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Abstract The cytochromes ¢’ (CYTcp) are found in
denitrifying, methanotrophic and photosynthetic bacteria.
These proteins are able to form stable adducts with CO
and NO but not with O,. The binding of NO to CYTcp cur-
rently provides the best structural model for the NO acti-
vation mechanism of soluble guanylate cyclase. Ligand
binding in CYTcps has been shown to be highly dependent
on residues in both the proximal and distal heme pockets.
Group 1 CYTcps typically have a phenylalanine residue
positioned close to the distal face of heme, while for group
2, this residue is typically leucine. We have structurally,
spectroscopically and kinetically characterised the CYTcp
from Shewanella frigidimarina (SFCP), a protein that has
a distal phenylalanine residue and a lysine in the proximal
pocket in place of the more common arginine. Each mono-
mer of the SFCP dimer folds as a 4-alpha-helical bundle
in a similar manner to CYTcps previously characterised.
SFCP exhibits biphasic binding kinetics for both NO and
CO as a result of the high level of steric hindrance from
the aromatic side chain of residue Phe 16. The binding of
distal ligands is thus controlled by the conformation of
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the phenylalanine ring. Only a proximal 5-coordinate NO
adduct, confirmed by structural data, is observed with no
detectable hexacoordinate distal NO adduct.
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Abbreviations

AXCP  Alcaligenes xylosoxidans cytochrome ¢’
CVCP  Chromatium vinosum cytochrome ¢’
CYTcp Cytochrome ¢’

RCCP  Rhodobacter capsulatus cytochrome ¢’
RGCP  Rubrivivax gelatinosus cytochrome c’
RSCP  Rhodobacter sphaeroides cytochrome ¢’
SFCP  Shewanella frigidimarina cytochrome ¢’
Introduction

To achieve their diverse biological functions, heme pro-
teins face the challenge of discriminating between the
similarly sized diatomic gas ligands NO, CO and O,.
The cytochromes ¢’ (CYTcp) are mono-His ligated, peri-
plasmic class II c-type cytochromes, widely distributed
among denitrifying, methanotrophic and photosynthetic
bacteria [1, 2]. They are typically homodimers with each
monomer forming a four-o-helix bundle and contain-
ing a pentacoordinate (5c) c-type heme with a proximal
histidine ligand and a vacant distal coordination site.
Although the exact physiological functions of CYTcp
remain unclear, previous studies have suggested roles in
suppression of toxic levels of NO [3], defence against
nitrosoative stress or an NO reductase activity [4], or
NO shuttling between nitrite reductase and NO reductase
during denitrification [5].

@ Springer


http://proteopedia.org/wiki/index.php/Journal:JBIC:0
http://dx.doi.org/10.1007/s00775-015-1253-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s00775-015-1253-7&domain=pdf

676

J Biol Inorg Chem (2015) 20:675-686

CYTcps have been classified into two groups based on the
nature of their distal heme pockets [6—8]. Group 1 CYTcps,
including those from Rhodobacter capsulatus (RCCP) and
Chromatium vinosum (CVCP), possess an aromatic residue
(Phe or Tyr) above the distal heme coordination site. In con-
trast, group 2 CYTcps such as that from Alcaligenes xylosox-
idans (AXCP) have an aliphatic residue (Leu, or rarely Met)
in this position. The best-characterised CYTcp to date is
AXCP, where the ferrous protein reacts with NO to form a
predominantly 5¢ proximal heme-nitrosyl complex via a 6¢
distal NO intermediate [9-11], forms only a hexacoordinate
(6¢) distal CO complex and does not form a stable complex
with molecular oxygen [9]. In contrast, the group 1 RCCP
and CYTcps from several other species form an equilibrium
mixture of 6¢ and 5¢c heme—nitrosyl species in varying pro-
portions [12]. The conserved hydrophobic distal pocket resi-
dues play a major role in the fine tuning of exogenous ligand
binding and discrimination, since the mutation of distal Leu
16 in AXCP dramatically affects the distal heme affinity for
diatomic gas ligands and the preference for 6- or 5-coordi-
nate binding [13, 14]. In contrast, mutation of the proximal
pocket Arg 124 in AXCP resulted in accelerated formation
of the final, proximal NO species.

A particular interest in the ligand binding and discrimi-
nation properties of CYTcp stems from similarities with
the activation mechanism of soluble guanylate cyclase
(sGC), including the formation of a 5cNO proximal heme
adduct [15, 16]. In the absence of a crystal structure of the
sGC heme domain, mechanistic findings on CYTcp offer
insights into the activation of sGC by NO. A proximal
5¢NO species has also been reported in the pro-apoptotic
cytochrome c/cardiolipin complex, again with no struc-
tural characterisation yet available [17]. Very recently, a
proximal NO-binding mode has been structurally char-
acterised in an H-NOX [18]. Despite the characterisation
and structure determination of several CYTcps, structural
data for NO complexes are available only for AXCP and
its mutants. Here, we describe the structural, biochemi-
cal and kinetic characterisation of CYTcp from the cold
water, Gram-negative bacterium Shewanella frigidimarina
(SFCP). SFCP has an unusual combination of distal (Phe)
and proximal (Lys) heme pocket residues. Stopped-flow
and laser flash photolysis kinetic data revealed the forma-
tion of a distal 6cCO adduct in SFCP and accelerated for-
mation of a 5¢ proximal NO species without any detectable
6¢c intermediate. The NO-bound SFCP structure presented
here is only the second structure of any CYTcp—-NO com-
plex and the first structure for a nitrosyl complex of a group
1 CYTcp. Both CO- and NO-binding kinetics are biphasic,
indicative of a conformational element in the mechanism.
We propose a novel mechanism where the binding of gase-
ous ligands to the distal face of the heme is conformation-
ally gated by a noncoordinated Phe side chain.
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Materials and methods
Protein expression and purification

The gene encoding SFCP (accession number Q07Z15),
including the signal peptide was amplified from S. frigidi-
marina genomic DNA using Taqg DNA polymerase (for-
ward primer: gtgaagggaattcatgaaaaaaatattac; reverse primer:
tcagtagcaaggatccttagtcttttttg), subcloned into pGEM-T easy
and cloned into the expression vector pMMBS03EH [19] to
generate plasmid pAG2. E. coli XL-1 Blue cells (Stratagene
USA) were used for general cloning, and were routinely
grown at 37 °C in Luria—Bertani (LB) medium or plates.
When required, antibiotics were used at the following final
concentrations: streptomycin (50 ug ml~!), chloramphenicol
(20 ug ml~Y). E. coli BL21(DE3) (Novagen) competent cells
containing pEC86 [20], a plasmid carrying chlorampheni-
col resistance and the ccmA-H genes from E. coli necessary
for the maturation of c-type cytochromes, were transformed
with pAG2. Cells were grown in LB or terrific broth (TB)
and shaken at 220 rpm. For protein production, IPTG was
added in mid-log phase to a final concentration of 119 pg/
ml and the temperature lowered from 37 to 25 °C. Ferripro-
toporphyrin IX chloride was added to a final concentration
of 10 ug ml~! after 5 h and 1 ml of a metal ion mix (2 mM
Ni**, 2 mM Co”*, 10 mM Zn**, 10 mM Mn*" and 50 mM
Fe") after 24 h in a procedure adapted from [21].

Cultures were grown for 96 h and cells harvested by
centrifugation for 20 min at 4 °C and at 6000 rpm. Har-
vested cells were resuspended in 20 mM Tris—HCl pH
8, and disrupted by 2 passages through an EmulsiFlex
(12,000 psi). The crude extract was prepared by centrifuga-
tion at 18,000 rpm for 30 min and loaded onto a DEAE-
Sepharose Fast Flow anion-exchange column previously
equilibrated with two column volumes of 20 mM Tris—HCI,
pH 8. SFCP was eluted using 50 mM NaCl and was further
purified to homogeneity by gel filtration using a Sephadex
G75 column. The purity of the protein was determined by
SDS-PAGE analysis and by UV-Vis spectroscopy. A final
yield of 7.5 mg of SFCP per litre of culture was obtained
with a purity index of 4.44 (A4,/Asg0)-

Spectroscopy and ligand-binding studies

UV-visible absorption spectra were recorded using a Var-
ian Cary 50 spectrophotometer at 22 °C and protein con-
centrations estimated using ¢ values for the Soret band of
80 mM~! cm™! for oxidised CYTcps [22]. Reduction to
the ferrous state was achieved by the addition of an excess
of sodium dithionite or sodium ascorbate. Oxidation was
achieved by addition of 50 pl of 500 mM potassium fer-
ricyanide to an equal volume of protein solution, with the
oxidant removed from the sample immediately using a
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Table 1 Crystallographic data collection and refinement statistics for
SFCP structures

Structure SFCP NO complex
Resolution (A) 44.8-1.29 40.1-1.43
Unit cell a,b,c (A) 55.4,58.3,76.1 55.3,58.3, 76.1
Unique reflections 62629 46165
Completeness (%) 99.8 (99.6) 99.9 (99.9)
Rinerse 0.060 (0.735) 0.07 (0.770)
Mn (I/sd) 14.0 (2.1) 12.6 (2.0)
Reryst 0.151 0.161

Rice 0.186 0.186

ESU from ML (A) 0.050 0.049
RMSD bond lengths (A) 0.019 0.016
RMSD bond angles (°) 2.3 2.1

ESU based on ML (&) 0.05 0.05
Ramachandran favoured (%) 98.3 99.2

PDB accession code 4ulv 4cx9

Values in parentheses refer to the outermost resolution shells

PD-10 column. To prepare CO-bound ferrous SFCP, the
pre-reduced sample (in a sealed 1-ml quartz cuvette) was
bubbled with CO gas for 2 min. Similarly, to prepare the
NO-bound ferrous SFCP, 10 nl of ProliNONOate [23]
stock solution (37.5 mM) (Cayman Chemical) was intro-
duced with a Hamilton syringe into the cuvette to provide
an excess of the ligand.

Electron paramagnetic resonance (EPR) spectra were
measured using a Bruker EMX spectrometer equipped with
a spherical high quality Bruker resonator SP9703 and an
Oxford Instruments liquid helium cryostat. The g values were
obtained using the built-in microwave frequency counter. Pro-
tein samples were 100 wM in 25 mM TRIS pH 7.5. NO com-
plexes were prepared anaerobically by the addition of 1.5 mM
ProliNONOate to dithionite-reduced, nitrogen-flushed SFCP
samples. Syringes, needles and EPR tubes were flushed with
nitrogen before use. Immediately following the NO-donor
addition, 200 w1 aliquots were drawn into EPR sample tubes
and flash-frozen in methanol kept on dry ice. Once frozen, the
samples were transferred to liquid nitrogen and stored until
use. Experimental conditions were as follows: microwave fre-
quency 9.466 GHz, microwave power 0.0505 mW, modula-
tion amplitude 3 G, time constant 40.96 ms, scan rate 4.77
G/s, number of scans per spectrum = 1.

Protein crystallisation and X-ray crystallography

Crystals of SFCP were grown using the hanging drop
vapour diffusion method. Brown, needle-like crystals were
obtained at 294 K after 2-4 days using 2 pl of 20 mg/ml
protein in 20 mM Tris—HCI, pH 7, with an equivalent vol-
ume of reservoir solution containing 0.1 M HEPES pH 7

and 2.2 M ammonium sulphate. Crystals were reduced by
transfer to a degassed anaerobic reservoir solution contain-
ing 100 mM ascorbate for 30 min. To prepare NO-soaked
crystals of SFCP, ProliNONOate (50 pl of 50 mM stock)
was injected into sealed, degassed 3-ml reservoirs contain-
ing reduced crystals (prepared as described above) for 1 h.
Prior to X-ray data collection, crystals were cryoprotected
by transfer to reservoir solution with 15-25 % (v/v) glyc-
erol and flash-frozen in liquid nitrogen.

X-ray diffraction data were collected at beamline
X10SA, Swiss Light Source, using a Pilatus 6M-F detec-
tor (Dectris) and an X-ray wavelength of 0.9 A. Data
were indexed in XDS [24] and scaled in Scala [25] from
the CCP4i suite. The structures were solved by molecu-
lar replacement in MOLREP [26] with a monomer of the
1.45 A-resolution crystal structure of recombinant native
AXCP [Protein Data Bank (PDB) code 2YLI] [13] as the
search model. Structures were refined by maximum likeli-
hood methods using REFMACS [27]. Anisotropic tempera-
ture factors were refined and riding hydrogens were added
to the model. Water molecules were modelled in Coot
[28]. Model building between cycles of refinement was
performed in Coot, and the quality of the structures was
monitored using the MOLPROBITY [29] and JCSG Qual-
ity Control servers. Data collection and refinement statis-
tics are shown in Table 1. Coordinates and structure factors
were deposited in the RCSB Protein Data Bank with acces-
sion numbers 4ulv and 4cx9.

Kinetic analysis

The reduction of 5 uM ferric SFCP was achieved with a
few crystals of sodium dithionite. The transient kinetics of
NO binding to ferrous SFCP were monitored at 22 °C with
an Applied Photophysics SX-20 stopped-flow spectrom-
eter. The dead time of the instrument (1.3 ms) was meas-
ured by extrapolation back to time zero from CO combina-
tion with myoglobin at constant myoglobin concentration
and selected CO concentrations [30]. One syringe of the
stopped-flow apparatus was filled with degassed 50 mM
Tris—HCI (pH 7) buffer to which 10 pl of ProliNONOate
stock solution was added, while 34 pl of ferric SFCP in
the same buffer was loaded into the other syringe. The final
concentration of SFCP was 2.5 wM for each measurement.
After the sample had been mixed, the reaction was moni-
tored from 300 to 700 nm for 0-500 s using a photodiode
array. Exponential time courses were fitted using a least-
squares fitting method to yield the pseudo-first-order rate
constant at each [NO] and the spectrum at each time point
was deconvoluted into the component spectra of reduced
and NO-bound SFCP.

Pseudo-first-order rate constants for binding were plot-
ted against [NO] to yield the second-order rate constant.
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Pro-K Global Analysis Software was used to analyse NO-
binding kinetics.

The CO dissociation rate constant, k., Wwas deter-
mined by ligand replacement with NO, while the NO dis-
sociation rate constant was determined using dithionite
as an NO scavenger. Typically, the 6cCO SFCP complex
(7 uM protein and 25 uM CO solution) was mixed with a
syringe containing 0.25 mM NO in buffer. Release of CO
was monitored by the rate of disappearance of the 417 nm
6cCO peak or the appearance of the heme-NO absorption
peak. Rate constants were insensitive to variations in the
concentration of ProliNONOate (0.25-2.15 mM). To deter-
mine the NO off rate, the 5cNO SFCP complex (5 uM pro-
tein + 100 uM ProliNONOate) was mixed with 12.5 mM
sodium dithionite and the release of NO was monitored by
the rate of disappearance of the 398 nm 5cNO peak or the
appearance of the ferrous heme absorption. The rate con-
stants were independent of the sodium dithionite concen-
tration (12.5-50 mM).

Flash photolysis measurements

The CO/NO association kinetics were measured at room
temperature with a nanosecond laser flash photolysis sys-
tem (LKS.60 from Applied Photophysics Ltd., Leath-
erhead, UK). In this system, the 532 nm output (~10 ns,
110 mJ) from a Nd:YAG laser (Brilliant B from Big Sky
Laser Technologies, Inc.) was employed as the photolysis
beam. The output from a 150 W xenon arc lamp, at right
angles to the photolysis beam, was used as the probe and
was detected by a photomultiplier tube (PMT; model 1P28,
Hamamatsu Corp.). The signal from the PMT was trans-
ferred to a digital oscilloscope (Infinium, Agilent Technolo-
gies) and then to a personal computer for subsequent analy-
sis. The protein was reduced with 1 mM sodium ascorbate
plus 2 uM ascorbate oxidase (Sigma), and the spectrum
was recorded using the reduced protein as reference. The
buffer was 50 mM Tris—HCI pH 7 and the protein concen-
tration was 5 uM. ProliNONOate was added to the fully
reduced protein to a concentration of 1 mM NO, and the
spectrum recorded using the reduced protein as reference.
CO was added to the ferrous protein to a concentration of
500 uM, and the spectrum was recorded using the reduced
protein as reference.

Results
Purification and spectroscopic analysis
Recombinant SFCP was heterologously expressed in

E. coli and purified to homogeneity. SDS-PAGE indi-
cated a molecular weight of ~14 kDa per monomer of the
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functional dimer, consistent with previously character-
ised CYTcps. Ferric SFCP exhibited a typical UV-vis-
ible absorption spectrum with a Soret band at 404 nm,
a broad B peak and a charge-transfer band at 640 nm,
Fig. la. On reduction to the ferrous form, the Soret band
shifted to 426 nm (with a shoulder at 436 nm) and the 8
peak occurred at 560 nm, Fig. 1a. The spectrum of ferrous
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Fig. 1 Spectroscopy of SFCP: a UV-visible absorption spectra of
ferric (black), ferrous (blue), NO-bound (orange) and CO-bound
(red) SFCP at pH 7. b EPR spectra of ferrous NO-bound SFCP and
AXCP in the g ~ 2 region. The EPR spectrum line shapes of both
proteins, exhibiting 16 G separated three lines around g = 2.013, are
indicative of 5cNO binding
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SFCP exposed to excess NO was characteristic of proxi-
mal 5 coordination with a Soret band at 398 nm and very
similar to the spectrum of the previous characterised 5cNO
complex in AXCP [9]. The spectrum of the ferrous SFCP-
CO complex featured a sharp Soret band at 417 nm and
well-resolved 8 and « bands at 537 and 564 nm, indicative
of 6-coordinate binding, i.e. CO-Fe-His (Fig. la). Elec-
tron paramagnetic resonance (EPR) spectra of ferrous-NO
SFCP at 10 K showed a characteristic three-line hyperfine
signal, again consistent with 5-coordinate NO binding to
ferrous heme (Fig. 1b). The signal was very similar to that
observed for 5cNO AXCP suggesting similarity between
the adducts in the two proteins.

X-ray crystal structures

Crystal structures were determined to resolutions of 1.29
and 1.43 A for the ‘as-isolated’ and ferrous NO-bound
forms of SFCP, respectively (Table 1). Extensive attempts
to obtain a structure of the 6cCO adduct were unsuccess-
ful, likely due to the low affinity of SFCP for this ligand.
The crystallographic asymmetric unit contains a homodi-
mer, with each 128-amino acid monomer folding as an
elongated left-twisted four-c-helical bundle (Fig. 2). The
helices are connected by two short loops and one long loop,
which are located on opposite poles of the molecule. The
c-type heme is covalently bound to the Cys 119-X-X-Cys
122-His 123 motif close to the C terminus. The overall

Fig. 2 The overall crystal structure of as-isolated SFCP with the two
monomers of the dimer coloured red and green. The heme groups are
represented in blue (monomer A) and orange (monomer B) respec-
tively. Each monomer folds as a 4 «-helical bundle

protein fold and dimeric arrangement are similar to that
previously determined for other CYTcps. The SFCP dimer
has the characteristic X shape found in other reported
CYTcps and is stabilised by several inter-monomer inter-
actions (supplementary figure S1). The heme environments
are shown in Fig. 3a, c, for the as-isolated and NO-bound
structures respectively, with corresponding structural
parameters listed in Table 2.

The distal heme pocket is buried in the protein interior
while the proximal pocket is partially exposed to solvent.
The distal pocket is predominantly hydrophobic with many
aromatic residues (Phe 16, Phe 59, Phe 81 and Phe 88), and
contains no water molecules, while the proximal pocket
contains hydrophilic residues (including the proximal heme
ligand His 122 and charged residue Lys 126), which inter-
act with several water molecules. Surprisingly, no clear sol-
vent accessible channel between bulk solvent and the distal
pocket is found in the structure, since such channels were
a previously observed feature of group 2 CYTcps [31].
PDBeFold analysis confirmed that the overall fold of an
SFCP monomer is very similar to those of several previ-
ously characterised CYTcps, with R. gelatinosus CYTcp
[32] being the closest match with a Q-score of 0.83 while
AXCP structures also provided a close match with typical
O-scores of ~0.80. The heme Fe in the as-isolated SFCP
structure is 5-coordinate with a proximal His 122 ligand.

The distal pocket residue Phe 16 occupies a position
some 3.3 A from the Fe atom, with its ring lying approxi-
mately parallel to the heme, such that it is likely to steri-
cally hinder the binding of exogenous ligands to the vacant
distal heme face. The Fe-His 122(Ne2) bond length is
2.17/2.18 A in monomers A and B of the SFCP dimer,
respectively (Table 2). The crystal was grown from pro-
tein in the ferric state, but is likely to have become reduced
to the ferrous form due to X-ray exposure, as previously
demonstrated for several heme proteins [33, 34]. A super-
position of the heme environments in the as-isolated SFCP
structure with that from RCCP and RGCP is given in
Fig. 3b. The positive charge in the proximal pocket typi-
cally provided by an Arg residue is maintained in SFCP
by residue Lys 126 and at a similar distance from Fe. The
crystal structure of the 5cNO complex of SFCP was deter-
mined to a resolution of 1.43 A. In monomer A, a NO
molecule is bound at the proximal face of heme (Fig. 3c)
with a Fe-N bond length of 1.77 A and a Fe-N-O angle
of 128°. The displaced ligand His 122 forms a hydrogen
bond with Asp 123, in a similar manner to AXCP. The
environment of the proximal pocket differs from that of
AXCP in that a Lys residue occupies the position of resi-
due 124 in AXCP. Lys 126 does not form bonds to either
NO or His 120. The remainder of the proximal pocket is
similar to that of AXCP. Interestingly, in monomer B, a
glycerol molecule (from the cryoprotectant solution) within
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Fig.3 Heme site structures. a 2Fo—Fc electron density map, con-
toured at 1o showing the heme environment in as-isolated SFCP; b
super position of the heme environment of SFCP (blue), RCCP [34]
(red) and RGCP [31] (green). Residue positions that have the same
amino acid are labelled in black, otherwise following the above col-
our scheme; Fe atoms are shown as spheres. Note that a solvent-filled
channel from the distal pocket to bulk solvent is present in RCCP

Phe 88
Phe 89
R B Met 88
-
N

=

Phe
,\ Waters
Phe\

Phe/Leu D

but in SFCP is blocked by the side chain of Met 85 and in RGCP by
Leu 56; ¢ 2Fo—Fc electron density map, contoured at 16 showing the
heme environment for the proximal NO complex of SFCP (monomer
A); d superposition of the SFCP proximal 5cNO structure in mon-
omer A (blue) with that in native (red), R124K (green) and R124F
(magenta) AXCP. Note that residue 124 is omitted for clarity

Table 2 Heme centre

parameters for SFCP structures Site SECP (A) SECP (B) SECP NO (A) SFCP NO (B)
Fe-His122Ne2 (A) 2.17 2.18 - -
Fe-Lys126C3 (A) 5.09 495 5.11 4.94
Lys126-O (NO) (A) - - 3.80 3.68
Fe-N (NO) (A) - - 1.75 1.91
Fe-N-O (°) - - 123 115
Fe planar deviation A 0.23 0.19 0.21 0.20

the proximal pocket interacts with NO which is bent away
from the glycerol, resulting in Fe-N and Fe-N-O values
of 1.91° and 115° respectively (supplementary figure S2).
Such an interaction will not occur in solution spectroscopy
where glycerol is absent or indeed in vivo, but indicates the

@ Springer

extent to which Fe-N-O geometry can be influenced by
steric effects. A superposition of the SFCP 5¢cNO complex
with that in native AXCP is shown in Fig. 3d. The Fe-N-O
angle is significantly smaller in SFCP than AXCP. Ligand
geometries are summarised in Table 2.
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Kinetics of NO binding

On rapidly mixing ferrous SFCP with excess NO, an optical
transition was observed (Fig. 4) that reported the bleaching
of the ferrous Sc species (absorption maximum at 427 nm)
and the simultaneous appearance of a 5cNO adduct of the
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Fig. 4 Stopped-flow absorption measurements of the reaction of fer-
rous SFCP with 2.15 mM NO at 22 °C. a Time-dependent absorption
measurements with a split time base between 0.0012 and 0.492 s. b
The 427-nm time course overlaid with a kinetic fit (red) for an A to
B reaction. Spectra recorded between 0 and 1 s after mixing show a
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heme (with absorption maximum at 395 nm). No interme-
diate with an absorption max at ~416 nm, characteristic of
6¢NO species in other CYTcps, was observed for SFCP.
The time course of this transition could be fitted to a sin-
gle exponential, the rate constant of which was linearly
dependent on [NOJ], yielding a second-order rate constant
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conversion to the 5cNO end product. ¢ The calculated absorption
spectra of the kinetic components of the reaction. d The time-depend-
ent populations of the calculated absorption spectra
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for NO binding of 6.89 (+0.26) x 10° M~! s~! (supple-
mentary figure S3a). To ascertain whether the intense
white light, employed using the diode array, perturbed the
binding kinetics, this rate constant was also determined
employing monochromatic, less intense light, and a photo-
multiplier system and found to be essentially unchanged.
In contrast, the NO dissociation rate constant was found
to be strongly influenced by the white light of the diode
array system, which strongly enhanced the dissociation of
the bound ligand. Thus, the NO dissociation rate constant
was determined using attenuated monochromatic light and
a photomultiplier system by mixing the CYTcp NO adduct
with sodium dithionite, which acts as an NO scavenger.
The rate constant was found to be 9.16 (£2.9) x 107> s~!
and independent of the dithionite concentration over the
range 12.5-50 mM as opposed to a ~150-fold faster rate
(1.63 x 1072 s7!) in the diode array (data not shown).
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Fig.5 Correspondence of the static (line) and flash photolysis-
derived (red dots) difference spectra between the 5cNO and 5c fer-
rous species in SFCP. a Corresponds to the fast phase and b corre-
sponds to the slow phase
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Exposure of the ferrous NO complex of SFCP to laser
illumination (~10 ns flash) led to the rupture of the NO—
iron bond. Following photolysis, NO recombined with the
heme in a biphasic time course that could be fitted to the
sum of two well-resolved exponentials (supplementary fig-
ure S3b). The total amplitude and sign of the signal were
wavelength dependent and consistent with the transition
from 5c ferrous to 5cNO species and with the static differ-
ence spectrum, measured from UV—-Vis data, for this tran-
sition. Moreover, the difference spectrum associated with
each phase of the time course could similarly be adequately
fitted to the static difference spectrum (Fig. 5). The rate
constants describing each exponential dependence were
linearly dependent on [NO] (supplementary figure S3c)
yielding second-order rate constants for the two processes
of 1.42 (£0.25) x 10° M~! s7! and 3.82 (£0.42) x 103
M~!s7!, the latter being in reasonable agreement with that
determined by stopped-flow spectroscopy (Table 3).

Kinetics of CO binding

Combination of CO with ferrous SFCP in stopped-flow
experiments was so strongly influenced by white light
that it proved impossible to monitor the process using
the diode array system. Thus, the kinetics of combination
was determined using attenuated monochromatic light
and a photomultiplier system. On mixing the ferrous pro-
tein with CO a monophasic, exponential time course was
observed at all wavelengths. The amplitude and sign of
the signal was consistent with transition from a 5c ferrous
form to a 6¢CO adduct, as expected from the static spec-
trum, and the observed rate constant was linearly depend-
ent on [CO] (Fig. 6) yielding k., = 53.6 (£2.97) M~' 57!
and koz = 1.46 (£0.09) x 1072 s~!. Together, these pro-
vide an estimate of the dissociation equilibrium constant
Kp of 272 (£31) uM. This value may be compared to that
obtained from the dependence of the amplitude of the sig-
nal, at a given wavelength, on [CO] (Fig. 6b). This provides
a Kp value of ~203 (£13) uM in reasonable agreement
to that determined from the rate constants. Subsequent to
laser flash photolysis, CO recombination followed essen-
tially a double exponential time course (see later and sup-
plementary figure S4). The spectra associated with each
of these two major phases were identical in line shape to
the static difference spectrum between the 6cCO and Sc
ferrous adducts, confirming that the bleaching of the CO-
bound species is concurrent with the production of the Sc
ferrous species. The ratio of the relative amplitudes of the
two major phases (fast to slow) increases with increasing
[CO]. The rate constants of both phases were [CO] depend-
ent. The second-order rate constant of the fast phase was
found to be 2.19 (+0.08) x 10* M~! s~!. The slower phase,
although adequately fitted to a single exponential did
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Table 3 Kinetic parameters for

gas binding ligand to ferrous Ligand Method fon M5 o 57 Ko (WD

SFCP NO SF 6.89 (£0.26) x 103 9.16 (£2.9) x 1073 1.33 (£0.48) x 1078
NO (fast) FP 1.42 (£0.25) x 10° - -
NO (slow) FP 3.82 (£0.42) x 10° - -
Cco SF 53.6 (£2.97) 1.46 (£0.09) x 1072 272 (£0.31) x 107*
CO (fast) FP 2.19 (40.08) x 10* - -
CO (slow) FP 48.5 (£14.0) - -

SF stopped-flow data, FP laser flash photolysis data
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Fig. 6 Stopped-flow data for the reaction of ferrous SFCP with CO.
a Dependence of the pseudo-first-order rate constant for CO bind-
ing (average determined from measurements at 435 and 417 nm) on
[CO]. The straight line is a fit to this data and is consistent with the
standard form for second-order reactions conducted under pseudo-
first-order conductions namely kobs = kon[CO] + kofr. b Absorbance

contain a smaller, faster component. The slower portion,
comprising the majority of this transition yielded a second-
order rate constant of 48.5 (+£14.0) M~! s™!, close to that
determined by stopped-flow spectroscopy (Table 3).

Discussion

The crystal structure of SFCP

The overall structure of each SFCP monomer is similar to
that of previously described CYTcps with solvent exposed

proximal and hydrophobic distal heme pockets. The SFCP
structure is, in keeping with the majority of CYTcps, a
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change determined as an average of amplitude measurements at 417
and 435 nm plotted as a function of [CO]. The line shows a hyper-
bolic fit to this data that uses the maximum amplitude expected at
each wavelength taken from static measurements. Note that the maxi-
mum absorbance change derived from the fit at infinite [CO] is 0.167

homodimer. In contrast, the CYTcp from R. palustris is
unique in being observed only as a monomer while R. cap-
sulatus CYTcp has been reported to occupy a monomer—
dimer equilibrium [22].

CYTcps have previously been divided into groups 1
and 2, with those in group 1 having an aromatic (typically
Phe, or rarely, Tyr) residue in the distal pocket while group
2 have an aliphatic (typically Leu, or rarely, Met) residue
at this position. Another criterion was that group 1 pro-
teins have a solvent channel from the distal pocket to bulk
solvent, allowing water molecules and ligands to access
the distal pocket, while in group 2 proteins this channel is
blocked. In SFCP, Met 85 blocks this channel, reminiscent
of the Trp residue that blocks the equivalent channel in the
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group 2 AXCP, and indeed the distal heme pocket is devoid
of water molecules. These observations suggest that at least
in this respect, SFCP is more similar to a group 2 CYTcp,
whereas its distal Phe would place it within group 1. We
note that CYTcps have been further classified according
to the identity of their basic proximal pocket residue with
group (i) having Arg and group (ii) having Lys, although
the assignment of proteins to groups is not consistent with
that based on the distal residue and pocket criteria of Kass-
ner [7].

Crystal structures of several CYTcps are available with
residues Leu, Phe, Met or Tyr providing steric hindrance to
distal ligand binding. Of these, the group 1 proteins from
R. capsulatus (RCCP; PDB lcpq [35]), R. sphaeroides
(RSCP; PDB 1gqa [36]) and R. gelatinosus (RGCP; PDB
2j8w [32]) have a Phe residue in the distal pocket in the
same manner as SFCP. A superposition of the heme envi-
ronments in several of these structures is given in Fig. 3b.
The Phe residue lies in a rather similar position in RSCP,
RGCP and SFCP, parallel to the heme plane. In RCCP, the
Phe orientation is marginally different to that in the other
proteins, suggesting that the degree of steric hindrance
may be different to that in these other proteins. In previ-
ous work [22], RCCP has been shown to exhibit an equilib-
rium mixture of 6¢c- and ScNO complexes. Why then, does
SFCP show only a proximal 5¢cNO adduct? One possibility
is the influence of residues in the proximal heme pocket.
RCCP has an Arg residue in place of the Lys 126 present
in SFCP. An equivalent Arg—Lys mutation in AXCP [21]
caused a small increase in kg 5 whereas mutation to other
amino acids produced larger increases, in such cases suf-
ficient that the distal 6¢cNO intermediate was not observed.
It is conceivable that the different proximal pocket envi-
ronments in these variants and indeed in SFCP promote
faster proximal histidine dissociation and formation of the
5¢NO adduct. Another possibility is the nature of any chan-
nel that exists between bulk solvent and the distal pocket.
This hypothesis will be addressed in future site-directed
mutagenesis studies.

Whether a distal or proximal nitrosyl adduct, or indeed
an equilibrium mixture of the two is observed in a particu-
lar CYTcp appears to depend on several factors, of which a
dominant effect may be a balance in the NO affinities of the
two heme faces. Notably, mutations of distal pocket Leu 16
in AXCP to Ala or Gly resulted in a greatly increased affin-
ity and a trapping of the 6¢NO distal species [13, 14]. Con-
versely, mutations in the proximal pocket of AXCP resulted
in more rapid conversion to the proximal 5cNO form, for
some mutants leading to the 6c distal species no longer
being observed [21, 37]. The absence of such an observ-
able 6c distal NO intermediate in SFCP may thus arise
from a lowered distal affinity as a result of the bulky Phe
distal residue, an increased affinity at the proximal face or
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a change in the solvent accessibility of the heme pockets.
We were unable to observe a CO complex in SFCP crys-
tals. It is probable that the constraints of the crystal lattice
may promote the population of the occluded form of Phe
(see Scheme 1 and the discussion of kinetics below) and
thus precludes the formation of a CO adduct in the crystal.
We note that in AXCP, with a &, for CO of 101 Y
ko of 0.028 s~! and consequent Ky, of 2.8 x 107* M, a CO
complex was readily observed in crystals. The SFCP crys-
tal structure suggests that in order for CO or NO to bind
at the distal face, Phel6 would have to move significantly.
Such conformational rearrangements may serve to explain
the observed biphasic kinetics for both ligands.

A mechanism for NO binding to AXCP has previously
been proposed [11] where an initial, intermediary, 6-coor-
dinate distal complex is formed (k,,) prior to conversion
of this 6¢ species to a final proximal 5cNO adduct (kg4 s).
For AXCP, k,,, was reported as 4.3 x 10* M~! s7! with k¢ 5
of 1.14 x 10* M~! s7! [11], with significant changes to
these values in site-directed mutants [13, 14, 21]. In SFCP,
this 6¢ intermediate is not observed and instead an appar-
ent k., of 6.89 x 10> M~! s™! was found for the formation
of the 5cNO adduct in SFCP (Table 2). This value is thus
1-3 orders of magnitude lower than the NO association rate
constants for AXCP and its distal pocket mutations and 4-5
orders of magnitude lower than those observed for other
5c heme proteins such as myoglobin (table S2). This indi-
cates that NO binding to SFCP is associated with a rela-
tively high degree of steric hindrance, most likely arising
from the Phe residue that lies over the distal binding site.
In all NO-binding experiments, only the 5cNO adduct was
observed (i.e. no observed hexacoordinate NO complex),
even at substoichiometric NO concentrations. This implies
that in SFCP, k¢ 5 > k,, and thus the apparent k  reflects
both the initial binding of NO to form a 6¢ species and the
subsequent transition to the proximal form, kg s.

The kinetics of NO rebinding to ferrous SFCP follow-
ing photolysis of the Fe—-NO bond in the 5cNO complex
may be reasonably modelled by two sequential reactions.
A detailed mechanism is given in Scheme 1. In the absence
of external ligands, ferrous SFCP exits in two conforma-
tional ensembles differing in the accessibility of the heme
to approaching ligands, with this being controlled by
the position of the aromatic group of Phe 16 in the distal
pocket. The two Phe conformations, which exist in rapid
equilibrium with each other, are indicated as Phe®* for the
ligand-occluding and Phe™° for the ligand-accepting posi-
tions. The occluding form, Phe®°, is the dominant species
at room temperature. On mixing with either NO or CO,
an initial hexacoordinate ligand adduct is formed between
the ligand and the Phe”¢ form. Thereafter, re-equilibration
between forms Phe®® and Phe”‘ leads to a full saturation
of the distal binding site. In the case of CO binding, the
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5cFe?*
(427 nm)

5cFe?*
(427 nm)

5¢cNO proximal

P (395 nm)
6-5

Scheme 1 Mechanism for the reaction of ferrous SFCP with NO.
Negligible reverse reactions have been omitted for clarity. Phe®
refers to the conformation of Phel6 that occludes NO binding to the
6th coordination position of heme. Phe”° is a different Phel6 confor-
mation where ligand access to heme is not occluded. Note that
(the rate of binding of NO to the distal heme face in the ferrous 5c

reaction then terminates, while for NO, this initial distal
6cNO complex (not detected) is followed rapidly by con-
version to a proximal 5ScNO product via putative distal
5¢NO and dinitrosyl intermediates. This mechanism yields
the observed second-order rate constant k. which may be
written as kobs = kon/ (1 + Keq) Where Keq = k. ¢/kcont-
As K, is large, this accounts for the very low values of &,
compared to the previously characterised AXCP where a
6cNO intermediate is observed. Comparison of k., and k,
(as determined from the fast phase of the flash photolysis
data) suggests that K, is of the order of 102, i.e. at equi-
librium, only ~1 % of the protein has Phe in the permitting
Phe”° conformation.

After cleavage of the Fe—CO bond by flash photolysis,
the non-occluded pentacoordinate form produced may
either rebind to CO or decay to the occluded form. This is
reflected in the two major kinetic phases seen in the CO
flash photolysis data, which have identical spectra but very
different rate constants. The fast phase represents binding
to the permitting conformation and the slow phase requir-
ing re-equilibration for full binding and therefore having
the same rate constant as derived from the stopped-flow
data (supplementary scheme 1). The observation that a third
process of intermediate rate constant is present indicates
that relaxation back to the state from which stopped-flow

|
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P His B NO

conf kon ! k.

CR OB/ e A e D
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Phe©c k conf NO k'1 NO
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protein to yield a 6¢ distal intermediate) and kq_5 (the rate of conver-
sion of this intermediate to the final proximal NO adduct) observed
in other CYTcp proteins are not distinguished in SFCP because kg 5
> k... In SFCP, we thus observe an apparent binding constant for for-
mation of proximal 5cNO from ferrous 5c protein

experiments begin involves populating a transient kinetic
intermediate which is not further discussed here, but which
has been observed previously in other heme proteins, e.g.
human cytoglobin [38] and rice haemoglobin [39]. Unlike
in the case of CO, photolysis of the pentacoordinate NO
complex of SFCP yields a 4-coordinate heme species.
Our kinetic analysis shows that the difference spectra are
not that of a 4-coordinate to 5-coordinate species but are
in fact of pentacoordinate His-ligated heme to the 5cNO
adduct. This means that the fastest process following pho-
tolysis is His rebinding to the proximal side of heme but
with Phe in the permitting position (Phe¢). From here,
this species either rebinds NO at the distal face (fast phase
with k; = 1.42 x 10° M~! s71) or relaxes to the pre-domi-
nant, occluding, Phe® conformation which then binds NO
as reflected in the slow phase (k, of 3.82 x 10° M~! s71)
which again is essentially the same value as that detected
by stopped flow.

UV-visible spectroscopic and EPR data for the 5cNO
complexes of SFCP and AXCP are very similar (Fig. 1) but
the crystal structures reveal a significantly smaller Fe—-N-O
angle in SFCP than in AXCP. This distortion of the NO-
binding geometry can only in part be assigned to the pres-
ence of Lys rather than Arg in the proximal pocket as this
angle in SFCP is also smaller than in the structure of the
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R124 K variant of AXCP [37]. In fact, SFCP has the small-
est angle of any proximal complex characterised where a
single NO-binding mode is present (supplementary table
S1). The presence of an even smaller angle in monomer B
of the SFCP structure where a glycerol molecule distorts
NO binding is further indicative of the soft bending poten-
tial and easy distortion of the 5cNO complex by the proper-
ties and structure of the proximal heme pocket.

In conclusion, the presence of the aromatic side chain of
Phe 16 in the distal pocket of SFCP introduces a conforma-
tional element to the kinetics of gas binding. In addition,
formation of the final, proximal 5cNO adduct is acceler-
ated relative to that in AXCP. This could reflect a functional
role in sequestering NO, whereas proteins which retain a
population of distal NO (e.g. RCCP) would be more able
to release NO when required (i.e. a role in buffering NO).
Our data for SFCP provide only the second structure of a
proximal NO complex (all previous structures having been
of AXCP and its variants) with a significantly more com-
pressed Fe-N-O angle than in native AXCP. The signifi-
cantly different proximal pocket structure extends the range
of known Fe-N-O geometries and may thus inform model-
ling studies of the proximal NO complex in sGC.
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