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ABSTRACT: The factors leading to the breakage of the
proximal iron—histidine bond in the ferroheme protein soluble
guanylate cyclase (sGC) are still a matter of debate. This event
is a key mechanism in the sensing of NO that leads to the
production of the second-messenger molecule cGMP.
Surprisingly, in the heme protein nitrophorin 7 (NP7), we
noticed by UV—vis absorbance spectroscopy and resonance
Raman spectroscopy that heme reduction leads to a loss of the
proximal histidine coordination, which is not observed for the
other isoproteins (NP1—4). Structural considerations led to
the generation and spectroscopic investigation of site-directed mutants NP7(E27V), NP7(E27Q), NP4(D70A), and
NP2(V24E). Spectroscopic investigation of these proteins shows that the spatial arrangement of residues Glu27, Phe43, and
His60 in the proximal heme pocket of NP7 is the reason for the weakened Fe"—His60 bond through steric demand.
Spectroscopic investigation of the sample of NP7 reconstituted with 2,4-dimethyldeuterohemin (“symmetric heme”)
demonstrated that the heme vinyl substituents are also responsible. Whereas the breaking of the iron—histidine bond is
rarely seen among unliganded ferroheme proteins, the breakage of the Fe'—His bond upon binding of NO to the sixth
coordination site is sometimes observed because of the negative trans effect of NO. However, it is still rare among the heme
proteins, which is in contrast to the case for trans liganded nitrosyl model hemes. Thus, the question of which factors determine
the Fe"—His bond labilization in proteins arises. Surprisingly, mutant NP2(V24E) turned out to be particularly similar in
behavior to sGC; i.e., the Fe'—His bond is sensitive to breakage upon NO binding, whereas the unliganded form binds the
proximal His at neutral pH. To the best of our knowledge, NP2(V24E) is the first example in which the ability to use the His-on
< His-off switch was engineered into a heme protein by site-directed mutagenesis other than the proximal His itself. Steric
tension is, therefore, introduced as a potential structural determinant for proximal Fe''-His bond breakage in heme proteins.

Nitrophorins (NPs) comprise a unique class of ferriheme In contrast to other ferriheme proteins, i.e., met-myoglobin
proteins originating from the blood-feeding insect (metMb), which are reduced by excess NO (the so-called
Rhodnius prolixus. The biological function of the NPs is the “autoreduction”),” in NPs the Fe'l state is stabilized by a
storage, transport, and delivery of NO from the insect to the number of carboxylate residues near the heme pocket® in
host tissue, where NO acts as a vasodilator and blood- combination with a ruffled heme geometry,” so that the

coagulation inhibitor.” The reactive molecule NO (in vivo, n

3 reduction potential is established at, for example, —303 mV
~ 100 ms)" is preserved through coordination to the heme iron

~ g - : ‘ o versus the SHE at pH 7.5 for NP1 compared to ~0 mV versus
inside the insect saliva. The protein experiences a significant pH the SHE at pH 7.5 for Mb.'® This is important for NP fanction
change when subjected to the acidic pH of the saliva (between because ferroheme—NO, ie, {FeNO} in the notation of
pH 5 and 6)* versus that of the blood plasma (~7.4); uo
. . Enemark and Feltham, ~ association constants are too large
consequently, the affinity for NO is decreased, so that NO (K., = 105—10™ M_1)8—10,12—14 to allow sufficient NO release
q

release occurs in the host tissue.
. . . under in vivo conditions.”® In contrast, the NO association
In NPs, the heme cofactor is located inside an eight-stranded ) C ' e
constants of ferriheme NPs, ie., {FeNO}° are significantly

p-barrel, which is an unusual case for a heme protein.’ The Pl -
protein fold has been classified as a lipocalin type of fold, which smaller, for example, 4.0 X 10° M™" for NP7 at pH 7.5.
is a very common fold in the proteome. It is typically found in

proteins that bind lipophilic molecules. The heme iron is Received: July 12, 2011
coordinated by a His residue where the sixth coordination site Revised:  August 24, 2011
is open for coordination of various small ligands. Published: August 25, 2011
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Although nitrophorins are ferriheme proteins, the Fe'' state
came recently into focus when the Fe'—=CO derivative was used
as a model for the {FeNO}® complex, for example, in FT-IR
and laser flash photolysis experiments.'®'” Previously, the
crystal structures of several NP4[Fe''] derivatives were
reported.18 Furthermore, the determination of Fe'l' — Fell
reduction potentials by spectroelectrochemistry was extensively
used for the characterization of NP structure—function
relationships.*~'%'*~'* Moreover, the Fe!l state was proposed
as an intermediate in the reduction of the NP iron center with
several low-molecular weight thiols.'” Therefore, deeper
investigation of the properties of ferroheme nitrophorins is
required.

In a broader context, the production, handling, and sensing
of NO in vertebrates are eminently associated with heme
proteins. Thus, the NO production is performed at the heme-
containing active site of nitric oxide synthases (NOSs).? This
cytochrome P450 type of enzyme acts in the higher oxidation
states of iron, so that the product NO is bound to the ferriheme
protein. In contrast, the sensing of NO by soluble guanylate
cyclase (sGC) is performed in the Fe' oxidation state.”!
Recently, the involvement of other heme proteins, in particular
the globins, with respect to NO signaling and the associated
handling of this radical was brought to attention.””**> The
members of this class of heme proteins are typically in the Fe'
oxidation state, which then forms very stable complexes with
NO. However, recently, the partial existence of met-globins, in
particular met-hemoglobin (metHb), in conjunction with the
NO metabolism is discussed. Altogether, comparison of the
properties of heme proteins improves our understanding of the
structure—function relationships. At present, a systematic
investigation of the ferroheme NPs is missing. Therefore, this
study was initiated with the aim of investigating the properties
of ferroheme nitrophorins NP4 and NP7.

B EXPERIMETAL PROCEDURES

Materials. Stock solutions of Na,S,0, were prepared
freshly before use. The effective concentration of Na,S,0,
was determined through reduction of [Fe(CN)¢]*” in deaerated
water (e4,9 = 1026 M™' cm™).** All reagents were of the
highest grade commercially available and used as received.
Catalase and glucose oxidase (both from Aspergillus niger) were
bought from Serva. S—[ISN]Nitrosoglutathione (GS"*NO) was
prepared as previously described.**® Iron 2,4-dimethyldeutero-
porphyrin (“symmetric heme”) was prepared as previously
described.”’

Most experiments were performed under strictly anaerobic
conditions inside an anaerobic tent (Coy Ltd.) with an
atmosphere consisting of 98% N, and 2% H, in the presence
of Pd catalysts. All solutions were rendered essentially O, free
by three freeze—pump—thaw cycles performed on a vacuum
line (p < 0.5 X 10™* mbar). In addition, after the solutions were
brought to the anaerobic environment, they were supplemented
with 100 mM b-glucose, 0.1 mg/mL glucose oxidase, and 300
units/mL catalase.”®

Molecular Biology. For the expression of the mutant
protein NP4(D70A), plasmid pNP4(D70A)** was generated
by the QuikChange mutagenesis method®” from the wt NP4
expression plasmid'” using Pfu DNA polymerase (Stratagene).
The following primers were used: 5-“TGG TAC GTG ACA
GAT TAC CTA AAC TTG GAA CCT GAC GAC GTT CCA-
3" and 5"TGG AAC GTC GTC AGG TTC CAA GTT TAG
GTA ATC TGT CAC GTA CCA-3' (the sites of mutation
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are underlined). The correctness of the coding regions of all
expression plasmids was confirmed via DNA sequencing.

Production of Recombinant Proteins. Prior to expres-
sion, plasmids were transformed into Escherichia coli strain
BL21(DE3) (Novagen). NP4 and NP4(D70A) were expressed,
reconstituted, and purified as described previously for NP4."
The other proteins were reconstituted by a stepwise heme
insertion described for the preparation of NP7.*>*" The pro-
tein preparations were judged by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis to be >90% pure. Proteins
were also subjected to MALDI MS to confirm the correct
molecular masses, including two Cys—Cys disulfide bonds:
calcd for [NP4 + H]* 20264 Da, observed 20,296 Da; calcd for
[NP4(D70A) + H]* 20220 Da, observed 20225 Da; calcd for
[NP7 + H]" 20969 Da, observed 21002 Da; calcd for [NP7-
(E27Q) + HJ" 20969 Da, observed 20975 Da; caled for
[NP7(E27V) + H]" 20939 Da, observed 20939 Da; calcd for
[NP2(V24E) + HJ* 20080 Da, observed 20070 Da. Proteins
were kept at —20 °C in 200 mM NaOAc/HOAc and 10% (v/v)
glycerol (pH 5.0) until use.

Absorption Spectroscopy. A Cary-50 spectrophotometer
(Varian, Inc.) equipped with an opto coupler (Varian, Inc.) was
placed outside the glovebox. The light beam was led inside and
outside the glovebox by glass fibers (Ocean Optics) that were
connected to a cuvette holder (Ocean Optics). Thus,
absorbance spectra were recorded under O,-free conditions in
quartz cuvettes. pH titrations were performed in a 3 mL cuvette
with a small pH glass electrode inserted into the solution such
that the electrode did not cross the beam. pH titrations were
performed with dilute HOAc or KOH solutions, and the actual
pH was read upon mixing.

Resonance Raman Spectroscopy. To largely deplete the
protein solution of O,, the solvent was exchanged with the
respective anaerobic buffer inside the glovebox and the protein
concentration was adjusted to ~25 M. The ferroheme species
was prepared by careful titration with stoichiometric amounts
of a freshly prepared Na,S,0, solution. To form the NO
complexes, the protein solution was thereafter titrated with a
DEA/NO solution in 10 mM NaOH under photometric
control. The NO complexes were prepared by incubation
with GS'™NO in the presence of catalytic amounts of CuCL'**
Ambient-temperature measurements were performed in a
rotating cylindrical quartz cuvette (5.5 cm diameter, ~3 mL
volume), which was closed with rubber stoppers to prevent
reoxidation. The integrity of the samples was monitored by the
recoding of a second spectrum right after the original
measurement. In the case of a significant difference, i.e.,
indicating oxidation, the spectra were discarded. RR spectra
were recorded with a scanning double monochromatic. The
excitation line at 413.1 nm was provided by a coherent K-2 Kr*
ion laser, and the sample was rotated throughout the
measurement to minimize radiation damage.

B RESULTS

Reduction of the Heme Iron of Nitrophorins with
Na,S,0,. We have shown elsewhere that the incubation of
NP4 and NP7 with excess Na,S,0, which is a common
method for the formation of ferroheme proteins, leads to
protein damage because of the reduction of the two Cys—Cys
disulfides contained in the protein structure.”> Furthermore, it
was previously reported that the reduced NP4 was somehow
unstable,"®** and we had shown that this results from the
presence of atmospheric O,.>* As a consequence, ferroheme
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NPs in this study were exclusively prepared by the careful
titration with stoichiometric amounts of Na,S,0,. The
preparation was monitored by UV—vis absorption spectrosco-
py, and the reduced compounds were handled under strictly
anaerobic conditions thereafter. As one can see from Figure 1A,

A

Absorbance

'
1 .&T J
300 400 500 600 700
Wavelength (nm)
3
o
f=s
©
2
o
o
Q
<<
)
'
0.0 1 n 1 " 1 1
300 400 500 600 700

Wavelength (nm)

Figure 1. Reduction of (A) 12 yM NP4 and (B) 8.6 uM NP7 with
Na,S,0, in 100 mM MOPS/NaOH and 50 mM NaCl (pH 7.5)
monitored by UV—vis absorption spectroscopy under anaerobic
conditions.

the titration of NP4 with Na,S,0, under anaerobic conditions
leads to a shift of the Soret band absorption maximum from
403 to 429 nm and the appearance of a broad Q-band at ~557
nm, which is in good agreement with the previously reported
data.'® The spectral conversion is accompanied by good
isosbestic behavior. In contrast, when the same experiment
was performed with NP7 (see Figure 1B), two Soret band
absorption maxima were found at 422 and 388 nm and a broad
Q-band with a maximum at ~560 nm was obtained.
Furthermore, the titration does not show isosbestic behavior,
thus indicating the formation of more than one heme species.

Other ferroheme proteins with a proximal His, for example,
sperm whale deoxyMb, exhibit a similarly blue-shifted Soret
band when His coordination is lost>>3¢ (compare in Table 1).
This can happen particularly under acidic conditions; for
example, at pH <4, deoxyMb undergoes a loss of secondary
structure, which leads to a weakening of the Fe'—His bond
causing a Soret band shift from 434 to 383 nm. At this low pH,
protonation of the proximal His N° atom competes with Fe'
coordination. However, in the case of NP7, the pH of 7.5
(Figure 1B) largely exceeds the typical pK, of the His side chain
(~6.0), and therefore, the reaction upon reduction may be
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Scheme 1. Effect of One-Electron Reduction on the
Coordination Environment of the Heme Iron in NP7
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better described by an equilibrium depicted in Scheme 1.
Furthermore, in contrast to Mb, of which the Soret band
maximum at low pH is similar to the spectrum of free reduced
hemin with absorbance maxima at 383 and ~581 nm (see
Figure S2 of the Supporting Information), the absorption
spectrum of NP7 at neutral pH is significantly different, which
strongly indicates the integrity of the protein—heme complex.

Spectroscopic Characterization of NP4- and NP7-
[Fe"]. For the detailed elucidation of the coordination sphere
of the single NP4[Fe'] species and the two (or more)
NP7[Fe'"] species observed in the UV—vis spectrum (Figure 1),
RR spectra in the high-frequency range (1200—1650 cm™')
were recorded at ambient temperature where the chromophore
was excited into the Soret band at 413.1 nm. The resulting
spectra are displayed in Figure 2 together with those of the
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Figure 2. High-frequency region of the RR spectra of ~25 uM
NP4[Fe"], NP2(V24E) [Fe"], NP7(E27V)[Fe"], and NP7[Fe"] in 100
mM MOPS/NaOH and 50 mM NaCl (pH 7.5) recorded at ambient
temperature (4, = 413.1 nm).

mutant proteins NP2(V24E)[Fe'] and NP7(E27V)[Fe"],
which will be discussed later. The high-frequency region of
the RR spectra of heme proteins includes information about the
Fe coordination sphere and the spin state.*”** In Table 1, the
Raman shift frequencies of selected resonances with diagnostic
potential for the assignment of the oxidation state and spin
state are summarized in comparison with those of several other
ferroheme protein representatives.

The most prominent core-size marker band in the high-
frequency region of the RR spectra of heme proteins is the
oxidation state marker v, that indicates the presence of a ferric
(1370—1375 cm™) or ferrous iron oxidation state (1350—1375
em™).>73%7% In NP4, the v, of 1352 cm™! clearly confirms the
+2 oxidation state of the iron, although the appearance of a

dx.doi.org/10.1021/bi201073t|Biochemistry 2011, 50, 8559—8575
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Table 1. Comparison of the Electronic Absorption Maxima and Heme Raman Shifts of Ferrous Nitrophorins and Other Ferrous
Heme Proteins with Proximal His Ligands Recorded at Room Temperature

absorption maximum

(nm) Raman shift (cm™)
Fell protein pH Agoret /1/5 Aa Uy Uy U, Fe'l axial ligands  coordination number and spin state” ref
NP1 7.5 1353 1467 His ScHS 45
NP2(V24E) 75 425 356 1352 1467 1556 His ScHS tw?
NP4 7.5 429 556 1352 1467 1556 His ScHS tw?
NP7 7.5 422 561 1352 1467 1560 His ScHS tw?
388 1366 1495 H,O ScHS
NP7 S.5 386 574 1366 1491 15585 H,0 ScHS tw?
1370 1504 1560 none 4cIS
NP7 10.5 422 527 577 1355 1488 1576 His/OH™ 6¢cLS tw?
NP7(E27V) 75 427 S60 1354 1468 His ScHS tw?
1357 1490 His/OH™ 6¢cLS
NP7(E27Q) 75 422 560 His ScHS tw®
392 H,0 ScHS
NP7, 7.5 410 ~545 His ScHS tw”
Mb*© 6.9 435 555 1354 1472 1563 His ScHS 35
Mb* 3.8 426 546 1357 1495 1565 H,0 ScHS 35
383 1371 1504 no 4cIS
cyt ¢4 7.0 1352 1469 1577 His ScHS 49
oyt ¢4 12,0 1358 1488 1592 His/Lys 6cLS 49
cyt e 12.4 1360 1494 1585 His/Lys 6cLS 48
hHO-1(H25A) 74 426 851 587 1357 1471 1562 ? ScHS 47
1368 1500 none 4cIS
VcH-NOX® 7.5 429 568 1354 1471 1561 His ScHS 108
TH-NOX" 7.5 431 565 1354 1471 1575 His ScHS 108
NPAS2 bHLH-PAS-A’ 8.0 426 530 559 1359 1471 155§ ScHS 109
1493 1582 6¢LS
HRV 8.0 426 531 560 His/? 6¢cLS 110
reduced hemin 7.5 381 ~581 tw®

“HS, high-spin; LS, low-spin; IS, intermediate-spin. bThis work. “From sperm whale. 9From Chromatium vinosum. “From Rhodospirillum rubrum.
JH25A mutant of human liver heme oxygenase. *H-NOX domain from Vibrio cholerae. hH—N_OX domain from Thermoaerobacter tengcongensis. "N-
Terminal basic helix—loop—helix (b HLH) motif of the first PAS (PAS-A) domain of NPAS2. 'Heme-regulated eukaryotic initiator factor 2« kinase.

small shoulder at ~1370 cm™ may indicate the presence of a
small amount of ferric protein, ie., developing from air oxida-
tion during the recording of the spectra. Another important
feature seen in Figure 2 is the so-called spin-state marker v; that
appears at 1467 cm™". The 5 porphyrin skeletal mode is well
established to be sensitive to the heme core size, which changes
with the spin state of the iron depending on the oxidation state,
i.e, 1460—1470 cm™ for a ScHS Fe'' and 1490—1510 cm™! for
a 5cLS or 6cLS Fel*'™* thus assigning NP4[Fe'] as a His-
liganded ScHS. Comparison with the spectral features of
deoxyMb also shows that the v, and v, bands at 1556 and 1620
em™!, respectively, further support this assignment.*>*%** This
is in contrast to the previous report about the NP4[Fe''] X-ray
structure at pH 7.5 [Protein Data Bank (PDB) entry 1YWD]
where electron density was found on the distal site of the heme
iron that was modeled as an O atom, i.e., water.'® However, the
release of water from the heme is typical upon reduction of Fe'™
to Fe' as was shown for many heme proteins, including
NP1[Fe"]* (compare in Table 1).

Also in the case of NP7[Fe'], the oxidation state marker v, at
1352 cm™' is well in the range of a ferrous heme; however,
significant broadening of the band is noticed (Figure 2). This
may be a consequence of the appearance of two or more
different coordination environments on the iron, which is
inferred already from the UV—vis spectrum (Figure 1). The v,
of 1467 cm™, like that for NP4[Fe""], reflects a major fraction
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of His-liganded NP7[Fe"]. Similar to the NP4 sample, a small
fraction of reoxidized heme can be attributed to the shoulder at
~1373 em™* (Agoee = 404 nm).*° However, an additional
shoulder at ~1366 cm™', in agreement with the absorption
spectrum, can be attributed to the presence of another
ferroheme species, i.e., Sc Fe''—OH,. This was also observed
for deoxyMb at pH 3.8 where protonation of the proximal His
leads to the breakage of the Fe—Nyy;, bond.>>3°

It was observed by absorption spectroscopy that a decrease in
pH causes the Soret band ratio to shift toward the 386 nm
species (see below). Figure 3 displays the RR spectrum at pH
4.0 where the absorption spectrum exhibits only the Soret band
at 386 nm. In some cases, the vg,_yy, stretching mode was
observed at ~220 cm™", which is diagnostic for the presence of
the Fe—His bond.*>*"*” However, extensive background
Raleigh scattering sometimes does not allow the observation
of this very weak mode,* which is unfortunately also the case
for NP4 and NP7. Nevertheless, the loss of the Fe—Ny;; bond
is indicated by the disappearance of the v, band at 1352 cm™".
Instead, a broad v, band with a maximum at 1370 cm™' is
obtained (see below). At the same time, the broadening of v,
can be attributed to an underlying species at 1366 cm™" that
was also seen at pH 7.5 (see above), which agrees well with the
existence of the water-on complex. This is further confirmed by
the 15 of 1491 cm™ and the v, of 1635 cm™. The appearance
of the strong v, at 1370 cm™ may indicate a ferric heme.

dx.doi.org/10.1021/bi201073t|Biochemistry 2011, 50, 8559—8575
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Figure 3. High-frequency range of the RR spectra (4, = 413.1 nm) of
NP7[Fe'"] at pH 4.0 (100 mM NaOAc/HOAc), pH 7.5 (100 mM
MOPS/NaOH), and pH 10.5 (100 mM NaHCO;/NaOH) recorded
at ambient temperature.

However, oxidation can be ruled out on the basis of the
absorption spectrum recorded after the RR measurement (data
not shown). To interpret the spectrum, the novel v; = 1504
cm™' band has to be taken into account; by analogy to
deoxyMb and the H2SA mutant of hHO-1, it can be attributed
to the presence of a 4c intermediate-spin (4clS) ferrous
heme.*’

In addition to the low-pH sample, RR spectra of NP7[Fe''] at
pH 10.5 were also recorded (Figure 3). Inspection of core
marker bands v,, v;, and v, at 1356, 1488, and 1576 cm™,
respectively, confirms the formation of a 6cLS Fe' complex,
which is well in agreement with the corresponding absorption
spectrum (see below). In the case of o-type interacting Fe'l
ligands, the v; and v, bands typically appear at lower
frequencies compared to z-backbonding ligands (v = 1494—
1510 em™; 2, = 1360—1372 cm™').* Many heme proteins
contain a potential distal ligand; for example, in cyt ¢/, a Lys
coordinates as a sixth ligand at elevated pH (so-called type n
ferrocytochrome '), whereas under moderate-pH conditions,
the iron remains Sc (so-called type a ferrocytochrome ¢’).***
In contrast, the distal pocket of NPs does not provide a residue
with the ability to coordinate to the heme; thus, it can be
concluded that an Ny,—Fe"—OH™ hydroxo complex is formed
at elevated pH.

pH Titration of NP7[Fe"]. The preceding experimental
information was used to perform a pH titration on NP7[Fe"]
monitored by absorption spectroscopy. The experiment was
conducted between pH 10.0 and 3.8, and the resulting spectra
are depicted in Figure 4. Within these pH borders, the changes
were fully reversible, which indicates the integrity of the
protein. The hydroxo complex shows a strong Soret band
absorption at 422 nm and the appearance of two sharp Q-bands
at 557 nm (a-band) and 527 nm (f-band), which is character-
istic for LS heme complexes. The plot of the Soret band
absorption maximum versus pH exhibits two major transitions
where the plot of the a-band absorbance versus pH exhibits
only a single transition. Because this spectral change is
attributed to the disappearance of the LS complex, i.e., Nyy—
Fe''-OH™ + H' & Ny, —Fe"" + H,0, when the pH is decreased,
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Figure 4. pH titration of NP7[Fe''] monitored by UV-—vis
spectroscopy. The insets show the plots of the absorbancies at 422
and 557 nm versus pH.

the plot is used to determine the pK, of the first transition (i.e.,
pK,; & 9.5). The second transition was then fit in the AA,,,
versus pH plot, yielding a pK,, of &7.8. This process is fully
reversible within the pH boundaries applied.

The pH dependence of the axial heme coordination in NP7
is summarized in Scheme 2.

Scheme 2. pH Dependence of the Heme Coordination in
NP7[Fe"]

H0 OH H0 x OH
AN e S N, .
—Feg*2. —Fe*2 —Fe*2. L~ —I|=e"2-
Nhis Nhis PKa2 =7.8 Nyis pKa1 =9.5 Niis

Absorption Spectra of Related Mutant Proteins. Mutant
proteins NP7(E27V), NP7(E27Q), and NP2(V24E) were
previously produced and their ferric oxidation states partly
characterized.>"*® Glu27 resembles the position of Val24 in
NP2 and -3 or Val25 in NP1 and -4 and has a subtle influence
on the heme properties. Thus, the E27V mutation in NP7
increases its level of similarity to wt NP1—4, whereas the V24E
mutation in NP2 increases its level of similarity to wt NP7.
NP7(E27Q) was created as a charge-depleted mutant of wt
NP7. In addition, a novel mutant NP4(D70A) was engineered
and for the first time recombinantly expressed.

Upon reduction of NP4(D70A), NP2(V24E), and NP7-
(E27V) with stoichiometric amounts of Na,S,0, under
anaerobic conditions, isosbestic spectral change similar to
NP4 was observed (data not shown). Figure S displays the
resulting absorption spectra of NP4(D70A)[Fe"], NP2(V24E)-
[Fe'"], NP7(E27V)[Fe"], and NP7(E27Q)[Fe"] in comparison
to those of wt NP4[Fe''] and wt NP7[Fe"] at pH 7.5. In
summary, among this set of proteins, NP7(E27Q)[Fe"] is the
only protein that exhibits a Soret band splitting comparable to
that of wt NP7[Fe'], though the high-energy band maximum is
shifted ~4 nm toward the red. In contrast, the NP7(E27V)-
[Fe'"] mutant not only lacks the high-energy Soret band but
also shifts the low-energy Soret band maximum ~5 nm to the
red. The Q-band maxima of all NP7 types of proteins are
shifted to the blue by 6—8 nm. The Soret band maximum is
comparable to the 427 nm value of NP7(E27V), though it
varies between 425 and 429 nm. Thus, these spectroscopic data
fit well to the previous proposal that the presence of Glu27 is
crucial for the special functionality of NP7; however, Glu27 can

dx.doi.org/10.1021/bi201073t|Biochemistry 2011, 50, 8559—8575
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Figure S. Comparison of the UV—vis absorption spectra of the Soret
band and Q-band region of NP4[Fe], NP4(D70A)[Fe"], NP2-
(V24E)[Fe'], NP7(E27V)[Fe'"], NP7(E27Q)[Fe""], and NP7[Fe"] in
100 mM MOPS/NaOH and 50 mM NaCl (pH 7.5).

be substituted with Gln without a significant spectral change,
indicating that the steric effect of the residue is more important
than the charge. Nevertheless, the preparation of NP7(E27Q)
yields only small amounts of protein and tends to precipitate at
elevated concentrations, indicating that the charge of Glu27,
though not crucial for the properties of the heme environment,
is essential for protein folding.*' However, comparison of the
protein aromate absorbance at 280 nm with the Soret band
absorbance indicates a filling of NP7(E27Q) comparable to
that of the wt.

Resonance Raman Spectra of Related Mutant
Proteins. The instability of most of the mutants also does
not allow the recording of RR spectra, which requires relatively
high protein concentrations. However, as one can see from
Figure 2, NP7(E27V)[Fe"] and NP2(V24E)[Fe"] behave
much like wt NP4[Fe"] and NP7[Fe"], and the respective
Raman shifts are listed in Table 1. Overall, all spectra look very
similar, indicating that the major species observed is the Sc His-
on species, a finding supported well by the absorption spectra.
However, the v, band of NP7(E27V)[Fe"] is rather broad, and
the shoulder at 1357 cm™ can be assigned to a significant
fraction of the hydroxo species, similar to the spectrum of
NP7[Fe'"] at higher pH values (Figure 3). This is supported by
the appearance of the weak v; band at 1490 cm™". Furthermore,
like in NP4[Fe""] and NP7[Fe"], the shoulder at ~1370 cm™" is
attributed to a minor fraction of oxidized material.

Absorption Spectra of NP4- and NP7[Fe"-NO] and
Corresponding Mutant Proteins. The previous studies
were accompanied by the examination of the ferroheme
nitrosyl complexes. Fe'' porphyrins form very tight complexes
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with NO where NO exhibits a strong negative trans effect on
the proximal ligand®">* that makes it hard to prepare good
synthetic models of 6c {FeNO}’ complexes,53 although few
such complexes were reported.** In contrast, in proteins the
His ligation is typically preserved upon NO binding. However,
a number of ferroheme proteins, in particular those that are
involved in NO signaling, lose His coordination upon NO
binding. Prominent examples are the CooA from Rhodospir-
illum rubrum,®® mammalian sGC,”” and the neuronal PAS
protein 2.5% However, the structural factors that determine the
weakening or strengthening of the trans bond are not clear,
although it is important to understand the structure—function
relationships of such proteins, not at least because of the
physiological importance and pharmacological potential
associated with sGC.>’

In the case of NP7[Fe'], because of the already weakened
Ny —Fe' bond, the loss of the coordination upon NO binding
is expected. It was previously reported that NP4[Fe"—=NO] is a
His-on species.'® In marked contrast, the absorption spectrum
of NP7[Fe"—NO] displayed in Figure 6 indicates that this form

©
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<
3
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Figure 6. UV—vis absorption spectra of wt NP4[Fe'=NO] and wt
NP7[Fe"-NO] and corresponding mutant proteins in 100 mM
MOPS/NaOH and 50 mM NaCl (pH 7.5).

comprises mostly a Sc species (392 nm), although a significant
amount of the Soret band absorption from the His-on species
can be seen (~415 nm). Interestingly, the E27Q mutation in
NP7 leads to only the His-off species. On the other hand,
insertion of Val27 into NP7 reverses this effect, and the absorp-
tion spectrum displays mainly the His-on species, though a
small contribution is assigned to the His-off species.

In contrast to the mutations of Glu27 in NP7, mutation of
Asp70, ie., NP4(D70A), does not alter the behavior of NP4,
which agrees well with the previous finding for NP4(D70A)-
[Fe"] (see above). To our surprise, though, NP2(V24E)[Fe"—
NO] completely loses the Ny, —Fe" coordination.

dx.doi.org/10.1021/bi201073t|Biochemistry 2011, 50, 8559—8575
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Figure 7. Comparison of the RR spectra of (A) NP4[Fe"-NO], (B) NP7(E27V)[Fe"-NO], (C) NP7[Fe"-NO], and (D) NP2(V24E)[Fe"-NO]
in 100 mM MOPS/NaOH and 50 mM NaCl (pH 7.5) at ambient temperature (A, = 413.1 nm).

Resonance Raman Spectra of NP4- and NP7[Fe'-NO]
and Corresponding Mutant Proteins. Similar to the
previous assignment of the coordination state of the unliganded
NPs, the absorption spectra were accompanied by the record-
ing of RR spectra. For the unambiguous assignment of the
Vre—no and iy_g stretch vibrations, samples with “NO and

NO were measured. The resulting RR spectra of NP4[Fe''—
NO], NP7[Fe"-NO], NP2(V24E)[Fe"-NO], and NP7-
(E27V)[Fe"=NO] were recorded, and they are presented in
Figure 7. The corresponding Raman shifts are summarized in
Table 2 together with the corresponding data of relevant
proteins from the literature.

The RR spectrum of NP4[Fe"—=NO] at pH 7.5 is depicted in
Figure 7A. In the high-frequency region of the RR spectra, core-
size marker bands, v, 13, and v, at 1373, 1496, and 1575 cm™,
respectively, are consistent with those reported for 6c¢ ferrous
heme—NO complexes.”*"® The Fe—NO stretching frequency
is sensitive to heme coordination number, while a Sc heme—NO
stretch typically falls between 510 and 530 em™% and a 6¢
heme—NO stretch between 530 and 590 cm™.>° The vg,_yo for
NP4[Fe"-NO] is 564 cm™ and shifts down to 544 cm™ with
5NO. NP4(D70A)[Fe"-NO] also has a 6¢c heme as judged
from the UV—vis absorption spectrum. The broad Soret band
has a maximum at ~400 nm for NP7[Fe"~-NO] and
NP7(E27Q)[Fe"~NO] and is consistent with those reported
for Sc ferrous heme—NO complexes.’****"~% This is further
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confirmed by the RR spectrum. The core-size marker bands
(Figure 7C), vy, 13, and v, at 1374, 1502, and 1582 cm™),
respectively, identify NP7[Fe"—NO] as a Sc ferrous heme—NO
complex.”%”" The vg,_yo mode for NP7[Fe"~NO] appears at 528
cm™!, which is also very characteristic for a Sc ferrous heme—NO
complex. As mentioned above, the UV—vis spectrum (Figure 6)
indicates a small fraction of the 6c His-on species, the
concentration of which is too small, compared to that of the Sc
His-off species, to detect the corresponding Raman shift in the
core-size marker bands. However, the much better resolved vp,_no
and vy_o modes appear at 574 and 1609 cm™, respectively, which
is confirmed by the spectrum of the *NO-labeled species.

NP7(E27V)[Fe"=NO] has a Soret band maximum at 415
nm and a shoulder at 401 nm, which suggests the coexistence of
6¢ and Sc ferrous heme—NO complexes. This can be confirmed
by the RR spectrum (Figure 7B): for the 6c NO complex, 15 =
1492 cm™ and vg,_yno = 550 cm™!, and for the S¢ NO complex,
v, = 1502 em™ and g, _no = 530 cm™.

In contrast to the three previously reported proteins,
NP2(V24E)[Fe"-NO] did not exhibit any signature of the
6¢ His-on form in the UV—vis spectrum. Accordingly, the RR
spectra provide only the vg,_no and vy_o modes at 528 and
1676 cm™', respectively, that correspond to the Sc His-off
species (Figure 7D). The core-size marker bands all agree well
with this interpretation.

Ferroheme NP7 Reconstituted with Symmetric
Heme. A significant lack of symmetry in protoporphyrin IX

dx.doi.org/10.1021/bi201073t|Biochemistry 2011, 50, 8559—8575
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Table 2. Comparison of the Absorption Maxima and Heme Raman Shifts of the Nitrosyl Complexes of Ferrous Nitrophorins
with Those of the Nitrosyl Complexes of Other His-Liganded Ferrous Heme Proteins Recorded at Room Temperature

absorption maximum (nm)

Raman shift (cm™)

protein pH Asoret /1ﬂ Aa Uy Uy v, Vpe-N Un-o ref
NP1 8.0 416 16117 10
NP2(D1A) 7.5 414 8
NP4 7.5 416 547 570 1373 1496 1575 564 1600 twe
NP4(D70A) 7.5 416 544 571 tw®
NP7(E27V) 7.5 415 546 572 1373 1496 1571 575 1590 twe
NP7 7.5 415 574 1609 twe
Mb? 7.4 21 1375 1500 1583 558 1613 60
Mb*® 7.0 552 1612 93
Mb(H64L)® 7.0 563 1635 93
Mb(H641)° 7.0 558 1638 93
Cygb” 8.0 1376 1502 1574 569 1604 61
Ngb® 8.0 1375 1498 1572 573 1600 61
FixLN" 7.8 420 546 578 1373 1498 1575 558 62
BjFixLH’ 7.0 1498 1575 568 1634 63
AXCP 8.9 415 540 575 1375 1504 1596 579 1624 64
RCCP* 7.0 414 540 570 1377 1506 1598 569 1625 65
THH-NOX' 7.5 420 545 575 1371 1496 1580 553 1655 108
ScNO™
NP2(V24E) 7.5 398 1374 1501 1571 528 1675 tw®
NP7 7.5 392 540 572 1373 1504 1583 528 1667 tw®
NP7(E27V) 7.5 401 546 572 1373 1502 1581 530 1665 tw€
NP7(E27Q) 7.5 396 540 572 twe
NP7,,, 7.5 387 525 562 tw®
NP2(D1A/D29A) 5.5 398 8
7.5 400" 8
NP2(D1A/D36A) S5 398 8
7.5 400° 8
NP4(D30A) 55 407° 8
7.5 404 8
sGCF 7.4 398 537 572 1375 1509 1584 525 1677 67, 68
VeH-NOX4 7.5 398 537 572 1372 1505 1580 525 1677 108
CooA” 7.4 399 544 572 1376 1506 1582 523 1672 56
CLOCK PAS-A® 7.1 396 541 577 1374 1508 1588 525 1668 69
AXCP 8.9 395 539 565 1373 1506 1592 526 1661 64
NPAS2 bHLH-PAS-A® 8.0 394 1376 1508 1584 523 1670 109
HRI* 8.0 398 538 524 1677 110

“Six-coordinate nitrosyl complexes, proximal His bound. *Determined by FT-IR spectroscopy. “This work. “From horse heart. “Recombinant
human myoglobin. Human cytoglobin. #Human neuroglobin. FixLN, a membrane-bound protein from soil bacterium Rhizobium meliloti. ‘BjFixLH,
the heme-binding domains of Bradyhizobium japonicum FixL.’AXCP, Alcaligenes xylosoxidans cytochrome ¢, measured at 90 K. *RCCP, Rhodobacter
capsulatus cytochrome c'. 'H-NOX domain from T. tengcongensis. ""'Five-coordinate nitrosyl complexes. “Shoulder at ~413 nm. “Shoulder at ~415
nm. “From bovine lung. 7H-NOX domain from V. cholerae. "CooA, CO oxidation activator protein from R. rubrum. “CLOCK PAS-A, mammalian
circadian protein CLOCK. *N-Terminal basic helix—loop—helix (bHLH) motif of the first PAS (PAS-A) domain of NPAS2. “Heme-regulated

eukaryotic initiator factor 2a kinase.

is achieved by the particular pattern of substituents at the
aromatic core, as shown in Scheme 3. As a consequence, the
cofactor can orient inside a protein heme pocket in two
different orientations, A and B, a phenomenon that has been
termed “heme rotational disorder” (see Scheme 3). Using
NMR, it was shown that NP1 and -4 have no preference for
one orientation (~1:1 A:B) whereas NP2 and -3 exhibit a
preference for the B orientation."*”>~7*% In contrast, using 'H
NMR and circular dichroism (CD) spectroscopy, NP7 was
found to be the only member of the NP family that stabilizes
the heme A orientation."**' By use of the mutants NP7(E27V)
and NP7(E27Q), which were also applied in this study, it was
determined that Glu27 in NP7 is responsible for the formation of

the A orientation. NP7 is the only NP that exhibits a Glu residue
at this position where NP1—4 have a Val (see Figure S1 of the
Supporting Information). Consequently, insertion of this residue
into NP2, i.e,, NP2(V24E), results in the A orientation.>"® An
examination of the protein structure suggests that the steric
demand of Glu27 causes repulsion of the cofactor.

To understand the extent to which the vinyl groups of the
cofactor influence the steric interaction with the NPs, we
reconstituted NP7 with symmetric heme. The absorbance
spectrum of the complex is shown in Figure 8 together with the
spectra of the ferroheme species and the Fe'—-NO complex.
When compared to the native form, all species show
absorbance spectra with their maxima shifted ~10 nm to the

dx.doi.org/10.1021/bi201073t|Biochemistry 2011, 50, 8559—8575
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Scheme 3. Heme b Nomenclature and Heme Orientation inside the Pocket of NP2“
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“The heme pocket of NP2 is indicated by the three circles corresponding to the positions of the three aliphatic side chains pointing from the top
of the distal pocket onto the heme plane. The two possible heme orientations are indicated as A and B. The “symmetric heme”

(2,4-dimethyldeuterohemin) used in this study is designated sym.
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Figure 8. Absorption spectrum of NP7 reconstituted with symmetric
heme in +3 and +2 iron oxidation states and of the ferroheme—nitrosyl
complex. Spectra were recorded at pH 7.5.

blue. This is expected because of the smaller 7-electron system
and was also observed for other heme proteins.”” More
importantly, where the position of the Soret bands of
unliganded ferriheme and ferroheme forms suggests the
presence of the His-on case, the Soret band position of
NP7sym[FeH—NO] corresponds to a Sc species, i.e., His-off.

B DISCUSSION

Fe'—His Bond Breakage Observed in NP7. The break-
age of the Fe—His bond in the case of the unliganded wt
NP7[Fe"] and NP7(E27Q)[Fe"] at neutral pH is a remarkable
case in the sense that the Fe'—His60 bond is so weak that it
breaks, at least in part, already in the ScHS state, which is then
in equilibrium with the ScHS state with a water on according to
Scheme 1. Table 3 summarizes the results of this study with
respect to the stability of the Fe"—His bond in NPs at pH 7.5.
To the best of our knowledge, the heme ¢, (or heme x) in the
cytochrome bgf complex is the only naturally occurring example
of a heme without a direct iron—side chain ligation, i.e, a 5c
water complex.”>* The only other example of a His-liganded
ferroheme with a His-on:His-off ratio similar to those of NP7
and NP7(E27Q) is AXCP and a couple of proximal and distal
site mutants thereof.”® Therefore, in this study, we address the
factors that contribute to the destabilization of this interaction
in NP7[Fe']. Unfortunately, for NP7, an experimental structure
is currently not available; however, because of the high degree
of amino acid sequence identity with NP2 (62%) and the
absence of residue shifts in the sequence alignment, a highly
reliable homology model of NP7 is available."*
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Table 3. Summary of the Coordination Geometry Observed
in Ferroheme NPs and NP Mutants at pH 5.5 and 7.5

coordination of the proximal His

Fe" Fe"-NO

protein pH S.5 pH 7.5 pH 5.5 pH 7.5
wtNP7¢ off on/off off off(/on)
wt NP4'8¢ on on on on
NP7(E27V)“ on on on(/off) on(/off)
NP7(E27Q)“ off on/off off off
NP2(V24E)* on on off off
NP4(D70A)“ on on on on
NP7, on off
NP2(D1A)? off on
NP2(D1A/D29A)% off off(/on)
NP2(D1A/D36A)* off off(/on)

“This work.

Figure 9 illustrates the proximal site arrangement in NP7 in
comparison to NP4 by representing the residues involved by
the van der Waals radii of the respective atoms. It is obvious
that the arrangement of the residues in the neighborhood of the
proximal His60 in NP7 is very dense versus the spatial
arrangement of Glu27, Phe43, and His60 compared to the
arrangement in NP4 with the much smaller residues Val25,
Ala41, and His58.“ This suggests that the polar and bulky
Glu27 cannot orient differently and mediates a certain tension
via Phe43 to the proximal His60. In agreement with this
hypothesis, the displacement of Glu27 in NP7, ie, NP7-
(E27V), retrieves the heme coordination whereas the sterically
similar Gln, i.e., NP7(E27Q), shows a behavior similar to that
of the wt, indicating that the size rather than the charge of
Glu27 is responsible for the effects described herein.

The reverse insertion of Glu into NP2, i.e.,, NP2(V24E), is
not sufficient for the destabilization of the Fe'—His bond
because the Phe residue, mediating the tension between Glu27
and His,ouima in NP7, is missing in NP2(V24E), which has a
Ser40 instead. However, the Fe'—His bond in NP2(V24E)-
[Fe"] breaks completely upon NO binding (Table 3). The
negative trans effect of NO decreases the affinity of axial
N-donor ligands due to a competition of the 7* orbital of NO
and the o orbital of the N-donor for the d,> orbital of iron.
Thus, the presence of Glu24 in NP2(V24E) creates enough
tension for the Fe''—His labilization so that together with the
electronic weakening of the NO the proximal bond is broken.
These effects may be summarized by Scheme 4 in which the

dx.doi.org/10.1021/bi201073t|Biochemistry 2011, 50, 8559—8575
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Figure 9. Representation of the spatial arrangement of the proximal heme site in (A) NP7 (homology model'*) and (B) NP4 (PDB entry INP4).
Residues Glu27, Phe43, and His60 (A) and Val2S, Phe41, and HisS8 (B) are displayed in their van der Waals radii. In both structures, the heme is
displayed in the A configuration (compare to Scheme 3). This figure was created with VMD version 1.8.7''" and rendered with POV-Ray version

3.62 (http://www.povray.org/).

Scheme 4. Tentative Scheme of the Forces Directed to the
Heme Cofactor and the Proximal His in NP7 and
NP2(V24E) in Comparison to the Situation in Standard
Nitrophorins®
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“The amino acid numberings correspond to the proteins in bold.

tension created on the FeH—Histximal bond in NP7 and
NP7(E27Q) is depicted as two potential forces indicated by
arrows: (i) mediation through Phe43 as described previously
and (ii) directly onto the heme plane. In NP2(V24E), the
mediation through Phe does not exist, but some tension
remains. In contrast, in NP4, NP2, NP7(E27V), and others, no
such mechanism exists.

It was previously reported that Glu27 plays a crucial role in
the heme properties in NP7, in particular with respect to the
orientation of the heme plane inside the pocket,sl’50 which
already indicated the very dense situation inside the heme
pocket of NP7 (compare to Figure 9). In contrast to NP7, all
other NPs exhibit Val24 or -25 (NP2 and -3 or NP1 and -4,
respectively) instead. Insertion of the Glu residue into NP2, i.e.,
NP2(V24E), reverses the heme orientation from B to A
(compare to Scheme 3).>"*° In contrast, insertion of Val into
NP7, i.e., NP7(E27V), reverses the heme orientation from A to
B. In this work, it was shown that both NP7(E27V) and
NP7(E27V)[Fe"=NO] do not labilize the Fe"—His60 bond,
whereas NP2(V24E)[Fe"~NO] breaks the Fe'—His57 bond.
Therefore, the question of the extent that the heme orientation
may be involved in His—Fe bond breakage arises.

The insertion of a symmetric heme (compare to Scheme 3)
into NP7 shows that the Fe"—His60 bond is indeed preserved
in the unliganded situation, demonstrating that the absence of
the vinyl group in NP7, provides enough space for a better

8568

fitting into the heme pocket; thus, at least some of the tension
from the proximal iron bond is released. On the other hand,
NP7[Fe"-NO];,,, is a His-off species and, therefore, behaves
very much like NP2(V24E). In this case, the force on the
HiS,oximal is mediated through Phe43, and a relaxation in the
Glu27—heme arrangement is obtained. Furthermore, the
influence of the heme vinyl(s) on Fe—His bond stability
demonstrates that the heme orientation matters for the heme
properties.

Comparison of NP-NO Five-Coordination with the
Behavior of Other Heme Proteins. The molecular
mechanisms involved in the biological production, distribution,
and sensing of the mammalian signaling molecule NO are
currently being investigated. A major key player is the
ferroheme protein sGC, which is activated upon coordination
of NO to the heme iron and subsequently produces the second-
messenger cGMP.*"777% The signal of the NO coordination is
mediated through the breakage of the proximal Fe'—His bond
as a consequence of the strong negative trans effect of NO.*"””
The resulting conformational change is the trigger for the
increase in the level of cGMP formation. However, loss of 6¢ at
ferrohemes upon NO binding occurs rarely in His-coordinated
heme proteins, which is in contrast to ferroheme model
complexes in which the weak N-base ligands are typically
released upon NO binding (K., = 10-50 M™1).”® Thus, the
entropy gained by the formation of the protein—heme complex
compensates for the small free energy of the Fe—His
coordination in most heme protein cases, but what then
determines if a Fe"—His bond upon NO binding to a heme
inside a protein pocket is broken?

Unfortunately, the structure of the heme domain of sGC is
not known, so that structure—function relationships are vague
and require comparison with those of proteins with similar
features. Furthermore, the binding of NO to sGC may not
include only the simple two-step mechanism of (i) NO binding
and (i) His release; it is a matter of debate that by a yet
unknown mechanism NO may bind to the proximal iron site
according to Scheme 5. While many His-ligated heme proteins

Scheme 5. Mechanism of the Binding of NO to Ferroheme
sGC

NO
\ NO NO
— —_—
T A — —Fe'2 T~ —Fe'> = =—Fe
Nhis Nhis Nis NO
Nhis

form a Sc Fe"-NO complex only at fairly low pH (e.g,
cytochrome ¢ at pH 2.0% or Mb—NO at pH 4°'), there are a
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Figure 10. (A) Heme pocket of sGC in comparison with that of (B) NP4. For human sGC, a homology model was used. For NP4, the X-ray
structure from PDB entry 1NP4 was used. Figures were prepared with VMD version 1.8.7'"" and rendered with POV-Ray version 3.62 (http://www.

povray.org/).

few examples of proteins that break the His N°—Fe" bond even
at approximately neutral pH. To the best of our knowledge, the
few examples of non-sGC proteins include CooA, CLOCK
PAS-A, the H-NOX domains of T. tengcongensis,g2 and the
cytochrome ¢’ compounds from various species.*”*° In
particular, the cytochrome ¢’ proteins, originating from bacteria
with yet uncertain function, have been studied in the past as
models for sGC, and a great advantage is the availability of
crystallographic structures of the protein from A. xylosoxidans,
often termed AXCP.*® Insights came also from the study of
human serum albumin (HSA) and the proximal His deletion
mutant H93G of sperm whale Mb [Mb(H93G)] in a complex
with ImH, which have been used as model proteins.®’”
[A surprisingly different case is heme b; of nitric oxide
reductase (NoR) that appears His-off in the Fe' state and
establishes the Fe—His bond upon reduction to Fe' or NO
binding to Fell 8]

On the basis of the results obtained by spectroscopic and
crystallographic investigations, the His N*—Fe'' bond weaken-
ing in sGC and sGC model proteins was attributed to effects
inside the proximal and distal heme pocket. On the distal site, a
stabilization of the NO complex by the heme pocket residues
was proposed. For example, in Mb the distal His64 residue is
able to form an H-bond with NO coordinated to the heme Fe'.
However, investigations of the Mb(H64L) and Mb(H64I)
mutants by vibrational spectroscopy in combination with DFT
calculations revealed a weak interaction of the His—N--N—O
bond.*

On the proximal site, the influence of certain residues has
also been considered. A recent extensive crystallographic and
spectroscopic investigation of AXCP and mutant proteins of
Argl24 revealed a major contribution of this residue to the
affinity and orientation of NO. However, Argl24 forms an
H-bond to the proximal NO and stabilizes it, so that the
contribution to His,,oyma at present cannot be estimated. It is
also surprising that the large variety of mutants that have been
created, ie, AXCP(R124E), AXCP(R124F), AXCP(R124K),
and AXCP(R124Q), exhibit only minor alterations in the NO
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binding behavior compared to that of the wt protein, and that
only AXCP(R124A) keep the NO at the distal site.

Recently, an energy-optimized homology model of the
human sGC heme domain based on NsH-NOX (PDB entry
2009)”° was reported.”” Comparison of the distal heme
pockets of sGC with those of NP4 (Figure 10) indicates only
aliphatic and aromatic side chains in the vicinity of the heme
pocket, in both cases rather densely packed. In contrast, AXCP
reveals the Argl24 residue that is able to H-bond to N of the
proximal His120.%8 Furthermore, it forms an H-bond to NO
when the Sc complex at the distal side is formed and, therefore,
stabilizes this complex. Whereas such a residue is missing in
both sGC and NPs, the latter exhibits a Hisy oximal
N*---water--Asp/Asn network. In NP4, His59 forms an
H-bond to the side chain of Asp70 via a water, ie., His59
H---water--Asp70. However, removal of Asp70 [NP4(D70A)]
did not lead to a significant change in the spectroscopic
features; in particular, the His-on:His-off ratio was not affected.
Thus, it can be concluded that the respective H-bond is not
responsible for the stabilization of the Fe"'—His bond. It should
be noted that, whereas in NP1 Asp70 is also present, in NP2 it
is represented by Asn68# However, in both proteins, the Fe''—
His bond does not break upon NO binding.*** Inspection of
the sGC model structure drew our attention to Asp102 in the
case of sGC, which is also present in the NsH-NOX structure.
Like in the NPs, His oymy N* is coordinated to Aspl02 via a
water; thus, the arrangement likely exists in sGC. On the basis
of the data derived from NPs, it can be concluded that the
presence or absence of this network may not be important for
FeH—Hispmxjmal bond breakage.

Un_o Versus .y Anticorrelation in Nitrophorins. Another
factor associated with His—Fe bond breakage is the His—Fe
bond strength, determination of which can be best estimated by
RR spectroscopy where the weak vg,_y;, vibration appears
typically in the range of 200—250 cm~1.?? However, whereas
this vibration has been obtained for many proteins, it was,
unfortunately, not possible to obtain the vibration with certainty
for the nitrophorins even when the excitation wavelength was
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shifted to 441.6 nm, which typically enhances this mode. Such
difficulty was also reported for other heme proteins, for example,
CLOCK PAS-A.* However, in a comparative study of AXCP
and RCCP, it has been recently pointed out that the Fe—
His,oximal bond strength may not play such a critical role in bond
breaking. >

Backdonation of the Fe' d_ electrons to the NO 7% orbital is
the reason for the negative correlation between the vg,_y and
Un_o vibrations.>>®®*> The correlation of the Sc adducts is
linear with a slope of —0.40, whereas the slope of the
correlation of the 6c complexes is —1.0 (developed using heme
model compounds).*>*® Both lines are indicated in the plot in
Figure 11 together with the vg,_n/Uy_o pairs reported herein
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Figure 11. vg_no/Un_o correlation plot for the data from heme
protein Fe™=NO complexes. The backbonding correlations for the Sc
and 6¢c Fe"-NO porphyrinates and 6c-Mb-NO are from litera-
ture.”¥%?* References for protein complexes are listed in Table 2. The
proteins investigated in this study are denoted with stars. Other
proteins are denoted with circles. Sc NO complexes are denoted with

filled symbols, and 6c NO complexes are denoted with empty symbols.

and a selection of v, _n/Un_o pairs from proteins. The three Sc
complexes reported here, NP7[Fe'=NO], NP7(E27V)[Fe"—
NO], and NP2(V24E)[Fe"-NO], fall on this line, which is the
case for all the Sc proteins identified so far. The amount of
structural data in the case of proteins and model compounds is
very limited for the Sc complexes. The variation of model
hemes is limited to the variation of substituents at the
porphyrin core, and it was demonstrated that the metal—ligand
backbonding strength correlates well with the electron
withdrawing capabilities of the porphyrin core substituent.*®
However, in the protein examples discovered so far, the
macrocycle consists of ppIX; thus, variations in the back-
bonding must derive from (i) the ligand environment and/or
(ii) the heme deformation. However, the only example, to the
best of our knowledge, of a Sc protein complexed X-ray
structure is reported for AXCP and a number of its mutants.”*
Unfortunately, characterization of the vibrational modes of the
Fe—N—O moiety has only been reported for wt AXCP.
Furthermore, although the proteins fall generally well on the
linear correlation, among the heme proteins reported, AXCP is
something of an outlier with unusually weak Fe—N and N—-O
bonds, a fact also reflected in the long Fe—N (2.04 A) and N—
O (1.17 A) distances (PDB entry 1E85).% For comparison, in
[Fe(TPP)(NO)] (TPP is $,10,15,20-tetraphenyl-21H,23H-
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porphyrin), the distances are as follows: 1.717 A for Fe—N
and 1.122 A for N—O.” The latter is also characterized by
bond angle £(Fe—N—O) of 149.2°, which is in good agree-
ment with the {FeNO}’ electronic structure, whereas in AXCP,
£(Fe—N—0) = 125° which can be attributed to a negative
charge density on the NO ligand. In AXCP, the nearby Argl24
was attributed to a particular role in the stabilization of the NO
complex through the positive charge on the guanidine group
(Arg124 N”—NO distance of 3.8 A).*® However, comparison of
the X-ray structures shows that the Fe—NO bond strongly
depends on the charge of residue 124, ie., Fe—NO distance
between 1.81 and 1.93 A with polar side chain Glul24, Lys124,
or GInl24, but 1.73 or 1.75 A with Phel24 or Alal24,
respectively.”* A similar trend in bond distance was observed
for the 6c NO complexes of Mb and its distal site mutant
Mb(H64L) based on the vg,_y increase (see Figure 11).”° In
contrast, the Sc components of NP7(E27V) and NP7 fit well to
the line but are located at the upper end, which reflects greater
backbonding character as compared to, for example, that of
CooA or sGC. It cannot currently be determined if the NO in
Sc NP complexes remains bound to the distal side or moves,
like in AXCP (compare Scheme S), upon loss of the Fe—His
bond to the proximal side. A characteristic of the NP distal side
is the presence of many aliphatic side chains, which would
reduce the polarization of the NO ligand and therefore
strengthen Fe—NO backbonding. This interpretation is
supported by the fact that the slightly more polar heme pocket
of wt NP7 has a decreased level of backbonding compared to
that of NP7(V24E). On the other hand, the vg._n/Un_o
correlation of NP2(V24E) reflects less backbonding character.

In the case of 6¢c ferrous NO/His heme proteins, it was
previously noticed that the rg._n/n_o pairs are much more
scattered from the ideal line of model hemes than in the case of
the Sc complexes,> but also in comparison to those of the well-
behaving 6¢c Fe''=-CO complexes.”® The deviation was
attributed to the affection of £(Fe—N—0O), which should be
142° based on calculations. Hydrogen bonding from His64 in
Mb to the NO would potentially strengthen the Fe''—NO~
character,>® whereas the description of the Fe"—NO center as
{FeNO}’ provides room to understand the entity as resonances
of Fe'=NO" < Fe'-NO < Fe"~NO~.”’ Ngb and Cygb have
a similar distal His like Mb, and the distal Cu* in CcO creates a
similar situation. It was previously determined that many of the
6c NO protein species fall on an alternate line that is parallel to
the line derived from model hemes (Figure 11). This was
attributed to a stabilization of the Fe"~NO™ mesomeric form
by H-bonding of a His residue to Ny, i.e., stabilization of the
significant negative charge located at Nyo. As a consequence,
angle £(Fe—N—O) is expected to become significantly less
than 140°, which is the ideal case for the Fe"—NO complex,
which was confirmed with model hemes.>**” ™ In the case of
Mb, this could not be confirmed crystallographically because,
for reasons currently not understood, different Mb[Fe’~NO]
crystal structures'%°7'%% reveal different angles ( 112—144°)'%
and interatom distances (1.86—2.13 A Fe—N and 1.17—1.20 A
N—O). On the other hand, this interpretation is supported by
the replacement of His64 in Mb with Leu or Ile, which brings
the Vg._n/Un_o pair back toward the regular 6¢ line (see Figure
11).°%% However, both experimental and theoretical studies
have suggested that the H-bond is likely weak in the case of NO
(3—4 kcal/mol), so that the effect seen in vibrational
spectroscopy may be more likely due to a polarization of the
7/ m* orbitals of the NO.”'%1%
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As one can see from Figure 11, NP4[Fe"-NO], 6c-
NP7[Fe'~NO], and NP7(E27V)[Fe'—=NO] fall well on the
6c Mb—NO line. This is interesting because in contrast to the
globins, the NPs do not provide a H'-donating group in the
distal pocket. In fact, in the available crystal structures of NP
nitrosyls, the closest possible H" donor is a water molecule with
an O,,,..—Ono distance between 3.7 and 4.1 A, which should
be too week to significantly influence the {FeNO}’ entity.
Moreover, whereas in the case of NP1[Fe'=NO] the bond
angle is indeed 120° in the high-resolution structures of
NP4[Fe"=NO] an angle of 141° or 144° was obtained. (A
collection of the available crystal structures of NP nitrosyls is
available in Table S1 of the Supporting Information.) Why then
do NP4 and NP7 fall on the 6c Mb—NO line?

In this respect, the ferroheme nitrosyl complex of Mb was
compared to the oxyMb form,***' which has significant Fe'!
character, i.e., Fe™—0,”, because of an H-bond between His64
and 0,.'% Studies of the reaction of NP4[Fe''] and NP7[Fe"]
with O, revealed a very rapid oxidation®* that can even lead to
porphyrin bleaching.'”**'*” These effects can be best explained
by the reaction via the Fe'—0,” intermediate. However, while
NPs do not provide a H' donor in the distal pocket,
stabilization of the Fe' state is performed by (i) the localization
of numerous carboxylate side chains® near the heme pocket and
(ii) ruffling of the macrocycle induced by the pocket
architecture,” which is reflected in the low reduction potentials
of the NPs.%'* Thus, whereas in the case of oxyMb the Fe'™
character is induced to the complex upon O, binding, the
tendency for Fe™! formation is an immanent character of NP
hemes. However, although this effect is induced for both
proteins by different mechanisms, the Fe' character in the
{FeNO}’ complexes of both proteins may be induced by the
same mechanisms as in the O, complexes; this may explain why
both proteins have a strengthened Fe—Nyo bond and thus fall
on the 6c Mb—NO line. It is interesting to note that the
NP7(E27V)[Fe"-NO]/NP7[Fe"—-NO] pair behaves like the
Mb[Fe"-NO]/Mb(H64L/1)[Fe"=NO] pair with respect to
the large change in gy (=19 cm™ vs —23 cm™), thus
reflecting a similar trend in the affection of the Fe'—=Nyo bond.
It should be mentioned that recently the usual interpretation of
the lower of the two isotopically sensitive Raman bands of
ferroheme nitrosyls as an Fe—N stretch vibration was called
into question using nuclear resonance vibrational spectroscopy
(NRVS).”'% According to these studies, the band may rather
reflect the &g,_n_o bending vibration and, therefore, reflect
both bond angles and bond lengths, which may account for the
bad anticorrelation observed in the case of the ferroheme
nitrosyls.

In summary, the results obtained in this study reveal the
strong tension that the steric demand of neighboring side
chains can place on a proximal His—Fe bond in ferroheme
proteins. The results are summarized in Scheme 5. Thus, in the
case of the very dense arrangement in the heme pocket of NP7,
the Glu27 residue, but also GIn27 in NP7(E27Q), together
with Phe43 puts a strain on the proximal His, which is
responsible for bond breakage. This is indicated by the
exchange of Glu27 with Val, which abolishes this behavior. In
addition, Glu27 also puts strain on the heme cofactor mediated
through the heme vinyls, so that even in the absence of the Phe,
insertion of the Glu residue can force the Fe—His bond
breakage, as shown with NP2(V24E)[Fe"-NO]. Similarly,
removal of the heme vinyls in NP7, ie., NP7, breaks the
bond more easily than NP7(E27V) does, but NP7, is more
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stable than wt NP7. Hence, the proteins of this study may be
arranged as follows with respect to FeH—Hist,ﬂ-mal stability:
NP7 ~ NP7(E27Q) < NP2(V24E) ~ NP7,,, < NP7(E27V) <
NP4 ~ NP4(D70A). By analogy, in the discussion of the
question of why the FeH—Hispmximal bond breaks in the case of
sGC, the steric tension may have been underestimated so far.
This study shows that this effect in combination with others,
the most important of which certainly is the negative trans
effect of NO, can play an important role in understanding sGC
function.
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Bl ABBREVIATIONS

4c, four-coordinate; Sc, five-coordinate; 6¢, six-coordinate;
AXCP, cytochrome ¢’ from A. xylosoxidans; CcO, cytochrome ¢
oxidase; CooA, CO oxidation activator protein; Cygb,
cytoglobin; cyt ¢, cytochrome ¢’; DEA/NO, diethylammonium
2-(N,N-diethylamino)diazenolate-2-oxide; GS*NO, S-[**N]-
nitrosoglutathione; Hb, hemoglobin; HO-1, heme oxygenase
1; HS, high-spin; IS, intermediate-spin; LS, low-spin; MALDI,
matrix-assisted laser desorption ionization; Mb, myoglobin;
MOPS, 3-(N-morpholino)propanesulfonic acid; Ngb, neuro-
globin; NOX, nitrogen- and oxygen-sensing; NP, nitrophorin;
NP7,y NP7 reconstituted with the “symmetric heme” 2,4-
dimethyldeuterohemin; ppIX, protoporphyrin IX; RCCP,
cytochrome ¢’ from R. capsulatus; TOF, time-of-flight; sGC,
soluble guanylate cyclase; SHE, standard hydrogen electrode;
TPP, §5,10,15,20-tetraphenyl-21H,23H-porphyrin; wt, wild-type.

ADDITIONAL NOTES

“In the presence of Cu', GSNO releases NO according to the
equation 2GS—NO — GS—-S8G + 2NO.

bThis phenomenon was observed in many heme b proteins and
is often termed heme rotational disorder.

“The function of heme ¢, is not known. The iron is coordinated
by a water or OH™, which is H-bonded to an Asp side chain."
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“It should be noted that at present there is no experimental
structure of NP7 published. However, a very reliable homology
model was built on the basis of the sequence identity with the
crystal structure of NP2 (62%). The alignment of the NP2 and
NP7 sequences does not have any gaps. The highly similar
backbone structure in combination with the compactness of the
structure of the heme pocket strongly suggests a very similar
local arrangement of the side chains.

“At present, it is not possible to decide if the NO binds to the
distal or to the proximal iron site of the Sc ferrous NPs.
fThe coordination file of this model was kindly provided to us
by X. Tan, Department of Chemistry and Institutes of
Biomedical Sciences, Fudan University, Shanghai, China.
£The different numbering of the residues of the different NPs is
due to shifts that originate from the sequence alignment (see
Figure S1 of the Supporting Information).
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