO, and imidazole
structures to maintain van der Waals contact with the ligand
(this work and refs12, 17). Leu 133, which contacts ligand
and heme under all conditions, also shifts slightly in response
to the distal ligand position, differing by∼0.2 Å in the NO
and CO complexes.

In both CO structures, the CO ligand has the geometry
found in high-resolution structures of carboxymyoglobin
(33), adopting an essentially linear Fe-C-O bond angle
(Figure 3B, Table 3). This is in contrast to the NO geometry
found in ferric NP4 complexes, which is bent by∼20° (12,
17), suggesting the Fe2+-CO bond is stiffer than the Fe3+-
NO bond (see Discussion). The heme in the NP4-CO
complex, at both low and neutral pH, is distorted from
planarity (Figure 4). NSD analyses of the heme conformation
reveal that CO binding leads to an increase in the heme
ruffling (Table 4), as previously found for NO binding to
ferric heme (Table 4, (17)). The overall increase in ruffling
was similar for both CO binding to ferrous heme and NO
binding to ferric heme (∼0.25 Å), but the total ruffling is
less for the Fe2+-CO complexes.

Structure of NP4-CO at pH 7.4.The carboxy complex
at pH 7.4 was produced in the same manner as for the pH
5.6 complex. However, during refinement, it became clear

that the CO oxygen was not completely occupied. The reason
for this is not clear: incomplete CO saturation or incomplete
iron reduction are possible explanations. We refined the
structure with occupancies of the CO ligand and of water
fixed at 0.75 and 0.25, respectively.

The structure displays a mixture of open and closed
conformers, with the open conformation in higher abundance.
A similar behavior was observed upon NO binding to NP4
(Fe3+) at the same pH (12). The distal pocket of the CO
complex at pH 7.4 is filled with one more ordered water
molecule compared to the complex at pH 5.6. This water is
also present in the aqua ferrous structure, and in previously
determined structures when the distal cavity is open, and
forms a hydrogen bond with the side chain of Thr 121.

Structure of Ferrous NP4-NO at pH 5.6. Excellent
diffraction data were also acquired for the ferrous nitrosyl

Table 3: Ferrous Iron-Ligand Bond Distances and Anglesa

ferrous complex

atoms H2O, pH 7.1 CO, pH 5.6 CO, pH 7.4 NO, pH 5.6

Fe-ligand 2.20 (3) 1.814 (9) 1.79 (1)b 1.73 (1)
Fe-Nε2 2.01 (1) 2.002 (6) 1.986 (8) 2.11 (1)
Fe-NA 2.01 (1) 1.975 (8) 1.98 (1) 1.99 (1)
Fe-NB 1.97 (1) 1.987 (7) 1.96 (1) 2.00 (1)
Fe-NC 2.00 (2) 2.004 (7) 1.99 (1) 2.00 (1)
Fe-ND 1.99 (2) 1.968 (8) 1.98 (1) 2.03 (1)
X-O n/ac 1.11 (1) 1.12 (2) 1.15 (1)
Fe-X-O n/ac 177 (1) 173 (2) 141 (1)

a Numbers in parentheses are estimated errors obtained from full-
matrix (block-diagonal) inversion after unrestrained refinement of the
proximal histidine, heme, and the axial ligand (22) (see Materials and
Methods).b This structure was refined with a CO occupancy of 0.75
and a H2O occupancy of 0.25. The Fe-CO geometry was allowed to
vary, while the Fe-H2O bond distance was fixed at 2.1 Å.c n/a, not
available.

Table 4: Representative Heme Distortions

NP4 complex pH rufflinga saddlinga

Fe3+-H2Ob 7.5 -0.55 0.29
Fe2+-H2Oc 7.1 -0.37 0.34
Fe3+-NOb 5.6 -0.81 0.37
Fe2+-NOc 5.6 -0.69 0.36
Fe2+-COc 5.6 -0.62 0.33

a Total deviation in angstroms for ruffling (B1u) and saddling (B2u)
distortions, using NSD (24). b Structures from Roberts et al. (17). c This
work.

FIGURE 4: Formal core diagrams showing deviations from the mean
heme plane, in units of 0.01 Å. Estimated standard errors were
calculated for each atom and were generally in the range of 1-2
units (0.01-0.02 Å). Shown (from the top) are the Fe3+-NO,
Fe2+-NO, Fe2+-CO, Fe3+-H2O, and Fe2+-H2O complexes.
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complex at pH 5.6 (0.97 Å resolution), obtained by first
reducing a ferric NP4 crystal with dithionite and subsequently
adding NO (Table 2, Figure 3C). The structure exhibits a
closed conformation as observed for the ferric nitrosyl
complex (10, 12, 17).

Bond distances between the metal and the nitrosyl ligand
are expected to differ slightly between the two oxidation
states, with Fe3+-NO typically ∼1.66 Å and Fe2+-NO
∼1.72 Å (34). The bond length of 1.73 (1) Å found in the
present structure (Table 3) is therefore consistent with a
ferrous complex. The bond angle of 141 (1)° found in the
complex is also consistent with the ferrous complex. Unlike
CO, NO coordinates to ferrous iron with a bent geometry.
The angle we find in the present complex is typical for an
{FeNO}7 iron porphyrin system and confirms that a ferrous
nitrosyl complex has been formed (34-36).

Ferrous NO porphyrin complexes usually show a large
trans influence, in which the bond distance of the ligand trans
to the stronger axial ligand is lengthened by 0.2-0.3 Å as
compared to the ferric species, or even becomes dissociated
(34). A small trans influence is observed in the ferrous
nitrosyl complex of NP4, where the proximal bond is
lengthened (2.11 (1) Å) compared to that in the ferric
derivative (2.013 (9) Å) (17), but the bond lengthening is
less than that expected for a ferrous NO porphyrin complex.
Of the observed lengthening,∼0.05 Å is due to the iron atom
moving above the heme plane (Figure 4).

The heme in NP4 (Fe2+)-NO is again ruffled, but less so
than in the ferric complex (Table 4, Figure 4). Binding of
NO to the Fe2+ heme induces greater ruffling, compared to
the aqua complex, similar to what has been observed for
the ferric NP4 complexes.

Occupancy of the Xenon Pocket.Myoglobin contains
xenon-accessible cavities that are used by CO for entry and
exit to the protein (37-42). We have identified an analogous
cavity in NP4, on the proximal side of the heme; however,
it does not appear to play a similar role in ligand entry and
escape (43). Nonetheless, this cavity is at least partially
occupied in three of the four ferrous NP4 structures, the
exception being the water-ligated structure where the crystal
has not been exposed to either NO or CO. Occupancy of
the cavity, as judged by the electron density, decreases in
the order: CO complex (pH 5)> CO complex (pH 7)>
NO complex (pH 5). H2O complex. In previously reported
structures, the cavity is either empty or has low occupancy
when the crystals have not been treated with NO (12, 17).
The cavity is hydrophobic and larger than a CO or NO
molecule and approximately spherical, so that no orienta-
tional preference exists. Consequently, the electron density
appears spherical and difficult to distinguish from a water
molecule, and we have therefore modeled it as a water
molecule in all structures. Despite this, the increase in
electron density on adding NO or CO gas suggests the pocket
may be filled with a disordered diatomic molecule.

DISCUSSION

We have characterized the Fe2+ heme and its surroundings
in the aqua, CO, and NO complexes of NP4 by absorption
spectroscopy and ultrahigh-resolution X-ray crystallography.
The ferrous complexes exhibit absorption spectra that are
similar to the analogous derivatives of myoglobin and exhibit

heme coordination geometry that is consistent with a reduced
form of the protein. Below, we discuss the effects of iron
oxidation state on NP4 heme and protein.

Nonpolar Ligands Induce the Closed Conformer.We
previously found that binding of NO, a nonpolar ligand, to
ferric NP4 at lower pH leads to a large conformational
change that desolvates the ligand binding pocket and protects
the nitrosyl adduct from further reaction. This change is
independent of heme conformation, since bothπ-accepting
(NO) andπ-donating (imidazole) hydrophobic ligands induce
the closed conformer (17). Here, we show that both NO and
CO binding to ferrous NP4 at pH 5.6 induces the same
conformational change. The open conformation persists in
the ferrous aqua complex despite a change in formal heme
charge from+1 to 0 upon reduction (+2 for the iron,-2
for the porphyrin, excluding the propionates). Thus, the
detection of ligand polarity for triggering the conformational
change appears to be very localized, centered just on the
distal pocket and independent of the heme oxidation state.
Likewise, the heme reduction potential measurements are
also largely insensitive to pH despite the large change in
protein conformation that accompanies change in pH, having
reduction potentials of-259 mV at pH 5.5 and-278 mV
at pH 7.5 for the aqua complexes (6).

The structural interpretation is more complicated at neutral
pH. We previously showed that NO binding to ferric NP4
at pH 7.4 leads to a mixture of open and closed conforma-
tions, with the distal pocket tending toward the closed
conformation and the now-charged portions of loops A-B
and G-H repelling one another and favoring the open
conformation (12). Here, we show this behavior also holds
for CO binding to ferrous NP4. These data are consistent
with a model where loop dynamics are independently
governed by pH and ligand polarity.

Kinetic measurements of ligand binding can provide
insight into the dynamic behavior of functioning proteins.
For ferric rNP, initial NO binding is fast, more so when the
distal pocket solvent is more disordered, which occurs in
wild-type NP2 (6, 8) and NP4 mutant T121V (11), proteins
that have more hydrophobic distal pockets. For ferrous NP4,
flash-photolysis measurements at pH 8.0 revealed a recom-
bination rate for CO that is similar in magnitude to that for
NO binding to ferric NP4 (see Results). Taken together, these
data support a model where solvent reorganization is rate-
limiting for complex formation rather than bond formation
itself, as previously suggested (6, 11). A second phase,
previously attributed to loop movements in studies with NO
(6, 11), was also detected for CO binding but could not be
accurately measured due to the instability of reduced NP4.

All of this is consistent with the physiological role for
rNP proteins. The closed conformer, stabilized by nonpolar
ligand binding and the low pH of the insect salivary gland
(∼5), provides protection for the nitrosyl complex, while the
open conformer, induced by the neutral pH of the victim,
promotes NO release. That loop closure and distal pocket
desolvation do indeed protect the nitrosyl adduct is suggested
by crystallographic experiments where the ferric NO complex
is formed with an open conformer, either due to higher pH
(12) or mutation (11) in NP4, or crystalline contacts in NP1
(28) and NP2 (Weichsel, A., and Montfort, W. R., in
preparation). In these cases, but not when the closed
conformer is completely formed, the nitrosyl heme center is
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quite sensitive to photoreduction in the X-ray beam, giving
rise to ferrous heme and bent NO geometry.

Heme Pocket Rigidity.The atomic resolution ferrous NP4
structures reported herein allow direct comparison with
previously determined ferric structures and the possibility
of understanding how the protein influences oxidation state.
The geometries of the ferrous heme complexes are, for the
most part, the same as found in similar small molecule iron
porphyrin complexes (44), except that the Fe-His 59 bond
length is shorter than expected. In general, the weaker axial
ligand in ferrous complexes exhibits a bond lengthening of
0.2-0.3 Å, or even complete dissociation. Iron-histidine
bond cleavage, for example, is thought to initiate the
conformational change in soluble guanylate cyclase that leads
to activation of the protein on NO binding (45). In NP4,
this lengthening is less pronounced: the Fe-His 59 Nε2
distance is 2.11 (1) Å, at least 0.1 Å shorter than expected.
We previously suggested that the tightly packed heme pocket
in NP4 might interfere with bond lengthening and thereby
disfavor reduction of the heme (17). The present results are
consistent with that possibility, although the energetics
associated with this distortion are not yet known. Also
noteworthy is that the previously reported ferrous NP4-NO
complexes that occurred through photoreduction of the ferric
complex in the X-ray beam (11, 12) display the same
geometry as the chemically reduced ferrous complex de-
scribed here.

Fe-NO and-CO Bond Angles.The expected geometry
for Fe-XO complexes depends on the total number of metal
d and ligandπ* electrons (35). For example, both Fe3+-
NO and Fe2+-CO have{FeXO}6 electronic arrangements,
which typically display Fe-X-O bond angles of∼180°,
while Fe2+-NO ({FeXO}7) complexes typically display
bond angles of∼140°. In ferric NP4-NO (12, 17), the Fe-
NO bond is bent∼20° away from the linear arrangement
usually found in small molecule model complexes (34). The
ferrous CO complexes reported here both display the
expected linear bonds (Table 3). The nonpolar side chains
in the distal cavity pack around the CO, the ferrous NO,
and the ferric NO in a similar fashion, but the position of
the side chains contacting the ligands varies. In particular,
Leu 130, which is part of the G-H loop and moves into the
binding pocket on ligand binding (Figure 1B), shifts in
position by 0.5 Å between the ferrous NO and CO structures.

That the Fe3+-NO bond is readily deformed from the
linear conformation is clear from quantum mechanical
calculations (46, 47) and structures of protein and model
Fe3+-NO complexes with bent nitrosyl bonds (17, 48, 49).
For example, the deviation that we see,∼20°, has been
estimated to cost 1-2 kcal mol-1 for planar model hemes
(47). Similarly, distortion of the Fe2+-NO away from the
low-energy position requires very little energy (50). In
contrast, Fe2+-CO is always linear. A search of the
Cambridge Structural Database (44) reveals all structures of
Fe2+-CO porphyrin model complexes to have Fe-C-O
angles greater than 172°. Further evidence regarding the
differing stiffness of the Fe-CO and Fe-NO bonds in heme
proteins is provided by structures of nitric oxide reductase,
where the ferrous carboxy complex has an Fe2+-C-O angle
of 172° (51), while in the ferric nitrosyl complex, the Fe3+-
N-O angle is 161° (48).

Since a linear arrangement for NP4-CO occurs, a linear
arrangement for NO is also sterically possible. That Fe-
NO is not linear could simply be due to the softness of the
bond and the packing of nearby residues against the NO
molecule. However, it is also possible that there is an
electronic contribution to bending and, furthermore, that
bending serves to protect against reduction of the heme
through poorer d-π* orbital overlap between the NO
unpaired electron and the metal, as we have previously
suggested (17). In support of an electronic contribution to
bending are recent density functional theory (DFT) modeling
studies of five- and six-coordinate ferric NO porphyrin
complexes, which show that, as electron-donating substitu-
ents are added to the meso heme carbons, the predicted Fe-
NO bond angle becomes more bent (47, 52). NO bending is
accompanied by a shortening in the two Fe-N (porphyrin)
bonds toward which the NO bends by∼0.01 Å, and a
corresponding lengthening in the other two Fe-N (porphyrin)
bonds. Crystal structures of model porphyrin complexes with
bent Fe-NO conform to this prediction. Unfortunately,
despite the high resolution of our protein structures, bond
length differences of this magnitude are not discernible, and
we cannot confirm (or reject the hypothesis) that a similar
effect exists in NP4. That heme distortion alone is not
sufficient to induce NO bending seems clear from recent
structural and spectroscopic studies of highly distorted model
porphyrins, which all display linear Fe3+-NO bonds (53).

Although the mechanism by which NO bending in NP4
remains to be uncovered, the effect of bending on reactivity
seems more clear. DFT calculations indicate that, as the NO
bond is bent, additional electron density builds up on the
NO molecule making it less electrophilic and less likely to
react with solvent nucleophiles such as water or hydroxyl
ion (47). Thus, the bent Fe-NO geometry appears to be of
functional importance for the storage and transport of the
NO molecule.

Heme Distortion and Its Role in Stabilizing the Ferric
State.As noted above, the NP4 Fe3+ heme is not planar but
saddled and ruffled, and the latter distortion, which is
predominant, is significantly increased upon the binding of
π-acceptor ligands such as CN- and NO (17). The ruffling
conformation results from rotation of pyrrole rings about the
Fe-N bond and saddling from pyrrole rings tipping out of
the heme plan to give a saddle shape. Both ruffling and
saddling distortions appear relatively low in energy but
correlate with stabilization of the ferric state in both model
compounds and proteins (4, 13-16). In NP2, mutation of
two leucines contacting heme at positions of ruffling distor-
tion (L122V, L132V; equivalent to Leu 123, Leu 133 in NP4,
Figure 1B) leads to an∼50 mV positive shift in reduction
potential for the NO complex, consistent with a role for
ruffling in the setting of reduction potential (54). Nonetheless,
despite these promising trends, a direct link between reduc-
tion potential and heme distortion in proteins has yet to be
described.

In Table 4 and Figure 4, we show overall heme deforma-
tions as well as deformations along the heme ruffling and
saddling normal modes for both ferrous (this work) and ferric
NP4 complexes (17). Where direct comparisons are possible,
the ferric complexes are more distorted than their ferrous
counterparts. The changes are small but significant at this
resolution, with all atoms generally lying closer to the least-
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squares heme plane in the ferrous structures (Figure 4). The
observed change in ruffling is 0.18 Å for the aqua complexes,
and 0.12 Å in the NO complexes (Table 4). By way of
comparison, the rufflings observed for structures of identical
ferric complexes (either NO or aqua), determined indepen-
dently to differing resolutions using different X-ray wave-
lengths, agree within∼0.05Å (11, 12, 17). Interestingly,
binding of π-acceptor ligands (NO and CO) to the Fe2+

heme led to increased ruffling to the same degree as
previously found forπ-acceptor ligand binding to the Fe3+

heme (17), ∼0.3 Å, which is 2-3-fold larger than that
resulting from the change in oxidation state. The reason for
this is not yet known.

The degree of deformation along the ruffling normal mode
for the NP4 heme can be summarized in the following
order: (Fe3+)-NO > (Fe2+)-NO g (Fe2+)-CO > (Fe3+)-
H2O > (Fe2+)-H2O. Thus, the trend we established for NP4
indicates a systematic decrease in ruffling in the reduced
state, consistent with the hypothesis that heme distortion
favors the ferric state. The mechanism for this may involve
the mixing of porphyrinπ and iron d orbitals such that the
empty d orbital is partially filled, interfering with reduction
(recently discussed in detail in ref4). The heme remains
ruffled in the reduced state, presumably due to protein
constraints, which, by this argument, would favor oxidation
to Fe3+. Apparently, the factors that lead to increased ruffling
on bindingπ-acceptor ligands NO and CO are still in effect
for ferrous heme, since a substantial increase in ruffling
occurs relative to the ferrous aqua complex, but to a lesser
overall degree than in the ferric state.

Design of an NO Transport Protein.At least three factors
appear critical for NO transport by theRhodniusnitrophorins.
First, the heme must be stabilized in the ferric state, since
binding of NO to ferrous heme is nearly irreversible,
particularly in the nitrophorins (Kd ) 5-90 fM, (6)). The
present study suggests that both heme distortion and the
restriction of proximal histidine bond lengthening favor the
ferric state in the tightly constrained nitrophorin heme pocket.
Other factors, such as the placement of negatively charged
amino acids near the positively charged ferric heme may also
assist in ferric stabilization (4). Second, the NO bond is bent,
making it less electrophilic and less reactive toward solvent.
And third, the distal pocket is desolvated and tightly packed
in the NO-bound closed conformation, further discouraging
the reductive chemistry of solvent nucleophiles.
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