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ABSTRACT: Five-coordinate heme nitrosyl complexes (ScNO) underpin biological
heme-NO signal transduction. Bacterial cytochromes ¢’ are some of the few
structurally characterized ScNO proteins, exhibiting a distal to proximal ScNO
transition of relevance to NO sensing. Establishing how ScNO coordination (distal vs
proximal) depends on the heme environment is important for understanding this
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process. Recent ScNO crystal structures of Alcaligenes xylosoxidans cytochrome ¢’
(AXCP) and Shewanella frigidimarina cytochrome ¢’ (SFCP) show a basic residue

(Argl24 and Lys126, respectively) near the proximal NO binding sites. Using resonance Raman (RR) spectroscopy, we show
that structurally characterized SCNO complexes of AXCP variants and SFCP exhibit a range of 2(NO) (1651—1671 cm™) and
v(FeNO) (519—536 cm™) vibrational frequencies, depending on the nature of the proximal heme pocket and the sample
temperature. While the AXCP Argl24 residue appears to have little impact on ScNO vibrations, the (NO) and v(FeNO)
frequencies of the R124K variant are consistent with (electrostatically) enhanced Fe(Il) — (NO)x* backbonding. Notably, RR
frequencies for SFCP and R124A AXCP are significantly displaced from the backbonding trendline, which in light of recent
crystallographic data and density functional theory modeling may reflect changes in the Fe—N—O angle and/or extent of o-
donation from the NO(z*) to the Fe(Il) (d,?) orbital. For R124A AXCP, correlation of vibrational and crystallographic data is
complicated by distal and proximal ScNO populations. Overall, this study highlights the complex structure—vibrational
relationships of ScNO proteins that allow RR spectra to distinguish ScNO coordination in certain electrostatic and steric

environments.

C omplexes of nitric oxide (NO) with heme protein Fe-

porphyrinate cofactors are important in cellular signaling,
immune defense, and response to nitrosative stress."”” Unique
among diatomic gases, NO exhibits a negative trans effect in
six-coordinate Fe(I[)NO heme complexes (6cNO), promoting
the release of the endogenous (His) protein ligand to form a
five-coordinate heme-nitrosyl (ScNO) with NO as the sole axial
ligand.>* Although most heme-nitrosyl proteins remain in the
6cNO state because of the “cage effect” of the surrounding
protein structure, ScNO formation does occur in a subset of
proteins, including soluble guanylate cyclase (sGC) and certain
other heme nitric oxide/oxygen binding (H-NOX) gas sensors
that selectively form ScNO complexes (while excluding 0,).}
Conformational changes associated with 5cNO formation are
believed to underpin the NO sensing and signal transduction
mechanisms of these proteins. Bacterial cytochromes ¢, which
protect against nitrosative stress, are some of the few heme
proteins to have been structurally characterized in their ScNO
state."® Near-atomic resolution structures have recently been
reported for ScNO complexes of Alcaligenes xylosoxidans
cytochrome ¢’ [AXCP, Protein Data Bank (PDB) entry
2xIm]” and Shewanella frigidimarina cytochrome ¢’ (SECP,
PDB entry 4cx9),® as well as for several AXCP variants with
mutations of proximal pocket residues (PDB entries 2xle, 2xlo,
2xlv, 2xlw, and 2x16).” A surprising feature of these ScNO
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complexes is the location of the NO ligand on the proximal
(rather than distal) heme face in place of the His ligand. Time-
resolved absorption measurements of binding of NO to AXCP
suggest that the proximal ScNO product is formed via a series
of distal heme-NO intermediates, including 6cNO and putative
distal SCNO and dinitrosyl species.”” This unexpected distal —
proximal heme-NO conversion has expanded the repertoire of
heme-NO reaction mechanisms in proteins,7’9 with distal versus
proximal S5cNO coordination emerging as a potential strategy
for selective NO response. Indeed, very recently, a proximal
5¢NO binding mode was confirmed in the crystal structure of
H-NOX from Shewanella oneidensis."® Mechanistic studies also
support distal — proximal ScNO conversion in sGC,'"'? the
proapoptotic cytochrome ¢/cardiolipin complex," cystathio-
nine p-synthase,'* and the dissimilative nitrate respiration
(DNR) regulator."®

Resonance Raman (RR) spectroscopy is a powerful
technique for probing the structures of heme-XO gas
complexes (X = C, O, or N) via trends in v(XO) and
v(FeXO) stretching frequencies, the values of which can be
determined from their frequency shifts with isotopically labeled
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gases.'®"” RR spectra of 5cNO complexes are characterized by
v(NO) vibrations in the range of 1650—1700 cm™', with
isotope downshifts of ~30 cm™ (*NO) or ~65 cm™
("*N'®0)."® Although the inherently bent Fe—=N—O geometry
allows mixing to occur between the v(FeNO) stretching and
5(FeNO) bending modes, SCNO RR spectra exhibit only one
(N)O isotope-sensitive RR band in the $10—540 cm™' region
attributed to a predominant v(FeNO) stretch, with downshifts
of ~10 em™! (NO) or ~15 cm™ (N™0)."® Results of
nuclear resonance vibrational spectroscopy (NRVS) studies of
5cNO porphyrins concur with this (FeNO) assignment,'®™>!
while also establishing the predominant §(FeNO) bending
mode (not observed in RR spectra) at a lower frequency
(~380—400 cm™)."”*! An important determinant of heme-XO
vibrations is the extent of Fe(Il) — XO(z*) backbonding that
strengthens the Fe-XO interaction while weakening the X-O
bond, leading to a negative correlation between v(FeXO) and
v(XO) frequencies.'” Utilizing inductive effects to modulate
backbonding (via porphyrin ring substitutions), RR studies
have demonstrated negative correlations of v(FeXO) versus
v(XO) for all three gas ligands, including ScNO complexes.'”
Within protein molecules, heme-XO vibrations are also
sensitive to the heme pocket environment, making RR
spectroscopy a useful structural probe of the gas binding site.
For example, extensive studies of heme-CO proteins have
shown that positive charges and H-bond donors enhance
backbonding (by stabilizing the buildup of negative charge on
the CO ligand), whereas regions of electron density have the
opposite effect.'®'”** For cytochromes ¢/, v(FeCO)/v(CO)
frequencies lie midway along the backbonding line, consistent
with the nonpolar character (hydrophobic cage) of the distal
pocket.>>**

By contrast, the effect of protein environments on 5cNO
vibrations is much less defined. Aside from AXCP and SFCP,
the only other crystal structures of ScNO proteins published to
date are for S. oneidensis H-NOX (proximal Fe—N—O angle of
126°)"? and T-state nitrosyl hemoglobin a-subunits (distal Fe—
N—O angles of 138°),> neither of which has corresponding RR
data. Relative to those of heme-CO complexes, the inherently
bent Fe—N—O geometries of Fe(Il) nitrosyls (~142° in
unhindered ScNO porphyrins) impart additional structural
determinants on heme-XO vibrations.?®?’ Along with the
expected enhancement of Fe(II) - NO(z*) backbonding by
positive charges,”® DFT modeling predicts an intricate
dependence of v(NO) and v(FeNO) frequencies on the Fe—
N-O bond angle.”” Although hydrogen bonding to the NO
ligand appears to be relatively weak,>*® DFT calculations for
6cNO complexes predict an inverse correlation of v(FeNO)
and v(NO) frequencies for H-bonding to the NO oxygen atom
or the N—O bond, whereas H-bonding to the nitrogen of NO
should lead to a decrease in both v(FeNO) and v(NO).2
Studies of axial ligation in Fe(I)NO porphyrins also point to a
direct correlation of v(FeNO) and v(NO) frequencies arising
from changes in ¢ donation from the NO(z*) orbital to the
Fe(11)(d,?) orbital.”> Inductive effects may also modulate the
v(FeNO) and v(NO) frequencies of some ScNO proteins,
given that recent studies attribute weak backbonding in the
sGC CO complex to the electron withdrawing properties of
strongly H-bonded heme propionates.”'

Crystal structures of ScNO cytochromes ¢’ reveal significant
differences between the distal and proximal heme environ-
ments. Whereas the distal heme face is crowded with
hydrophobic residues, a conserved basic residue (Argl24 in

3321

AXCP and Lys126 in SFCP) is positioned near the endogenous
His and proximal NO binding sites.”*** Although this basic
residue is not an absolute requirement for proximal ScNO
coordination, kinetic studies of AXCP show that Argl24
hinders His-Fe bond scission prior to proximal NO binding’
and also impedes the release of NO from the proximal
pocket.>® Reasoning that the distinct heme pocket polarities of
cytochromes ¢’ should lead to backbonding differences between
distal and proximal NO ligands, we previously attributed the
relatively low v(NO) frequency of native SCNO AXCP (1661
cm™' at room temperature) to proximal NO coordination with
enhanced backbonding due to the positive charge of the nearby
Arg124.>> However, the influence of protein environments on
5cNO vibrations has yet to be systematically studied. Here we
report ScNO RR measurements on structurally characterized
AXCP variants in which Argl24 (adjacent to the proximal NO
site) is replaced with residues of different sizes and polarities
(Lys, Phe, Gln, Glu, and Ala).7 We also obtained SctNO RR
data for SFCP that has a native Lys residue instead of Arg
(adjacent to the proximal NO ligand) and a relatively small
Fe—N—O angle of ~128°% Trends in (NO) and v(FeNO)
frequencies for the ScNO cytochromes are discussed with
respect to their X-ray crystal structures, together with
predictions from recent RR and DFT studies.

B EXPERIMENTAL PROCEDURES

Materials. Purified protein samples of AXCP and SFCP
were prepared as previously described.*** Protein solutions for
RR measurements (~300—700 M in heme) were typically
prepared in pH 7.0 buffer (50 mM MOPS and 0.10 M NaCl)
inside an anaerobic glovebox. Additional samples were prepared
in buffers containing 0.10 M NaCl and either 50 mM CHES
(pH 9.5) or 50 mM sodium acetate (pH 5.0). Ferric protein
solutions were reduced to the ferrous state using a 20-fold
excess of sodium dithionite, followed by removal of excess
dithionite with a minispin desalting column (Zeba filter,
Pierce). Ferrous proteins were transferred to septum-sealed
anaerobic capillary tubes and reacted with 0.6 mL of either
NO or isotope-labeled (*NO or *N'*0) gas (Cambridge
Isotope Laboratories) that had been bubbled through a 0.1 M
KOH solution to remove higher oxides of nitrogen. After
equilibration for S min, the presence of ScNO coordination in
each RR capillary was confirmed by optical absorption using a
modified Cary 50 UV—visible spectrophotometer.

Spectroscopy. Resonance Raman (RR) spectra were
recorded on a custom McPherson 2061/207 spectrograph
(set to a 0.67 m focal length with a 100 pm slit width and a
2400 grooves/mm holographic grating) equipped with a
Princeton Instruments liquid N,-cooled (LN1100PB) CCD
detector. Excitation wavelengths of 406.7 and 413.1 nm were
provided by a krypton ion laser, and the Rayleigh line was
attenuated using a supernotch filter (Kaiser) or a long-pass
filter (RazorEdge, Semrock). To help maintain sample integrity,
and to match the temperature of crystals used in previous
structural studies,” the majority of RR measurements were
performed on frozen solutions maintained at 100 K by means a
liquid nitrogen-cooled coldfinger. RR spectra at 100 K were
recorded using laser powers of 4—70 mW (at the sample) and
an ~150° backscattering geometry. Additional room-temper-
ature RR spectra were recorded in a 90° scattering geometry
using lower laser powers (0.5—2 mW at the sample) and a
reciprocating translation stage. Protein RR spectra were

DOI: 10.1021/acs.biochem.5b00227
Biochemistry 2015, 54, 3320—3327


http://dx.doi.org/10.1021/acs.biochem.5b00227

Biochemistry

typically measured over a period of 2—5 min, using an aspirin

standard to calibrate Raman shifts to an accuracy of +1 cm™.

B RESULTS AND DISCUSSION

5cNO RR Spectra. RR measurements on AXCP proteins
were performed exclusively on frozen solutions (100 K). The
effects of Argl24 mutations on 5cNO AXCP RR spectra are
shown in the high-frequency (1330—1700 cm™) (Figure 1)

v, 5cNO AXCP v
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Figure 1. High-frequency RR spectra of ScNO AXCP at 100 K: (A)
wt, (B) R124K, (C) RI124F, (D) R124Q, (E) R124E, and (F) R124A
proteins prepared with “NO (black), “NO (red), and “N™O
(magenta). Isotope difference spectra (blue) reveal the presence of
v(NO) vibrations.

and low-frequency (370—700 cm™') (Figure 2) regions.
Porphyrin marker bands of wild-type (wt) AXCP [v, (1375
em™), v; (1510 em™), v, (1595 ecm™), and v,y (1645 cm™)
(Figure 1A)] are typical of Sc low-spin heme and resemble
frequencies previously reported for native ScNO AXCP at 90
K** (Table 1). Isotopic replacement with NO identifies the
wt AXCP v(NO) vibration at 1664 cm™" from its frequency
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Figure 2. Low-frequency RR spectra of ScNO AXCP at 100 K: (A) wt,
(B) R124K, (C) RI124F, (D) R124Q, (E) RI124E, and (F) RI24A
proteins prepared with *NO (black) and N'80 (magenta). Isotope
difference spectra (*NO — “N'8O, blue) reveal the presence of
v(FeNO) vibrations. Asterisks denote vibrations attributed to a minor
6cNO population.

shift of =31 cm™ with NO (Figure 1A) and —65 cm™" with
N0 (Figure S1 of the Supporting Information). Among the
R124 variant ScNO complexes, porphyrin marker bands occur
at frequencies (+3 cm™") similar to those of wt AXCP (Figure
1B—F and Table 1). While the (NO) frequencies of R124F,
R124Q, and R124E variants are within 3 cm™ of that of wt
AXCP, larger variations are observed for R124K (1657 cm™")
and R124A (1671 cm™) (Figure 1B—F and Table 1). In the
low-frequency RR region (Figure 2), the 2(FeNO) frequency
of wt ScNO AXCP is identified at 531 cm™ (Figure 2A) from
its 16 cm™' downshift with *N'®O (Figure 2A), and by its 11
cm™' downshift with "NO (data not shown). Among the
AXCP variants, v(FeNO) frequencies range from 529 cm™
(R124F) to 536 cm™" (R124A) (Figure 2 and Table 1).

In the case of SFCP (Lys126 adjacent to the proximal NO
site), RR spectra were recorded at both 100 K and room
temperature (Figures 3 and 4), the latter requiring very low
laser powers (~0.5—2 mW) and an oscillating sample. At 100
K, ScNO SFCP porphyrin marker bands [v, (1375 ecm™), v
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Table 1. RR Frequencies (cm™') of 5cNO Proteins

protein temp Uy 7% v, Uy v(NO) v(FeNO) ref
SeNO Cytochromes ¢'*
AXCP, wt (R124) 100 K 1375 1510 1595 1645 1664 531 this work
rt 1373 1506 1592 1641 1661 526 23
100 K (1378) (1512) (1597) (1648) nd nd 35
R124K 100 K 1375 1509 1594 1644 1657 533 this work
R124F 100 K 1375 1509 1594 1644 1662 529 this work
R124Q_ 100 K 1375 1510 1595 1645 1662 532 this work
RI124E 100 K 1375 1510 1595 1647 1661 533 this work
R124A 100 K 1375 1511 1597 1647 1671 536 this work
SECP, wt (K126) 100 K 1375 1508 1591 1643 1651 525 this work
rt 1373 1508 1589 1640 1658 519 this work
RCCP, K42E (R126) rt 1367 1511 1594 1648 1666 523 40
Other ScNO Proteins
horse myoglobin, pH 4 rt 1668 524 41
sperm whale H93G nr 1670 538 42
H93Y nr nr nr nr nr 1672 524 43
FesMb1(NO), 110 K 1375 1506 1586 1644 1660 522 44
CooA nr 1376 1506 1582 1641 1672 523 45
$sGC (excess NO) rt 1375 1509 1585 1645 1680 522 27
sGC, YC-1, and GTP rt 1700 521 46
FixL rt nr 1509 nr 1646 1675 528 47

“Cytochrome ¢’ RR frequencies are for protein solutions at pH 7.0, except for data in parentheses obtained from single crystals at pH 7.5.
Abbreviations: rt, room temperature; nr, not reported; nd, not determined; AXCP, A. xylosoxidans cytochrome ¢’; SECP, S. frigidimarina cytochrome
¢’; RCCP, Rhodobacter capsulatus cytochrome c¢’; FegMb1(NO),, ScNO product of the L29H/F43H/V68E triple variant of Mb.
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Figure 3. High-frequency RR spectra of ScNO wt SFCP at (A) 100 K
and (B) room temperature prepared with *NO (black) and “NO
(red). Isotope difference spectra ("*NO — '“NO, blue) reveal the
presence of £(NO) vibrations.

(1508 cm™), v, (1591 cm™), and v, (1643 cm™') (Figure
3A)] are within 1—4 cm™ of those observed for AXCP (Table
1). Isotopic substitution with *NO identifies #(NO) at 1651
cm™' (Figure 3A) and v(FeNO) at 525 cm™' (Figure 4A).
Notably, the v(NO) frequency of SECP (1651 cm™) is lower
than those for all of the AXCP complexes measured, with that
of R124K AXCP being the closest (1657 cm™"). Relative to the
100 K data, room-temperature SFCP S5cNO RR spectra show
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Figure 4. Low-frequency RR spectra of SCNO wt SFCP at (A) 100 K
and (B) room temperature prepared with *NO (black) and “NO

(red). Isotope difference spectra (**NO — NO, blue) reveal the
presence of v(FeNO) vibrations.

minor downshifts (2—3 cm™") in porphyrin marker frequencies
(Figure 3B), as well as a 7 cm™ increase in ¥(NO) (1658
ecm™) and a 6 cm™ decrease in v(FeNO) (519 cm™).
Influence of Heme-NO Environment on RR Frequen-
cies. Figure S shows the relationship of RR frequencies for
ScNO proteins (Table 1) to the empirical v(FeNO) versus
v(NO) backbonding line of model SCNO porphyrins. Most of
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Figure S. Correlation of v(FeNO) and v(NO) RR frequencies for
5cNO cytochromes ¢’ at 100 K (circles) together with data from other
ScNO heme proteins at various temperatures (Table 1) (triangles).
Superimposed is a plot of the experimental backbonding line
previously determined in 5cNO model complexes.'”'®

the cytochrome ¢’ RR frequencies lie close to the backbonding
line, with the notable exceptions of SFCP and R124A AXCP.
The influence of the heme-NO environment on the vibrations
of 5cNO cytochromes ¢’ is discussed in light of their crystal
structures,” as well as Eredictions from previous RR studies
and DFT calculations.”"” X-ray crystal structures of the 5Sc(NO
complexes of AXCP and SFCP proteins reveal several key
features.”® With the exception of R124A AXCP (which forms a
mixture of distal and proximal ScNO species) all ScNO
structures show NO bound exclusively on the proximal heme
face with no ligand bound to the distal face. A single location
for the NO ligand is observed in the structures of wt, R124K,
and R124F AXCP, together with wt SECP (Figure 6), while the
other AXCP variants (R124Q, RI124E, and R124A) exhibit
multiple FeNO conformers. Variations in the Fe—=N—O angle
(128—146°) are observed among the different SCNO crystal
structures. The R124Q and RI24E variants contain polar
residues adjacent to the NO ligand, and these may form a
hydrogen bond to one of the observed NO conformers. The
remaining variants and native AXCP do not utilize H-bonding
to stabilize the NO ligand (the apparent H-bond reported in an
earlier crystal structure of SCNO native AXCP® was not present
in a subsequent higher-resolution structure”).

We first consider 5¢NO RR frequency trends for
cytochromes ¢’ with single crystallographic heme-NO con-
formations: AXCP (wt, R124F, and R124K) and SECP. It has
been proposed that positive electrostatic environments
strengthen backbonding in ferrous-nitrosyl proteins, yieldin
higher v(FeNO) frequencies and lower v(NO) frequencies.”
Consistent with this idea, the R124K variant of AXCP (positive
proximal residue) has a lower #(NO) frequency and a higher
v(FeNO) frequency compared to those of R124F (neutral
residue) (Table 1 and Figure S). On the other hand (and
contrary to previous suggestions), the basic Argl24 residue in
native AXCP appears to have little influence on backbonding
because its #(NO) and v(FeNO) frequencies are similar to
those of the nonpolar variant, R124F (Table 1 and Figure S).
While the N(O)—Arg distance in wt AXCP (4.0 A) is shorter
than the N(O)—Lys distance in R124K AXCP (5.2 A), charge
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Figure 6. Superposition of heme pocket structures for the ScNO
complexes of native AXCP (gray), R124K (green), and R124F (blue)
AXCP with monomer A of SFCP (magenta). AXCP structures were
superposed using secondary structure matching in Coot, while SECP
was superposed onto the structure of the native AXCP ScNO complex
using all heme atoms. Note that residue numbering refers to the
sequence of AXCP.
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delocalization within the Arg guanidino group may decrease the
electrostatic field relative to the Lys e-amino group. In
comparison, the N(O)—Lys N¢ distance in SFCP is some 5.9
A. For SFCP, it is notable that the SCNO RR frequencies lie
significantly below the backbonding line (Figure S), with
v(NO) and v(FeNO) frequencies being lower than those of
any of the SCNO AXCP complexes (Table 1). Recent DFT
modeling of 5cNO porphyrins predicts that compressing the
Fe—N—-O angle below the equilibrium value of 142° should
decrease both the (NO) and v(FeNO) frequencies, whereas
modest increases in the Fe—N—O angle (to 142—150°) are
predicted to boost the 2(NO) frequency with smaller increases
in (FeNO).”” In light of these DFT predictions, the lower
v(NO) and v(FeNO) frequencies of SECP (Table 1) may be
due to the former having a relatively compressed Fe—N—O
angle (128° in the SFCP crystal structure). Electrostatic
enhancement of heme-NO backbonding (due to the positive
Lys126 side chain) might also act synergistically with Fe—N—O
angle compression to further lower the SFCP v(NO) value,
while offsetting the angle-induced decrease in v(FeNO). It is
also noted that a direct correlation of v(FeNO) and v(NO)
frequencies in Fe(I[)NO complexes is a hallmark of a change in
NO(z*) — Fe**(d,?) 6 bonding.”

Three of the AXCP variants (R124Q, -E, and -A) exhibit
multiple heme-NO conformers in their ScNO crystal structures.
For R124Q, two positions of the proximal Fe—NO unit are
apparent: one pointed toward O°! of GIn124 (at 2.9 A) and the
other toward the main chain carbonyl (O) of Cys116 (3.3 A).
Two proximal Fe—NO orientations are also evident in the
RI124E crystal structure: one oriented toward the carbonyl (O)
of Cys116 (at 3.0 A) and the other apparently H-bonded to O*'
of Glul24 (at 2.9 A).” However, because the v(FeNO) and
v(NO) RR frequencies of R124Q_(~1662 cm™") and R124E
(~1661 cm™) variants are similar to those of wt and R124F
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AXCP (Figure 1 and Table 1), it appears that the Gln and Glu
residues have little influence on 5¢NO backbonding.

Notably, R124A AXCP exhibits both the highest v(NO)
(1671 cm™") and highest v(FeNO) (536 cm™") values of all the
ScNO cytochromes ¢’ (Figures 1F and 2F and Table 1), with
frequencies located significantly above the backbonding line
(Figure S). According to previous DFT model calculations, an
increase in both the v(FeNO) and v(NO) freq7uency might
arise from a relatively large Fe—N—-O angle2 and/or an
increase in NO(z*) — Fe**(d;?) o bonding.2 Uniquely among
the ScNO crystal structures, that of R124A AXCP exhibits a
mixture of proximal and distal ScNO binding modes, a feature
attributed to the conformation of the displaced His ligand
(which may partially block bimolecular binding of NO to the
proximal site) as well as to displacement of the heme group
toward the proximal pocket (creating a more favorable steric
environment for distal heme-NO coordination).” In the distal
5cNO population (occupancy of 0.3), the NO ligand interacts
solely with the nonpolar Leul6 residue and has a relatively large
Fe—N—O angle of 146°. By contrast, the proximal 5cNO
population (occupancy of 0.7) (existing in two conformations)
has Fe—=N—O angles of 126° and 140° and a hydrogen bond to
the His ligand. However, given the multiple heme-NO
conformers evident in R124A and other AXCP variant
structures, establishing the connection between crystallographic
Fe—N—O angles and observed RR frequencies is not
straightforward.

Despite the heterogeneity evident within the SCNO crystal
structures of R124Q, -E, and -A variants, it is notable that their
v(FeNO) and v(NO) RR bandwidths (in solution) resemble
those of the other AXCP variants and SFCP (Figures 1—4)
whose crystal structures show single heme-NO conformations.”
The singlet nature of the RR bands of R124Q, -E, and -A
variants suggests two possible scenarios: (i) different heme-NO
conformers within each protein give rise to similar RR
frequencies (such that multiple features are not resolved), or
(ii) only one detectable heme-NO conformer is present in each
RR (solution) sample. Although this RR study cannot
distinguish between these two scenarios, it is striking that the
R124A v(NO) frequency determined from RR spectra (~1671
cm™") (Figure 1 and Table 1) is quite different from that of the
predominant FTIR v(NO) band (~1655 cm™") observed in
recent geminate recombination studies.** The source of this
discrepancy is puzzling, although it may be connected to the
different sample conditions, e.g., FTIR (25 °C, pD 9.4) versus
RR (100 K, pH 7.0). Although pH variations (5.0—9.5) have
relatively little impact on R124A RR spectra (Figures S1 and S2
and Table S1 of the Supporting Information), the influence of
temperature and protein/NO concentration on 5cNO RI124A
vibrations is not known. A tantalizing possibility is that the
different sample conditions of RR and FTIR measurements
favor alternate SCNO R124A populations (predominantly distal
or predominantly proximal), in which case structural differences
between these populations (e.g, Fe—N—O angle) might
conceivably account for the discrepancy between RR and
FTIR v(NO) values, as well as for the deviation of the R124A
vibrations from the backbonding line.

Temperature Dependence of RR Frequencies. While
the majority of SCNO RR measurements in this study were
performed at 100 K to ensure sample integrity (and to match
the temperature of crystal structures), additional room-
temperature RR data for wt AXCP and SFCP show that
sample temperature can cause significant changes in ScNO RR
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frequencies (Table 1). Relative to room temperature, the small
downshifts (2—3 cm™) in porphyrin marker bands upon
cooling to 100 K (Table 1) are a general feature of heme
complexes attributed to contraction of the porphyrin
core.****37 Of more interest are the temperature dependencies
of the (FeNO) and v(NO) frequencies. Relative to the 100 K
data, the v(FeNO) modes of AXCP and SFCP both decrease
by 5—6 cm™ at room temperature (Table 1). On the other
hand, SFCP exhibits a 7 cm™" increase in #(NO) upon being
warmed to room temperature, whereas AXCP shows a 2 cm™"
decrease (Table 1). The unique temperature dependencies of
v(NO) and v(FeNO) may stem from changes in heme-NO
conformation. Consistent with the conformational freedom of
the heme-NO unit, warming the 5cNO SFCP sample from 100
K to room temperature also increases the half-height width of
the (NO) RR vibrational envelope (from ~16 to ~25 cm™)
(Figure 3). The presence of multiple heme-NO conformers at
room temperature is supported by time-resolved FTIR
absorption measurements of ScNO formation in wt and
R124A AXCP that show multiple ©(NO) components for
both proteins, including a predominant (NO) band at ~1655
em™ with lower-intensity features at ~1665 and ~1675
em™17% As well as the impact of sample temperature on
5¢NO vibrations, it is also noted that vibrational frequencies in
solution may differ from those in the crystalline state, even at
similar temperatures. For example, single-crystal ScNO RR data
for wt AXCP®® reveal porphyrin marker bands that are 2—3
cm™" higher than those observed in solution at the same
temperature (100 K) (Table 1), although the effect on the
v(FeNO) and v(NO) frequencies is not known.

In summary, this study of SCNO cytochromes ¢’ represents
the first analysis of RR frequency trends for structurally
characterized ScNO proteins. Overall, AXCP variant and wt
SECP proteins exhibit a 20 cm™ span of ©(NO) frequencies
(1651-1671 cm™) and a 17 cm™ span of v(FeNO) values
(519—536 cm™"), depending on the identity of residues in the
proximal binding pocket and the sample temperature.
Surprisingly, the native Argl24 residue of AXCP (nearest the
proximal NO ligand) appears to have little impact on heme-NO
bonding, because several variants (including R124F) exhibit
v(NO) and v(FeNO) frequencies close to those of wt. On the
other hand, the R124K mutation causes a 6 cm™' decrease in
v(NO) and a 2 cm™ increase in v(FeNO) frequency,
suggesting that a Lys side chain is more able to (electrostati-
cally) enhance Fe(II) - NO(z*) backbonding. The largest
variations in #(NO) and v(FeNO) frequencies occur for SECP
and R124A AXCP, in both cases with significant deviations
from the empirical backbonding line of model S$cNO
porphyrins. In the case of SFCP, these deviations might arise
from its relatively small Fe—=N—O angle (128°)”*" and/or
changes in NO(7*) — Fe?*(d,?) o-bonding.” Interpretation of
R124A AXCP vibrational data is complicated by the existence
of distal and proximal ScNO populations in its crystal structure.
The singlet nature of its (NO) and v(FeNO) RR bands
suggests that these populations give rise to similar heme-NO
frequencies or that only one detectable ScNO population
(proximal or distal) is present in solution. Further inves-
tigations of heme-NO vibrational determinants will be
conducted as additional high-resolution structures of proximal
and distal ScNO proteins become available.
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