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ABSTRACT: This study represents the identification of a single amino acid residue that has the major
responsibility for the isomeric orientation of a heme b cofactor in a ferriheme protein. The insertion of
hemin b into the asymmetric environment of a protein pocket facilitates two cofactor orientations, A and
B, which is often called “heme rotational disorder”. The proteins studied herein are nitrophorins, a class
of ferriheme proteins found in the saliva of the blood-sucking insect Rhodnius prolixus, in this case NP2
and NP7. NMR spectroscopy (pH* 5.5) of the imidazole complex of NP7 revealed solely the A orientation,
whereas NP2 shows primarily the B orientation (~1:5 A:B). The glutamate 27 residue in NP7 is an
obvious difference in the heme pocket compared to those of NP1—4, all of which present a valine residue
[valine 24 (NP2 and NP3) or valine 25 (NP1 and NP4)] at the same position. Consequently, the mutant
NP2(V24E) was prepared and shown to reverse the heme orientation to exclusively A, whereas NP7(E27V)
revealed an ~1:3 A:B ratio. The reversal A <> B following the change glutamine <> valine was further
indicated in circular dichroism (CD) spectroscopy with a positive (A) or negative (B) Ae of the heme
Soret band. Moreover, CD spectroscopy was applied to the mutant NP7(E27Q) and indicated mainly the
A orientation, which allows us to conclude that the steric hindrance provided by the glutamate residue is

responsible for the heme orientation rather then the carboxylate charge.

Since heme b lacks 2-fold symmetry, two orientations (A
and B) in the pocket of a hemoprotein are possible, both of
which are displayed in Scheme 1. NMR spectroscopy
frequently reveals that both orientations are present in
solution, as indicated by two sets of paramagnetically shifted
'H heme resonances in systems with non-zero electron spin.
This phenomenon, well-known as “heme rotational disorder”,
has been observed in many heme b-containing proteins (ref
1 and references cited therein). It was found that the A:B
ratio depends strongly on the individual heme protein. For
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Scheme 1: Isomeric Orientations A and B in NP2 from R.
prolixus®

“The view is from the distal side with His-57 (gray bar) behind the
heme. Substituents on the periphery of the heme are numbered
clockwise from the methyl 1 (1M) to the methyl 8 (8M) for the A
orientation. The pyrrole rings are numbered from I to IV with the y-axis
defined going through the N;—Fe—Nj; motif. Dashed circles denote
the positions of three distal aliphatic site chains indicated pointing onto
the heme plane.

instance, B is the major orientation in sperm whale myo-
globin (Mb)! (2), whereas in bovine cytochrome bs, a ratio
of ~8:1 (3) and in Chironomus thummi thummi HbIII a ratio
of ~1.1:1 is observed (4). Another class of heme proteins
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in which the heme orientation has been extensively studied
by NMR spectroscopy in recent years is the nitrophorins
(NPs) (5—10). The NPs represent a group of ferriheme b
proteins found in the blood-sucking insect Rhodnius prolixus,
designated NP1—4 (/1) and NP7 (/2). The purpose of these
proteins is to store NO in the salivary glands and then to
transmit it as a signal to increase blood-vessel diameter and
to inhibit blood coagulation of the host during feeding; upon
NO release, the imidazole group of histamine (Hm) binds
to the open coordination site of the iron, and thus, the
sequestration of Hm contributes to the suppression of the
immune response (/3). The structure of NP is unique for
heme proteins, in that the heme is located at the open end
of a f-barrel (/4), rather than in the more commonly
observed, largely o-helical globin or four-helix bundle folds.
The ferriheme prosthetic group is bound to the protein via a
His ligand, leaving the sixth iron coordination site available
to bind NO or other ligands. Only in the case of NP4 was
the presence of both orientations observed by X-ray crystal-
lography (15), while NMR spectroscopy revealed either an
approximately equal distribution of both isomers (NP1 and
NP4) or the preference for the heme B orientation (NP2 and
NP3) (5—10).

For NP7, an experimental structure is not yet available.
However, a homology model for NP7(G3-S182) (16) was
built on the basis of the X-ray structure of NP2 (/7), with
which NP7 shares a level of amino acid sequence identity
of 61%> (rmsd = 0.39 A) (16). Because of the uncertainty
of the heme orientation in NP7, iron 3,7,8,12,13,17-hexam-
ethyl-21H,23H-porphine-2,18-dipropionate (2,4-dimethyl-
deuterohemin or “symmetrical hemin”) was inserted into the
model structure. During the inspection of the homology
model of NP7 (16), Glu-27 attracted our interest. This
position in the sequence is represented by a Val residue in
NP1—4, which is indicated in the amino acid sequence
alignment in Figure 1A (arrow). In each of the 31 crystal
structures of wr NP1, -2, and -4 currently available in the
Protein Data Bank, the orientation of Val-24/25 is similar,
as depicted in Figure 1B. Thus, hydrophobic interaction of
the isopropyl moiety with the vinyl and methyl substituents
of heme pyrrole ring I or II, depending on the orientation of
the cofactor (compare Scheme 1), is established. In this
respect, the presence of the carboxylate moiety together with
the increased side chain length introduced by Glu-27 is
remarkable. Figure 1C shows that the side chain of Glu-27
faces the hydrophobic side of the heme (pyrroles I and II)
where the Glu-27 C°00~ group is positioned in the distal
heme pocket. Thus, the question of the influence of this
residue on the properties of the heme cofactor arises. To
address this question, the mutant NP7(E27V) was generated
to model the situation in NP1—4. Further, to examine the
role of the Glu carboxylate, the charge-depleted mutant
NP7(E27Q) was constructed. Concomitantly, the reverse
mutant NP2(V24E) was produced to identify the effect of
the Glu residue in the context of another NP structure.

2 Although NP3 is the protein most similar to NP7 (62% level of
amino acid sequence identity), the slightly less similar NP2 (61% level
of amino acid sequence identity) was chosen for comparison because
it is much better characterized (e.g., NP3 is the only isoprotein of
NP1—4 for which no X-ray structure has been reported). This is also
true with regard to NMR spectroscopy.
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NP1: MKCTKNAL AQTGFNKDKY FNGDVWYVTD YLDLEPDDVP : (37)

NP2: MDCSTNIS PKQGLDKAKY FSG-KWYVTH FLDKDP-QVT : (37)

NP3: MDCSTNIS PKKGLDKAKY FSG-TWYVTH YLDKDP-QVT : (35)

NP4 : MACTKNAI AQTGFNKDKY FNGDVWYVTD YLDLEPDDVP : (37)

NP7: M LPGECSVNVI PKKNLDKAKF FSG-TWYETH YLDMDP-QAT : (38)
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FIGURE 1: (A) Alignment of the N-terminal amino acid sequences
of recombinant NP1—4 and NP7 from R. prolixus. The positions
of residue Glu-27 in NP7 and the corresponding Val in NP1—4
are indicated by the arrow. (B) Relative positions of Val-24/25 with
respect to the heme in the 31 X-ray structures of wt NP1 (PDB
entries 4NP1, INP1, 2NP1, and 3NP1), wt NP2 (PDB entries 1EUO,
1T68, 2HYS, 1PEE, 2AH7, 2AL0, 2A3F, 2ACP, 1GTF, 2EU7,
and 2ASN), and wr NP4 (PDB entries 1D3S, 1U0X, 1D2U, 1NP4,
1X8P, 1X8N, 1KOI, 1X80, 1YWB, 1X8Q, 1YWD, 1IKE, 1IK]J,
IML7, 1YWA, and 1YWC) currently available from the Protein
Data Bank. (C) Comparison between the structure of NP2 with
heme in the B orientation (PDB entry 1EUO) (/7) and the homology
model of NP7(G3—S182) with a symmetrical heme inserted (16).
Note that the view of the structures is from the proximal side of
the cofactor. Figures were prepared with DEEPVIEW version 3.7
(39) (available at http://www.expasy.org/spdbv/) and rendered with
POV-RAY version 3.6 (available at http://www.povray.org/).

EXPERIMENTAL PROCEDURES

Mutants of NP7 (pNP7¥ plasmid) and NP2 (pNP2ka
plasmid) (7, 12) were generated by the quick change
mutagenesis method (/8) using Pfu DNA polymerase (Strat-
agene). The following pairs of primers were used: for
pNP7E27VEa 5. TTC AGC GGT ACT TGG TAT GTT
ACT CAT TAT CTA GAC ATG-3’ and 3-AAG TCG CCA
TGC ACC ATA CAA TGA GTA ATA GAT CTG TAC-
5’; for pNP7E27QXa, 5°-TTC AGC GGT ACT TGG TAT
CAG ACT CAT TAT CTA GAC ATG-3" and 3-AAG TCG
CCA TGA ACC ATA GTC TGA GTA ATA GAT CTG
TAC-5"; for pNP2V24EX® 5-TTC AGC GGT AAA TGG
TAT GAA ACC CAC TTC CTG GAC AAG-3" and 3-AAG
TCG CCA TTT ACC ATA CTT TGG GTG AAG GAC
CTG TTC-5 (the sites of mutation are underlined). The
correctness of the coding regions of all expression plasmids
was confirmed through DNA sequencing.

Prior to expression, plasmids were transformed into
Escherichia coli strain BL21(DE3) (Novagen). NP2 and
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NP2(V24E) were expressed, reconstituted, and purified as
described previously for NP2 (7) and NP7 (12). The other
proteins were reconstituted by a stepwise heme insertion
described for the preparation of NP7 (/2). The protein
preparations were judged by SDS—PAGE to be ~90% pure.
Proteins were also subjected to MALDI-TOF MS to confirm
the correct molecular masses (calculations consider an initial
Met-0 and assume the presence of two Cys—Cys disulfides):
calcd for [NP7(E27V) + H]™ 20939 Da, observed 20939 +
10 Da; caled for [NP7(E27Q) + H]* 20969 Da, observed
20975 £ 10 Da; calcd for [NP2(V24E) + H]™ 20080 Da,
observed 20070 + 10 Da. Proteins were stored at —20 °C
in 200 mM NaOAc¢/HOAc and 10% (v/v) glycerol (pH 5.0)
until use.

For the buffered NMR solutions, exchangeable protons
in Na,HPO, and ImH were exchanged against deuterons by
three solvation—freeze-dry cycles with D,O. The pH was
then adjusted through titration with acetic acid-d, using a
standard pH electrode (H,O); pH values are not corrected
for the deuterium isotope effect (designated pH*). Protein
samples for NMR in 100 mM NaOAc/HOAc (pH 5.0) were
concentrated using Biomax ultrafiltration concentrators
(NMWL 10 kDa) (Millipore). Buffer was exchanged through
extensive washing (three times) with a 30 mM Na,DPO./
acetic acid-ds mixture in D,O (pH* 5.5) in the same
ultrafiltration devices. wt NP2 samples were prepared from
lyophilisates as previously described (5, 6, 9, 10). NMR
samples finally consisted of 1—2 mM protein solutions. To
obtain the low-spin complexes, protein samples were mixed
with excess ImD/acetic acid-d; mixture in D,O (pH* 5.5).
NMR data were collected over the temperature range of
25—35 °C with the chemical shift referenced to residual
water on Bruker DRX-500 and Bruker DRX-600 spectrom-
eters operating at 499.58 and 600.13 MHz proton Larmor
frequency, respectively.

Circular dichroism (CD) measurements were performed
at 19 & 1 °C using a Jasco (model J-810) spectropolarimeter
in quartz cuvettes with a path length of 1 or 0.2 cm. Samples
were dissolved in 20 mM NaOAc/HOAc (pH 5.0) and
subsequently diluted (1:20) into 100 mM MOPS/NaOH (pH
7.5), where 2 mM histamine*HCI or sodium (Z)-1-(N,N-
diethylamino)diazen-1-ium-1,2-diolate (DEA/NO) was added.
Four to six spectra were accumulated for each sample, and
values were normalized to the protein concentration upon
baseline subtraction. The instrument determines the ellipticity
6, in millidegrees, which was converted into the molar
extinction by the equation

4760 0

AC = e 0xIn(10)x CI _ 32.982C1

where C is the sample concentration (in moles per liter) and
[ the cuvette path length (in centimeters) (/9).

RESULTS

The three novel mutants and the NP2 and NP7 wt proteins
were expressed, refolded, and reconstituted as previously
described (7, 12). All apoproteins readily took up the heme
cofactor and showed absorption spectra similar to those of
the other NPs. All proteins were capable of binding NO,
Hm, and imidazole (ImH). NP7(E27Q) was significantly
labilized; i.e., at high concentrations, the protein precipitated
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and was, therefore, not investigated by NMR spectroscopy.
The integrity of the other proteins was occasionally moni-
tored by '"H NMR spectroscopy and compared with earlier
spectra of the same sample. However, as reported previously,
the recording of 'H NMR spectra of the wt NP7—ImH
species requires the adjustment of the pH* to 5.5 to produce
reasonably resolved spectra at 25 °C (/6). Dynamic light
scattering experiments revealed that the largest fraction in
the NP7 NMR samples was indeed in an oligomeric state
(16). This effect is ascribed to the strong charge dipolar
nature of NP7, i.e., 16 surface carboxylates (of 25 total) on
the side of the entrance of the heme pocket and 16 surface
Lys residues (of 27 total) at the opposite side. As a
consequence, NP7 forms oligomers at the concentrations
required for NMR spectroscopy which are thus expected to
tumble more slowly in the NMR sample solution and, thus,
result in decreased spin—spin relaxation times (73) (16). To
further improve the spectral quality, one-dimensional (1D)
'"H NMR spectra were recorded at various temperatures. It
was found that the smallest line widths (Av) were obtained
at 35—40 °C, which was then used as the temperature range
for further investigations.

1D "H NMR spectra of NP2, NP2(V24E), NP7(E27V),
and NP7 at pH* 5.5 are presented in Figure 2 without and
with ImH added. The high-spin species exhibit resonances
between 80 and —20 ppm; however, only NP2, NP2(V24E),
and NP7(E27V) have resolved hyperfine-shifted ferriheme
proton resonances, and the quality of the spectra drops
dramatically in this order (Figure 2A). Resonances of NP2
were assigned on the bases of the previous assignments of
the very similar spectra at pH* 7.0 (5, 10). Few resonances
were attributed to A in the presence the dominating B. By
integration of the corresponding methyl resonances, a slight
increase in the A:B ratio was observed at the lower pH*
(Table 1). Remarkably, the '"H NMR spectrum of NP2(V24E)
at pH* 5.5 shows a completely different resonance pattern
compared to that of NP2, with a tendency toward larger
chemical shifts for all ferriheme signals. Previous NMR
studies on NP1, -2, and -4 containing heme b showed that
the resonances of the A isomer generally appear at larger
proton chemical shifts compared to those of the B isomer
(8). Thus, it is reasonable to assume, from the larger chemical
shifts of the NP2(V24E) mutant, that this species may have
the A heme orientation, and this has been confirmed by the
spectra of the low-spin complexes. Unfortunately, assign-
ments for NP7 and NP7(E27V) were not possible because
of the broad lines. However, interestingly, the spectra show
that the replacement of Glu-27 in NP7 reduces the line
widths, Av, whereas the insertion of Glu-24 in NP2 increases
Av.

NMR spectra of the ImH complexes were much better
resolved (Figure 2B), and the resonances range from 30 to
—10 ppm. As is the case with the spectra of the high-spin
compounds, the major chemical shifts of the NP2—ImH
species at pH* 5.5 do not differ very much from those
obtained at pH* 7.0 (5). For a complete assignment of the
heme resonances, 'H—"*C HMQC and 'H WEFT-NOESY
spectra were recorded and are presented in Figures S1 and
S2 of the Supporting Information. The A:B ratio increased
slightly with a decrease in pH* (Table 1). Moreover, a series
of at least four small resonances of a minor species appeared
between 24 and 19 ppm. These are currently under further
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FIGURE 2: 'H NMR spectra of R. prolixus NP2, NP2(V24E),
NP7(E27V), and NP7 in D,0, buffered with a 30 mM Na,DPO,/
acetic acid-dy mixture (pH* 5.5). (A) Spectra of the high-spin
complexes (no ligand added; S = 3/,). (B) Spectra of the low-spin
complexes with ImH as the axial ligand (S = '/,) (IM, 3M, 5M,
and 8M for heme methyl protons, 2a, 4a, 23, and 4 for heme
vinyl C®H and C’H, groups, and 6a and 7o for the propionate
C®*H, groups; numbering corresponds to the pyrrole ring S-carbons
according to Scheme 1; A and B designate the two different heme
orientations that have been assigned).

investigation (F. Yang, M. Knipp, and F. A. Walker, work
in progress).

Besides slightly increased line widths, Av, the spectrum
of the NP2(V24E)—ImH species exhibits a remarkably
changed resonance pattern compared to that of the NP2—ImH
species with 2a at much smaller chemical shift than 3M
which typically indicates the A orientation of the NPs (20).
As for the high-spin form, the larger chemical shifts are
consistent with the predominance of the A isomer. Further-

Table 1: Comparison of the Ratios of the A and B Heme Orientations
in NP2 and NP7 from R. prolixus and Several Mutants at Equilibrium

A:B ratio
distal ligand:

H,0" NH; ImH
NP2, pH* 7.0° 1:8 (5) 1:8 (5) 1:6 (7)
NP2, pH* 5.5” 1:5 1:5
NP2(V24E), pH* 5.5° A¢ A€
NP7(E27V), pH* 5.5° 1:3
NP7(E27Q), pH 5.0¢ A€
NP7, pH* 5.5° A°

“No ligand added. ® Determined by NMR spectroscopy (numbers
obtained by integration). “Only A detectable. ¢ Determined by CD
spectroscopy.

more, the '"H—"*C HMQC and 'H WEFT-NOESY spectra
of the NP2(V24E)—ImH species were recorded and are
displayed in Figures S3 and S4 of the Supporting Informa-
tion. These spectra allow the complete assignment of the
heme proton resonances (Table S2 of the Supporting
Information). Thus, the Val — Glu mutation completely
reversed the orientation of the heme b cofactor from B to
A, with no detectable B being present.

The spectral resolution of the NP7—ImH complex is
significantly improved compared to that of its high-spin form,
but broad lines were still observed. Previously, we proposed
that the NP7—ImH complex contains A on the basis of the
fact that large chemical shifts was indicative of A in
NP1—4 (16, 21). Only two heme methyl peaks are shifted
out of the diamagnetic proton region. Thus, it can be
concluded that the SM and 1M resonances, which always
appear together within a relatively small chemical shift
difference, are the resonances hidden under the protein proton
envelope (5—10). The shift pattern obtained for the NP7—ImH
complexin 1D 'HNMR is similar to that of the NP2(V24E)—ImH
complex (Figure 2B); i.e., 3M has the largest chemical shift
followed by 2o, which is always the case for NP—ImH
complexes with the heme in the A orientation (9). Further-
more, in the 'H WEFT-NOESY spectrum, the assignments
of the 3M and 2a. resonances were verified by both showing
cross-peaks to the meso-o. proton; in the same spectrum, the
assignment of the 8M resonance was verified by the cross-
peak obtained with the 7o protons (Figure S5 of the
Supporting Information). In contrast, the 'H resonance pattern
of the NP7(E27V)—ImH complex is again similar to that of
the NP2—ImH complex, therefore suggesting the presence
of the 3M, resonance at the highest chemical shift followed
by the 2ap resonance, which typically precedes the 3Mpg
resonance in NPs (5—10).

Extrinsic chromophores, such as the b-type heme molecule,
are not optically active, but their interaction with the chiral
environment of the protein matrix upon binding generates
optical activity (22—25). The reason for the induction of
optical activity to the heme cofactor is ascribed to the
coupling oscillator interactions of the heme 7 — %
transitions, which are identified as the cause of Soret
absorption, with (i) nearby aromatic site chains, (ii) the
peptide backbone, and (iii) out-of-plane distortion of the
cofactor (23, 24). Figure 3 shows the circular dichroism (CD)
spectra of the Soret band region of NP2, NP2(V24E),
NP7(E27V), NP7(E27Q), and NP7 recorded in the presence
of either excess Hm or NO (produced from the NO-releasing
compound DEA/NO). Interestingly, in both low-spin forms,
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FIGURE 3: Circular dichroism (CD) spectra of the Soret band region
of NP7, NP7(E27V), NP7(E27Q), NP2(V24E), and NP2: (A) Hm
complexes and (B) NO complexes. Numbers denote the wave-
lengths, in nanometers, of spectral maxima and minima.

NP2 (mainly B orientation) exhibited an almost exclusively
negatively polarized Ae, whereas NP2(V24E) (A orientation)
exhibited a positive polarization. Furthermore, the orientation
reversal induced a significant difference in the absorption
maximum (<16 nm). The dependence of the CD polarization
and absorption maxima on the heme orientation was previ-
ously reported for Mb and hemoglobin (Hb) (22—25). Both
proteins have a strong preference for one heme orientation;
therefore, measurements on the less favored orientation have
been estimated from measurements under nonequilibrium
conditions, which is possible because of the slow equilibra-
tion rate in the range of hours to days (26).

In the case of NP7, a similar trend in polarization was
observed, thus supporting the NMR assignment given above
as the A orientation, whereas the mixed species observed in
NP7(E27V) is probably a result of maxima occurring in both
polarizations. The sharp bands obtained for the nitrosyl
complexes with minor maxima in the opposite polarization
to the major orientation may reflect the occurrence of the
mixed orientations for NP2 and NP2(V24E), which was also
observed for NP2 by NMR. On the basis of these results,
CD also allowed identification of the heme orientation of
the NP7(E27Q)—Hm complex because of the much smaller
concentrations required as compared to NMR. The CD
spectra allowed us to conclude that NP7(E27Q) favors the
A orientation as does wt NP7. This particular mutation, thus,
allows two further conclusions. (i) The large difference
between Gln and Glu in terms of stability indicates the
importance of the charge for the proper protein fold and
functions of NP7 and further allows the conclusion that Glu-
27 is indeed deprotonated (pK, < 5). (ii) The similar behavior
in CD spectroscopy, reflecting the same orientation, provides
evidence that it is the steric properties of Glu-27 rather than
its charge which leads to the reversed orientation of the
cofactor. This is strongly supported by the 0.3 A smaller
distance of Glu-27 C” <> hemeg 2-vinyl-C” (3.2 A) compared
to Glu-27 C” <> heme, 3-methyl-C in NP7 (3.5 A) (Figure
1C).

DISCUSSION

Although NP1—4 have been extensively studied and are
structurally and functionally well-characterized, it remains
a matter of debate why the saliva of the so-called “kissing
bug” (R. prolixus) contains a cocktail of five to eight
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nitrophorins (27) instead of just one, which apparently is
the case with Cimex lectularius (the bedbug) (28). In
addition, it remains unclear why the six life stages of R.
prolixus (five instar nymphs and the adult phase) use
different patterns of expression of nitrophorins (29). To
address these questions, comparative investigations of all
NPs are required. Furthermore, we want to understand the
properties of NP7 as a unique system of delivery of NO
to cell surfaces, a field of major importance for the
understanding not only of NO physiology but also of drug
development (30). In addition, to the best of our knowl-
edge, this is the first time that a factor that specifically
determines the heme orientation in a protein has been
identified.

Of all the R. prolixus nitrophorins, NP7 is particularly
interesting because it binds to negatively charged cell
surfaces (/2, 31). The gene encoding NP7 has recently
been established from a ¢cDNA library generated from
salivary glands of V% instar nymphs (37, 32). But in
contrast to NP1—4, the protein has not been isolated from
the insects, perhaps because of the very different pl of
NP7, which may have caused it to be missed (/2).
However, as with the other nitrophorins, recombinant
expression was shown to be possible (/2). This not only
yields sufficiently large quantities for spectroscopic
investigations, such as by NMR spectroscopy (/6), but
also provides access to site-specific mutants, a methodol-
ogy that is key for carrying out this work and many other
studies. Furthermore, the thermodynamic equilibrium for
the A:B ratio in the nitrophorins as well as other proteins
studied is in the range of hours to days; for instance, for
NP2, t1, & 2 h at pH* 7.0, which was determined by NMR
spectroscopy (7). Unfortunately, the insertion of heme into
NP7 and its mutants, as well as into NP2(V24E), requires
slow titration of dilute solutions with hemin, together with
continuous removal of excess heme, followed by concen-
tration of the sample, all of which required multiple days
to produce the NMR sample (/2), which did not allow
the spectroscopic observation of the kinetics of this
process. However, continuous checking of the NMR
samples investigated in this study over weeks revealed
no changes in the A:B ratio (data not shown). Because of
the expression of NPs, their loading with NO, and the
fact that the time span between two applications by the
insects is in the time frame of days (33), the in vitro data
presented reflect the equilibrium situation and, therefore,
reflect the in vivo situation.

Here we report on a major sequence difference between NP7
and NP1—4, which has a strong influence on the cofactor
orientation. To the best of our knowledge, a similar explanation
of the heme rotational disorder as being caused by a single
protein residue has previously not been identified. Different rates
depending on the heme orientation were, for instance, deter-
mined for the O, binding to sperm whale Mb (34). However,
others claim that the heme orientation in Mb does not affect
the O, affinity (22, 35), but differences in possible physiological
relevance have been reported for two other heme proteins. A
difference of 27 mV in the redox potential of the two isomers
of cytochrome b5 has been found (36), and the Bohr effect of
C. thummi thummi HbIII has been shown to be different for
the two isomers (37). Furthermore, heterogeneity in the binding
of heme b to heme oxygenase from Pseudomonas aeruginosa
in both conformations leads to the formation of 70% d-biliverdin
and 30% f-biliverdin (38). Therefore, the consideration of the
heme orientation and the understanding of the factors that
determine the favored site at equilibrium are important for fully
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understanding and distinguishing between the properties of the
two hemoprotein isomers, A and B.

Apparently, NP7 is the only R. prolixus nitrophorin with
a nearly exclusive heme A orientation. Further, to the best
of our knowledge, this is the first time that a single residue
could be shown to have a major responsibility for the
stabilization of the heme orientation. The NP2/NP2(V24E)
protein pair provides a good starting point for further
detailed studies of the factors that determine the orientation
of a heme b cofactor inside a protein pocket together with
the functional and spectroscopic consequences which arise
from the two orientations.
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