12120 Biochemistry1997,36, 12120-12137

Probing the Catalytic Mechanism of Sulfite Reductase by X-ray Crystallography:
Structures of thd&=scherichia coliHemoprotein in Complex with Substrates,
Inhibitors, Intermediates, and Products

Brian R. Crané, Lewis M. Siegel' and Elizabeth D. Getzoff®

Department of Molecular Biology and The Skaggs Institute for Chemical Biology, The Scripps Research Institute,
La Jolla, California 92037, and Department of Biochemistry, DukeJgrsity Medical Center, Durham, North Carolina 27710

Receied May 7, 1997; Resed Manuscript Receed July 25, 1997

ABSTRACT. To further understand the six-electron reductions of sulfite and nitrite catalyzed by the
Escherichia colisulfite reductase hemoprotein (SIRHP), we have determined crystallographic structures
of the enzyme in complex with the inhibitors phosphate, carbon monoxide, and cyanide, the substrates
sulfite and nitrite, the intermediate nitric oxide, the product sulfide (or, most likely, an oxidized derivative
thereof), and an oxidized nitrogen species (probably nitrate). A hydrogen-bonded cage of ligand-binding
arginine and lysine side chains, ordered water molecules, and siroheme carboxylates provides preferred
locations for recognizing the common functional groups of these ligands and accommodates their varied
sizes, shapes, and charged without requiring substantial structural changes. The coordination geometries
presented here suggest that the successively deoxygenated sulfur and nitrogen species produced during
catalysis need not alter their orientation in the active site to adopt new stable coordination states. Strong
mr-acid ligands decrease the bond length between the siroheme and the proximal cysteine thiolate shared
with the iron—sulfur cluster, emphasizing the ability of the coupled cofactors to promote electron tranfer
into substrate. On binding the siroheme, the substrate sulfite provides an oxygen atom in a unique location
of the binding site compared to all other ligands studied, induces a spin transition in the siroheme iron,
flips an active-site arginine, and orders surrounding active-center loops. The loop that coalesces over the
active center shields the positively charged ligand-coordinating residues from solvent, enhancing their
ability to polarize the substrate. Hydrogen bonds supplied by active-site arginine and lysine residues
facilitate charge transfer into the substrate from the electron-rich cofactors, activ@atb@hds for reductive
cleavage, and provide potential proton sources for the formation of favorable aquo leaving groups on the
substrate. Strong interactions between sulfite and ordered water molecules also implicate solvent as a
source of protons for generating product water. From the structures reported here, we propose a series
of key structural states of ligated SiRHP in the catalytic reduction of sulfite to sulfide.

Sulfite reductases (SiRsand related nitrite reductases tively with the protein moiety to reduce sulfite to sulfide
(NiRs) are the only known class of enzymes that couple a and nitrite to ammonia during the biological assimilation and
porphyrin to an iror-sulfur cluster in a catalytically active  dissimilation of sulfur and nitrogen compounds. To further
redox center. In this center, the siroheme (tetrahydropor- understand the catalysis of six-electron reductions by these
phyrin of the isobacteriochlorin class) and the$&eluster, complex metalloenzymes, we have determined crystal-
which are bridged by a cysteine thiolate, function coopera- lographic structures of the assimilatoBscherichia coli
sulfite reductase hemoprotein (SiRHP) in complex with
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the distal face of the siroheme, opposite to the proximal implicating nitric oxide as a reaction intermediate (Jargtk
bridging ligand, Cys483. The active-site cavity and distal al., 1983). A change from triplet to doublet hyperfine
siroheme coordination position is accessible to solvent from splitting of the nitrosyl-ferroheme EPR resonance on sub-
a direction that is roughly perpendicular to the siroheme stitution of **NO,~ for ¥®NO,~ confirms that the nitrogen
normal. atom is bound to the siroheme iron derived from NQA

Complexes of SiIRHP with traditional heme ligands provide bent SFe-N—O bond is suggested by the rhombicity of the
insights into electronic states of the cofactors and contributing nitrosyl-siroheme EPR signals (Janick & Siegel, 1982) and
features of the protein that may be relevant for understandingconfirmed by resonance Raman spectroscopy, which also
catalysis. The binding of small ligands to SiRHP is governed indicates that distal hydrogen bonding from the protein to
not only by direct interaction with the siroheme and protein the ligated NO influences its vibrational modes (Hsral,
moiety but also by the indirect influence of the cluster and 1989). SiRHP can also reduce hydroxylamine ¢QH),
protein on the electronic state of the siroherfigand which is a likely four-electron reduced intermediate in the
complex. As isolated in its oxidized state (HP), the SiRHP six-electron reduction of nitrite to ammonia (Siegelal.,
siroheme iron is ferric (Fe&) and the cluster cubane has a 1982). A complex between SiRHP and hydroxylamine itself
net charge oft+2 (FeS2%). Each prosthetic group can be has never been observed spectroscopically.

reduced by one electron: the siroheme iron té"Fat a Herein, we present crystallographic structures of SiRHP
reduction potentialify’) of —340 mV (HP—1) and the cluster  jigated with sulfite, nitrite, cyanide, carbon monoxide, nitric
to FeS," at anEy of —405 mV (HP —2) (Siegelet al, oxide, sulfide (or an oxidized derivative thereof), and an

1982; Janick & Siegel, 1982). Cyanide forms a low-spin oxidized nitrogen species (probably nitrate). The ligand
siroheme complex with all three oxidation states of SIRHP, pinding site, on the siroheme’s distal face, has been
whereas carbon monoxide only reacts with the ferrous constructed to provide preferred locations for recognizing
siroheme (Siegedt al, 1982; Janick & Siegel, 1982,1983).  the functional groups of ligands with varied size, shape and
Coordination of ar-acceptor ligand such as cyanide stabilizes charge. Related stable coordination states for successively
(increases) the redox potential of the siroheme by 185 mV, deoxygenated siroheme ligands are consistent with a reaction
whereas coordination of either CNor CO to the siroheme  mechanism where substrate anions are sequentially reduced
destabilizes the lower ironsulfur cluster redox potential by two electrons and concurrently dehydrated while remain-
(Janick & Siegel, 1982; Sieget al, 1982). Thus, the ligand,  ing bound to the siroheme.
siroheme, and ironsulfur cluster should be viewed as a
coupled electronic unit where an alteration in electronic or EXPERIMENTAL PROCEDURES
structural properties of one component will be reflected in
the others. Direct or indirect influence of the protein on ~ Complex Preparation.SiRHP was purified as described
ligated states is reflected in an unusual property of the the Previously (Siegeét al, 1973; Kaufmaret al, 1993a; Crane
low-spin CO complex, which cannot be photodissociated €t al, 1997). Crystals were grown and complexes were
(Murphy et al, 1974; Hanet al, 1989), even though the Pprepared anaerobically in a Coy glove bag. SiRHP crystals
free siroheme CO complex is readily photolyzed (Murphy ~Were reduced by treatment with Cr(ll) EDTA solutions or
etal, 1974). Resonance Raman spectroscopy suggests thaby irradiation in the presence of proflavin and EDTA (Crane
when bound to the siroheme, the vibrational stretching et al, 1997). The ability of these procedures to reduce
frequencies of diatomic ligands are reduced by distal SIRHP crystals was monitored with single-crystal EPR
hydrogen bonds supplied by the protein and/or transfer of (Craneet al, 1997).
electron density from the E8, cluster (Hanet al, 1989). (A) Preparation of HP-CO and HP-CN~. To complex
Charge transfer from the F& cluster into carbon monoxide  SiRHP with CO or CN, crystals were treated with solutions
bound to the siroheme is further supported by a decrease incontaining 10 mM Cr(ll) EDTA in the presence of dissolved
the C-0O stretching frequency on reduction of the cluster carbon monoxide or 25 mM KCN. CO gas was bubbled
(Hanet al, 1989). through 3 mL solutions of 65 mM potassium phosphate
The assimilatory SiRHP does not release any detectablebuffer, pH 7.7, and 15% poly(ethylene glycol), molecular
intermediates when reducing either sulfite to sulfide or nitrite weight 8000 (K,/PEG), or 130 mM HEPES, pH 7.7, and
to ammonia (Siegedt al, 1982; Janiclet al,, 1983). Sulfite 15% poly(ethylene glycol), molecular weight 8000 (HEPES/
and nitrite both form low-spin§= %/,) complexes with the ~ PEG), for +-3 h. Cr(ll) EDTA (10 mM) was then added
ferric siroheme in SIRHP’s active center that are largely EPR- to the solution before introduction of crystals, which were
silent (Dayet al, 1988) but give some “highly anisotropic then soaked for periods of 30 mi36 h in sealed depression
low spin” (HALS) signals ag = 2.5-3.0 (Young & Siegel, wells. These solutions converted soluble SiRHP to the
1988a). The 2.2 A resolution structure of SIRHP in complex SiRHP-CO complex in a few minutes (assayed optically).
with sulfite revealed that sulfite binds the siroheme iron The SIRHP-CN~ complex was formed by incubating
through sulfur and is coordinated by an array of protein- crystals in 10Q:L of 25 mM KCN and 10 mM Cr(ll) EDTA
supplied positively charged side chains (Crabal., 1995). in KP/PEG for 30 min before the crystals were mounted
Siroheme-bound intermediates in the six-electron reductionsdry in a glass capillary. These experiments were carried out
of sulfite to sulfide or nitrite to ammonia by SiRHP are not in parallel with the reduction of SiRHP crystals iPKPEG
well characterized, with the exception of a nitrosyl-ferroneme (HP—PO, Crll) and HEPES/PEG (HR, Crll), where reduc-
species trapped by stopped-flow freezpiench EPR experi-  tion was followed by single-crystal EPR (Cragieal., 1997).
ments after fully reduced SiRHP was reacted with nitrite In the refined structures, carbon monoxide was found to
(Janicket al,, 1983). During steady state turnover of nitrite replace phosphate at only half occupancy while cyanide
by the sulfite reductase holoenzyme (consisting of SiRHP replaced phosphate completely. To compensate for the
and an electron-suppling flavoprotein subunit), the nitrosyl- partial CO occupancy, a diffraction data set that modeled a
ferroneme complex is the dominant species observed; thuscompletely occupied CO complex was constructed from data
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Table 1: Diffraction Data and Refinement Statistics for Various Oxidation and Ligation States of SiRHP

oxid res'rf Ry comg Rfacto® comg rmsd BB [Arll1 PDB
structure  ligand statd A (%) ol (%) (%) (%) geomt waters (A2 (A) code
HP—CN™ CN~ -2 2.00 6.6 14.0 97.5 18.8 94.7 0.010 374 23.2 0.19 4gep
2.08-2.00 27.8 35 96.8 28.7 90.6 1.6
HP—-CO™ CO -2 2.10 9.5 11.7 97.6 18.4 87.0 0.011 362 19.8 0.22 5gep
2.18-2.10 28.6 3.7 96.4 24.6 55.4 1.6
HP—-SG;M HSO;™ 0 1.90 7.0 17.9 97.5 17.5 93.5 0.009 350 253 0.17 2gep
2.00-1.90 29.8 6.9 96.2 24.5 78.1 1.5
HP—-S°P S(X)>~ 0 2.40 9.6 14.0 92.1 17.3 91.1 0.010 297 26.8 0.30 7gep
2.50-2.40 27.4 3.6 73.2 30.8 72.2 1.6
HP—NO," NO; 0 2.10 7.8 16.4 98.9 18.5 96.2 0.010 352 311 0.23 3geo
2.20-2.10 291 4.0 98.6 25.3 93.9 1.6
HP—NO™ NO -1 1.80 6.6 29.1 96.8 17.7 95.7 0.009 339 27.2 0.17 6gep
1.90-1.80 23.0 4.2 95.6 25.0 93.3 1.5
HP—NO3 NOs~ Oor—1 2.20 7.7 12.0 92.8 18.9 90.5 0.011 335 126 0.23  8gep
2.40-2.20 33.8 2.1 83.5 23.9 79.7 1.6

2Bound ligand? Presumed predominant oxidation state relative to oxidized SiRHP @i®heme, Fe2" cluster).c Maximum resolution of
the diffraction data (upper entry), and range of resolution in the highest bin for compiling statistics (lower®Rigy)= 5 ¥;|l; — AW 31|, over
all data (upper entry) and in highest resolution range (lower erftigijensity signal to noise ratié.Completeness of unique diffraction data.
9 R-factor= Y ||Fond — |Fead|/S |Fond. " Completeness of unique diffraction data used in refinement, (Wit 20|F|. ' Root mean square deviation
of model bond lengths (upper entry, in angstroms) and angles (lower entry, in degrees) from ideal gednether of water molecules included
in the refinementk Average model thermaBj factor.' Average coordinate error estimated fronwaplot (Read, 1988)™ Mar Research 30 cm
image plate detector, SSRL beam line 7-1 (1.08 A radiation), processed with DENZO (Otwinowski, "A98)ly occupied, reduced, carbon
monoxide complex was refined against diffraction data extrapolated from diffraction data for a reduced crystal that contained both carbon dioxide
and phosphate as axial ligands, each at partial occupancy, and a reduced crystal that only contained phosphate as an axiatH@ai@tJHP
see Cranet al. (1997)].° The HP-S complex is considered partially oxidized with an additional bonded atom (X) at a distance consistent with an
oxygen. Fuji image plates, SSRL beam line 1-5 (1.08 A radiation), DENZSiemens Hi-star multiwire area detector, Siemens SRA, XDS
(Kabsch, 1988b).

collected on the partially occupied CO complex and data calculated with coefficients, — F. taken from the observed
collected on the reduced phosphate complex-{if, Crll diffraction data collected on a putative SIRHEO complex
(Craneet al,, 1997); see below]. and a SIRHP model not containing a distal ligand revealed
(B) Preparation of HP-SGQ; and HP-NO,. To form a difference electron density peak consistent with phosphate
complexes of SIRHP with HSO and NQ™, crystals were and carbon monoxide each at partial occupan®hosphate

soaked anaerobically for 3 days with either 50 mM; IS&; was added to the model and its occupancy was varied until
in HEPES/PEG, pH 7.9, or 100 mM NaN@® HEPES/PEG, difference maps produced a peak that only resembled carbon
pH 7.7, respectively. Diffraction data for the SIRHFO?>~ monoxide. This procedure suggested that the distal ligand

complex originally collected to a resolution of 2.2 A with a  binding site in the crystal was 0.%& 0.05 occupied by
Xentronics multiwire area detector mounted on a Rigaku Ru- phosphate and 0.5 0.05 occupied by carbon monoxide.
200 rotating anode X-ray generator were superseded by aTo approximate a fully occupied diffraction data set for the
1.9 A resolution data set collected at the Stanford Synchro- SIRHP—CO complex (HP-CQs,), the HP-CO data (Table
tron Radiation Laboratory (SSRL) (Table 1). 1) were first scaled to the diffraction data for HPO, Cr-

(C) Preparation of HP-NO. To produce the nitrosyl- () with resolution-dependent single-parameter scaling in
ferroneme complex, a SiRHP crystal was mounted in a XtalView (McRee, 1992). The HPPQO, Cr(ll) and HP-
capillary and photoreduced anaerobically with 76M CO crystals were treated identically, except that CO was
proflavin and 50 mM EDTA in K/PEG for a period of 40 bubbled through the R/PEG solution prior to soaking the
min. After removal of the photoreducing solution, the crystal HP—CO crystal. Following a procedure reported in Genick
was dried with a paper wick and then bathed with 100 mM €t al.(1997), we then evaluated the differences between each
NaNGQ, in HEPES/PEG for 20 min in the dark. The crystal scaled and matched amplitud&up-co — Frp-pocrun],
was then dried again and the capillary was sealed within thedoubled to compensate for the CO occupancy of 0.5, and
anaerobic glove bag. added back to the HPPQ, Cr(ll) amplitudes. The construc-

(D) Preparation of HP-S. In an attempt to produce a tion of this extrapolated data set assumes that the only
complex with $-, a SiRHP crystal was incubated anaero- contribution other than a SIRHFCO complex to the HP
bically in 40 mM Na S in HEPES/PEG for 48 h. Diffraction ~ CO diffraction data is the reduced phosphate complex and
data were collected 36 h later at SSRL. that the HP-PQ, Cr(ll) diffraction data represent this species

(E) Preparation of HP-NOs. A putative complex of ~ @lone. The extrapolated amplitudes will only be an ap-
SiRHP with NQ~ was produced when a crystal was bathed proximation for the true amplitudes of_a fully Qccupled CcoO
in a solution containing a high concentration of hydroxyl- COMplex, because the phases associated with theG@P
amine. Analysis of diffraction data collected on a crystal diffraction data are not considered. Essentially we correct
soaked anaerobically for 36 h in 50 mM NBHCI in
HEPES/PEG suggested that a trigonal-planar molecule was,

2 Other attempts to form a completely occupied SIRHFD complex
ere unsuccessful. Crystals were incubated in CO-saturad®g&@KG

bound in the SIRHP active center. The 50 MM HICl  and HEPES/PEG with-20 mM Cr(ll) EDTA for 20 min to 48 h.
in HEPES/PEG solution was analyzed for nitrate and nitrite Longer incubation times seemed to result in lower occupancies,
content with Cayman’s nitrate/nitrite assay kit (Alexis). suggesting that the rate of CO loss from solution was competing with

. . . . . the rate of CO diffusion into the crystal or the rate of siroheme reduction
‘Approximation of Diffraction Data for a Fully Occupied  py cr(1) EDTA. CO will bind to the reduced siroheme regardiess of
SiRHP-CO Complex. Fourier maps (2.1 A resolution) the cluster’s oxidation state.
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the Fup—co amplitudes by the scaled projection of the
difference structure factor vectoFjp-co — Frp-pro, cran]
ontoFup-co. Because the differences in structure between

Biochemistry, Vol. 36, No. 40, 19972123

sistency with the difference density and suitable stereochem-
istry. In all complexes, the structural changes were small
and localized to the active center and its surrounding I8ops.

the phosphate complex and the carbon monoxide complexModeling of an overall anisotropiB value decreased the
are small compared to the conserved structural elements ofoverall R-factor by up to 2% in some cases and improved
SiRHP, and the phases of the difference vectors are randomthe quality of difference maps, especially in regions sur-

the errors introduced by this approximation will be small.
The SIRHP-CO complex was refined against this corrected
diffraction data. There are advantages to refining the
SiIRHP-CO complex against the corrected diffraction data
with contributions from the phosphate structure removed,

rounding the iron cofactors where large ripples were other-
wise encountered iR, — F electron-density maps. Com-
ponents of the overall anisotropic thermal factor were small
but consistent for all of the reported structures and indicated
slightly more disorder alongy* (B1:0= —2.6 A2, Bo.00=

as opposed to refining both phosphate and CO, each at partiaB.3 A% Bss0= —1.0 A?). There is no obvious correlation
occupancy, against the experimental data, which is a morebetween this anisotropy and the crystal shape or packing.

standard approach. Effectively subtracting out the contribu-
tion from the HP-PQ, Cr(ll) structure from the diffraction
amplitudes allows building of the CO inte, — F. and &,
— F. electron density that contains no contribution from the
phosphate complex. Also, by correcting for every structure
factor, our nonstandard approach is more similar to modeling
two conformations for the entire protein model, not just for
the ligands. Moreover, the correction is based on diffraction
amplitudes for HP-PQ, Cr(ll) and is not dependent on a
predetermined model.

Diffraction Data Collection and ReductionDiffraction

RESULTS

The various complexes of SIRHP presented in Table 1
are denoted in the text by HP (for hemoprotein) followed
by abbreviations for ligand and oxidation state. Structural
details for different reduction states of the enzyme in complex
with phosphate (HPPQy) are reported in Cranet al. (1997).

Reduced SiRHP in Complex with CO and TNBoth
carbon monoxide (Figure 1A) and cyanide (Figure 1B) bind
to the siroheme iron at angles that are nearly perpendicular

data for the various complexes and reduction states of SiRHPt0 the conjugated plane of the porphyrin. CO is inclinéd 9

crystals were collected with a variety of synchrotron and

toward Arg83 from the normal of the least-squares plane

conventional X-ray sources summarized in Table 1. The dataformed by the pyrrole and pyrroline nitrogens and has a

sets, which ranged in resolution from 1.6 to 2.6 A, were

SFe-C—0 angle of 170, whereas CNis inclined 8 toward

reduced with software that was appropriate and convenientLys215 from the siroheme normal and has a SEeN

for the data collection device and locality (Table 1).
Fourier Analysis, Model Building, and RefinemeRela-
tive scaling of data sets and calculation &f,2- F, F, —
F., and omit Fourier electron density maps were ac-
complished with the XtalView software package (McRee,
1992). XFIT, contained in XtalView, was used for model
building and structural analysis. All refinement was carried
out with X-PLOR (Bringeret al,, 1987). For the structure

angle of 177 (Table 2). The nearly perpendicular binding
of CO to the pyrrole-pyrroline plane of the two-electron
reduced enzyme agrees with the coordination state predicted
by resonance Raman spectroscopy (dgal, 1989). In an

Fo — F. omit map produced with the HRCN data and
cyanide excluded from the calculated structure factors, the
electron density peak principally suggests a perpendicular
cyanide molecule; however, &2— F. map produced with

determinations of the SIRHP complexes presented below, a@ Perpendicular cyanide included in the model for the

previously refined model of oxidized SiRHP at 1.6 A
resolution (Cranet al, 1995; Crane & Getzoff, 1997), with

calculated structure factors suggests that there may be more
than one conformation present and that one or more minority

the phosphate and water molecules removed, was refinedSPecies are either slightly off-axis or bent. AlthoughCN

by positional refinement in X-PLOR against the new
diffraction data, first to 2.8 A and then to 2.2 A (or to the
limit of the data’s resolution). The loops and areas sur-

will bind the enzyme in all three oxidation states, we assume
HP—CN is predominantly HP-2 because (i) it was reduced
with Crll in parallel with HP-PQ, Crll, which EPR evidence

rounding the active center were rebuilt to simulated annealedsuggests is fully reduced (Craee al, 1997), (i) cyanide

Fo — Fc omit electron density maps (Hodet al, 1992),
whereas the rest of the molecule, which changed little in
conformation, was surveyed and adjusted with stanéard
— Fcand F, — F. maps. Ligands were modeled into the

replaced phosphate completely within minutes, whereas in
the oxidized crystals ligand exchange for phosphate requires
many days, (iii) the Cr(ll) EDTA reagent, used in large
excess, has a redox potential1.0 V) far below that of

resulting difference peaks on the distal side of the siroheme, ither cofactor [siroheme—~340 mV) and Fg5, cluster
resolution was extended, and water molecules were added—405 mV)], suggesting that if one of the two covalently

gradually over cycles of positional conjugate gradient refine-
ment, followed byB-factor refinement. Water molecules
were placed only in difference peaks greater thanttat
were 2.2-3.5 A from appropriate protein hydrogen-bonding

linked cofactors can be reduced by this reagent, the other
should be as well. However, resonance Raman spectroscopy
indicates that different oxidation of the complex between

partners. The number of water molecules added was depend- s ajthough R-Free (Brunger, 1993) was evaluated for the initial

ent on the resolution of the diffraction data (Table 1). In

the last stages of refinement, where data quality and resolu-
tion permitted, restraints were completely removed from the S

iron—sulfur cluster, bridging ligand, and siroheme iron. When
absence of high-resolution diffraction data limited the quality
of refinement and made the configuration of the distal ligand
somewhat ambiguous, multiple orientations and coordination

geometries for the ligand were refined and evaluated for con-

positional refinements of HPSQ;, HP—PO; Cr(11), and HP-CO, all

of the diffraction data were included in the high-resolution refinements
0 that the maximum amount of diffraction information would
contribute to defining the cofactor and ligand geometry. Because the
apparent structural changes in all complexes were localized to the active
center and were relatively small compared to the overall structural
consistency of the SIRHP protein moiety, phase bias introduced by
the ligand-free oxidized SiRHP model was not a grave conéefree

was not a sensitive enough criterion to differentiate alternative bonding
geometries of phosphate or sulfite to the siroheme.
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Ficure 1: SiRHP in complex with inhibitors CO and CIN(A) Stereo view of electron density for carbon monoxide bound in the active

site of SIRHP. Electron density contoured atahd & in a 2.1 A resolutior, — F. omit map, calculated without CO or Arg153 contributing

to F., shows a small linear peak for carbon monoxide bound to the low-spin ferroheme (assumed through carbon) and a peak for Arg153
that places it too far away to hydrogen-bond to the CO oxygen (Table 3). The diffraction data for this complex was refined against data
extrapolated from data for SiRHP reduced with Cr(Il) EDTA and complexed with CO and#P&ach at half occupancy, and from data

for SIRHP reduced with Cr(ll) EDTA and complexed with HEZOat full occupancy. See Experimental Procedures for details. The structure
was subjected to 40 cycles of positional refinement in X-PLOR, without CO or Arg153, prior to the omit map calculations. (B) Stereoview
of electron density for cyanide bound in the active site of SiRHP. Electron density contoureiha 8.1 A resolutior, — F. omit map,
calculated without CN or Arg153 contributing td=;, shows an electron density peak consistent with a linear cyanide bound to the low-
spin ferroheme (binding assumed through carbon) and density for Arg153 that indicates a closer interaction between the Arg153 guanidinium
group and the bound ligand than in the HEO complex. The structure was subjected to 40 cycles of positional refinement in X-PLOR,
without CN~ or Arg153, prior to the omit map calculations. (C) Difference electron density between the cyanide (cyan) and carbon monoxide
(yellow) complexes. The 2.1 A resolution electron density map was generated from the Fourier coeffigientSco and phased with the

refined cyanide-bound structure. Positive (blue) contours at Bidicate that the positively charged active-site side chains are generally
closer to CN than to CO. Negative (red) contours at @.Bdicate that CO is bound closer to the siroheme iron tharr.bth the

siroheme iron and the E®& cluster are displaced away from the distal binding site in the €bmplex relative to the CO complex. All

three panels were rendered with XFIT (McRee, 1992).

Table 2: Ligand and Cofactor Geometries for Various States of SIRHP

S-SFé  S-Fe# SFeLl? SFe-Fe# CHB-SI' SFe-S-Fe# SFe-L1-L2"  dome disp
structuré (A) A) A) A) (A) (deg) (deg) SFE(A)  sm(A)
HP—CN 2.23 2.31 1.84 4.12 3.84 1305 171.0 0.09 0.28
HP-CO 2.23 2.29 1.62 4.06 3.87 127.9 167.0 0.13 0.32
HP-SO; 2.34 2.28 2.20 4.17 3.66 128.9 113.3 0.11 0.37
HP-S 2.48 2.23 2.34 4.22 3.63 127.1 (131.6) 0.13 0.37
HP-NO, 2.45 2.23 2.00 4.15 3.66 123.9 137.0 0.08 0.29
HP—NO 2.65 2.21 1.76 4.37 3.74 128.3 124.9 0.18 0.31
HP—NOs 2.64 2.22 3.10 4.33 3.51 125.6 0.21 0.27

aSee Table 1 for nomenclature and diffraction statistics of each crystal strutBwmad length between the bridging cysteine thiolate of Cys483
(S) and the siroheme iron (SF&Bond length between the bridging cysteine thiolate of Cys483 (S) and #$s Elaster iron Fe49 Bond length
between the siroheme iron and the closest atom of the exogenous axial ligantigeparation between the siroheme iron and closest cluster iron
(Fe4)."van der Waals contact distance between the siroheme meso carbon CHB and the cluster inorganic 8élhgi&tiefined by the siroheme
iron, bridging sulfur, and covalently linked cluster irdnAngle defined by the siroheme iron, the bound atom of the exogenous ligand (L1), and
the ligand atom bonded to L1 (L2). For the sulfide complex [S(K)L2 is assigned to the sulfur's additional putative oxygen atom X and the value
is given in parenthesesDoming or displacement of the siroheme iron above the least-squares best plane formed by the pyrrole and pyrroline
nitrogens of the siroheme. A positive displacement is in the direction of the distal-ligand binding posiienage displacement of the 24 atoms
in the isobacteriochlorin ring and the siroheme iron from their least-squares best plane.

SiRHP and CN have different coordination states (Han for the ferric sironeme iron. The-8D bond length for sulfite
al., 1989), which raises the possibility of some contribution O3 is~0.2 A longer that the other two-30 bonds and there
from a higher oxidation state in the HZN~ crystal. is strong bridging electron density abowefBom this oxygen
Despite their structural similarity, CO and CNigands to a water molecule (exp40O, Table 3) in the mouth of the
have slightly different effects on the structure of the active active-site channel (Figure 3). Bound to the siroheme, sulfite
center. As modeled, both CO and CNydrogen bond to  participates in an extensive hydrogen-bond network with
the buried water molecule at the back of the ligand-binding extended active-site side chains, the siroheme carboxylates,
pocket that itself hydrogen-bonds to the siroheme’s most and ordered water molecules (Figure 4). The geometry about
axial propionate and Arg153 (Table 3). Since CO and CN the sulfite sulfur is mainly tetrahedral, as is found with X-ray
are small and limited in their hydrogen-bond accepting crystallographic structures of sulfite bound to transition metal
ability, there is more disorder in the active-site side chains ions (Ginnet al, 1993).
for the HP-CO and HP-CN structures than for structures The SiRHP-sulfite complex is more ordered crystallo-
containing larger ligands (Figure 2). Due to cyanide’s graphically than the phosphate complex. The ordering of
negative charge, the positively charged active-site side chainsthree loop regionsfd—a2, residues 127131; a2—p35,
are closer to CNthan CO, and CNmakes a hydrogen bond  146-148; and eight residues a8—/36, 184-185, and 204
with Lys215, whereas CO does not (Figure 1C and Table 209), all located in close proximity above the active center,
3). The interaction of CNwith Lys215 may contribute to s closely linked to side-chain rearrangements at the substrate
its different direction of inclination from the siroheme normal binding site. The active-site ligating side chains contract
when compared to the coordination state of CO. Cyanide down onto the sulfite anion, which, due to its coordination
also binds further from the siroheme iron than carbon through sulfur, presents oxygen atoms that-ate0 A closer
monoxide and appears to produce a downward movementto the siroheme than those of the phosphate. The Arg153
of siroheme and R&, cluster away from the distal ligand-  guanidinium flips over to reach the sulfite but maintains a
binding site (Figure 1C). similar pattern of hydrogen bonding (Figure 5). This
Substrate Complexes of Oxidized SiRHP. (A) Sulfite rearrangement of Arg153 breaks a hydrogen bond to the
Complex. The 1.9 A resolution structure of oxidized SIRHP Met150 ), allowing the loop containing residue 15@2—
in complex with the substrate sulfite (HISO;) confirms 5, 146-152) to coalesce and pack down against the new
and extends the conclusions drawn from the 2.2 A structure guanidinium conformation. This loop rearrangement shields
presented previously (Crare al, 1995). In the HP-SO; the ligand-binding residues Arg83, Argl53, Lys215, and
structure, the siroheme iron (SFe) to Cys48®&nd refines Lys217 from solvent but does not prevent solvent access to
to 2.34 A (Table 2), consistent with a low-spin configuration the siroheme-bound sulfite. A pocket connected to the
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Table 3: Hydrogen-Bonding Distances and Separations between SiRHP Active-Site Residues and Bound Ligands
structure? Arg83 N1, Arg153 N1, Lys219 Lys217 srnf exp buried
rsn (A) N2, Ne (A) N2, NE (A) NZ (A) NZ (A) 02B (A) H,0% (A) H,02 (A)
HP—CN N 3.47 N 2.91 N 4.43 02.90
N 4.09 N 3.35
HP—-CO 04.44 03.37 04.61 02.90
04.23
03.71
HP—-SO; 023.02 032.90 013.01 012.98 032.60 012.99
023.02 032.85 02 3.07
HP-S S 3.80 X 3.08 X 3.28 X 2.30
S4.01 S3.81 S 3.53 S4.10 S 2.83
X3.72
HP—NO; 023.70 01271 01 3.06 012.52
023.28 02 3.66 023.25
013.87
HP—-NOf 0:12.82 03.13 03.72 ©22.43
02 2.54
0 3.74
HP—NO; 013.36 01293 023.61 023.02
032.76 032.82
01292

aSee Table 1 for nomenclature and diffraction statistics of each crystal strutilydrogen-bonding distances and separations between bound
ligands and the four active-site residues that contact them (Arg83, Argl53, Lys215, and Lys217). For Arg83 and Arg153 the hydrogen-bonding
distances to the ligand atom specified in the table are given for Arg NH1 (N1), Arg NH2 (N2), and Arg NE in descending order. For lysine, all
distances are between the specified ligand atom and Lys N¥drogen-bonding distance to the siroheme’s most axial propionate (oxygen O2B)
on pyrroline ring B.9 Hydrogen-bonding distance to an exposed water molecule (@) tHat is positioned at the mouth of the active-site channel.
¢ Hydrogen-bonding distance to a buried water molecule that interacts with the axial siroheme propionate oxygen (O2B) and fills the position of
phosphate atom OP2 when the phosphate is abdenthe NO complex, Arg153 and the buried® were modeled in two conformations. Their
interaction distances to the nitric oxide oxygen are specifieddd conformation 1 and @ for conformation 2.

of the smaller sulfite anion, the L$/$ aliphatic side chain
swivels, and a water molecule appears above the sulfite, in

sso L B the deep end of the substrate cavity (Figure 5). This water
100 I 4 e P, il (buried HO, Table 3), buried from bulk solvent, hydrogen-

o bonds equally to two sulfite oxygens, as well as to Arg153

B-factor A2
8
=~
T

w0 | ‘xiﬁif«: and the axial propionate from siroheme ring B (Figure 4).
150 [ Jo o’ In the phosphate complex, this siroheme propionate hydrogen

bonds to a protonated oxygen of the ligand itself.
(B) Nitrite Complex. In the complex between SiRHP and
83 153 215 217 LG its alternate substrate nitrite, the electron density for the siro-

Ficure 2: Refined thermal factors of active-site residue side chains hem? distal axial ligand is thin and fit W_e” by an _angular
and ligands in various states of ligated SIRHP. The average thermalNO2~ molecule bound to SFe through nitrogen (Figure 7)
factors B-values) are shown for the four active-site side chains but is not consistent with N© bound to the SFe through

that contact ligands in the siroheme’s distal axial coordination oxygen. Nitrite, like sulfite, induces a movement of the siro-

position (Arg83, Arg153, Lys215, and Lys217) and for the ligands o me jron into the plane of the porphyrin, which reflects a
themselves. For comparison, active-site thermal factors were . f the siroh . | 'S, 1y (Y
normalized by the average overall thermal factor of the protein in transition of the siroheme iron to low spi§ € */5) (Young

each structure. Thermal factors are also reported for the oxidized€t al, 1988a). In reaction with SiRHP, nitrite does not
enzyme with bound phosphate (HPQy), the Cr(ll)-reduced appear to first dehyrate to NGbefore binding the siroheme
Zzgmg vv\\/liittﬁ r?glé?gaﬁ’rl‘igsa%aé%é#g&ﬁ%‘rﬂj F‘S';‘l tgrearzidgtcgld iron, unlike reactions of nitrite with water-soluble porphyrin
(1997) and Table 1 for the nomenclature, diffraction data, and model systems (Barlegt al_.,'1986.3). Nltrlte_s O.l anq .02
refinement statistics associated with each species]. oxygen atoms occupy positions in the active site similar to
o ) . sulfite’s O1 and O2 oxygen atoms and make analogous
substrate b!ndlng cavity, containing seven ordered water hydrogen bonds to the protein (Table 3). Unlike sulfite,
molecules, is now sequestered from bulk solghigure nitrite does not induce the rearrangement of Arg153 and the
6). The stability inherent in this new packing arrangement qqering of active-center loops on binding in the active site,
is apparently propagated back alomg, ordering the l00p  4nq nitrite does not interact with a solvent-exposed water
between this helix anfi4. As Arg83 is drawn toward the  mgjecyle in the mouth of the active-site channel. The

sulfite, both its side chain and the attached N-terminal «qinned” orientation of the Arg153 guanidinium in the

pB-strand become more rigid. To fill space to the distal side HP—NO, complex provides a closer association between
nitrite’s oxygens and both the NH1 and NE guanidinium
“This cavity, on the side of Arg83 and Arg153 opposite to the njtrogens than would be allowed by the opposite, more

siroheme, leads from bulk solvent to a water molecule that bridges the gl " . . .
most axial siroheme carboxylate on pyrroline ring B to the peptide extended “flipped” orientation observed in the HBO;

nitrogen of Asn154. Although conformational changes in Arg83 and COmplex.
Arg153 could provide access to the back of the distal anion binding A Reaction Intermediate: Nitrosyl SiIRHX-ray diffrac-

pocket on ligand exchange, the ordered water molecule bridging Asn154ti0n studies of a photoreduced SiRHP crystal reacted with
to the siroheme would have to be displaced, which seems unlikely

considering its structural role in binding the siroheme to the protein the substrate nitrite indicate the formation of a nitrosyl-
(Figure 4). ferroheme species in the active center of SIRHP. Analysis
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ARG 153 ¥

Ficure 3: Stereoview of electron density for siroheme-bound sulfite and interacting water molecules. Sulfite binds through sulfur to the
ferric siroheme iron of oxidized SiRHP and is also coordinated by Arg83, Arg153, Lys215, Lys217, and two water molecules (shown as
crosses). Electron density contoured ato3i5 a 1.9 A resolutiorF, — F. omit map, calculated without sulfite or the interacting water
molecules contributing t&, indicates both a buried water molecule (right) and a solvent-exposed water molecule (left). The O3 oxygen
atom of sulfite forms a short (2.6 A) hydrogen bond with this solvent-exposed water (see strong bridging density) and a long (1.7 A) bond
to the sulfite sulfur. Positional refinement of the model without sulfite was carried out for 40 cycles with X-PLOR before calculating the
omit map. The figure was rendered with XFIT (McRee, 1992).

bound to the siroheme iron with an inclined conformation
(Figure 8), that is clearly different than for nitrite bound to
the siroheme (Figure 7). This species, which in solution has
been taken to represent an intermediate in the reduction of
NO,~ to ammonia (Janiclet al, 1983), has been modeled
as a nitrosyl-ferroheme complex. The bound nitric oxide is
bent, with the SFeN—O angle refining to 125 and the
Cys483 $—SFe bond has lengthened 0.2 A compared to
the HP-NO;, structure (Table 2). The exposed loop between
146 and 148, which is ordered in the sulfite complex and
disordered in the nitrite complex, remains disordered ir-HP
NO; and there is also more disorder in the positively charged
active-site side chains compared to either of the substrate
complexes. Particularly, Arg153 has been modeled in both

W;“ m# NE2oEl the conformation found for HPPO, and the flipped
Ve m & oh. e conformation found in HPSG;. In HP—NO, the NO is
?G’l e A aligned between Lys215 and Lys217, along theQll bond
T30 '\\N[;m A Y of the NG~ of HP—NO;, and these residues hydrogen-bond
vas /s to the NO oxygen with a geometry that mimics their

FIGURE 4: Active-site hydrogen-bond network of the complex interaction with O1 of N@ in the nitrite complex (Table
between SiRHP and the substrate sulfite {H#0,). Hydrogen  3)  The nitrosyl-siroheme species is likely ferrous because

bonds (dotted lines) of 2-63.2 A length are shown between the . . . )
substrate sulfite (atoms S, O1, 02, and O3), the siroheme (pyrrolethe NO—ferric heme complex is unstable (Janital, 1983;

rings A and B, pyrroline rings C and D), ordered water molecules Han et al, 1989) and would not be expected to persist in
(W), and active-site residues (one-letter amino acid abbreviations the active site over the elapsed 48 h between the reaction of

given with residue number and standard Protein Data Bank the crystal with substrate and data collection at SSRL.

nomenclature for protein hydrogen-bonding atoms). An exposed . . i .
(We) and a buried water molecule (Wb) interact directly with the Although the formation of the nitrosyl-siroheme species

sulfite’s oxygen atoms. Viewpoint of the schematic diagram is SUGgests reaction Qf nitrite with HP2, it.is also po-ssible
roughly down the normal of the siroheme ring from the distal anion- that nitrite reacts with HP-1 to form a nitrosyl-ferriheme

binding site toward the proximal ligand Cys483, Svith the complex that is then reduced by a contaminating soluble
siroheme iron residing below the bound sulfite sulfur and solvent reduction agent. such as the free copper. shown by EPR to
access to the left of the diagram. g ’ Pper, y

be present in these samples (Craeal, 1997). Interest-
of the resulting 1.8 A resolution diffraction data (Table 1) ingly, compared to structures of other metaltrosyl
revealed omit electron density for a linear diatomic molecule complexes (Feltham & Enemark, 1981), the coordinaton
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Ficure 5: Stereo representation of the changes occurring in the SiIRHP active center on the substitution of phosphate for the substrate
sulfite. The phosphate complex (backbone, magenta; phosphorous, green; sulfur, yellow; nitrogens, blue; oxygens, red; iron, brown; hydrogen
bonds, red) and sulfite complex (backbone, cyan; hydrogen bonds, yellow) were aligned by least-squares superpositios ibth@%;

f6, 33, 4, the subdomain 1 harness turn, and the domain 2 spiral connection. The guanidinium of Arg153 (center) flips over to bind the
smaller sulfite anion yet maintains a similar arrangement of hydrogen-bonding partners. In the phosphate complex, residd8s 146
(represented by the dotted purple line) are disordered, while residuesl4%xist in two conformations, one having the Met151 SD
hydrogen-bonding to Arg153, an interaction that is broken when the Arg153 guanidinium flips on binding sulfite. The entire loop from 146

to 149 orders, packing down against the new arginine position. The ferric iron shifts into the plane of the pyrrole/pyrroline nitrogens on
binding sulfite, reflecting its transition from high to lowspin. Along with the iron movement, a slight shift of Cys483 and the cluster closer

to the siroheme produces-~&.4 A shorter bond to the bridging thiolate. The aliphatic portion of the Lys215 side chain rotates to fill space
vacated by the larger phosphate, and an additional water molecule (cyan sphere), appearing above the sulfite, takes the place of a hydrogen-
bonding interaction between the phosphate and the most axial siroheme propionate. In both complexes, a structural water bridges the axial
propionate to the Asn154 peptide nitrogen/# and another water molecule hydrogen-bonds closely to the phosphate or sulfite oxygen
oriented towards bulk solvent (right). The figure rendered in AVS (Upstoal., 1989).

geometry observed in HANO is more consistent with an  bond of a partially occupied persulfide species could also
Fe(I)—NO~ rather than an Fe(H)NO species. be possible. Hence, the atom responsible for the residual
A Partially Oxidized Product Complex (HFS). Attempts density will be specified as X. Interestingly, this putative
to produce a product complex of SiRHP with sulfide resulted diatomic sulfur-oxygen species is oriented in the active site
in a ligated state where the exogenous sulfur siroheme ligandanalogously to nitric oxide in the HANO structure. Al-
appears to be partially oxidized. Diffraction data collected though a monooxygenated form of sulfur would be extremely
from a SiRHP crystal soaked anaerobically in 40 mM sulfide reactive, the SiRHP active center appears to stabilize
for 48 h, revealed a large spherical difference density otherwise unstable oxidation states of sulfur (Jardtlal.,
centered approximately 2.3 A from the siroheme iron that 1983). In the HP-S structure, the siroheme iron doming is
was interpreted to represent-Sound as an axial ligand consistent with the low-spin state measured by EPR for
(Figure 9A). However, when sulfide was included in the SiRHP complexed with sulfide (Janick & Siegel, 1982),
model, anF, — F. electron density map showed residual although the bond between the Cys483sSntermediate in
electron density in the ligand-binding sitel.7 A from the length between the high-spin phosphate complex and the low-
refined position of & (Figure 9B), suggesting contribution  spin substrate complexes (Table 2).
from an additional, minority ligand in the HFS structure. Oxidized SIRHP in Complex with NitrateAttempts at
This residual difference peak is unlikely to represent partial forming a complex of SIRHP with hydroxylamine resulted
occupancy for a bound water molecule because no waterin an oxidized nitrogen anion in the active site that is not
molecule is found at this position in the unligated structure coordinated to the siroheme iron. Analysis of diffraction
[HPem (Craneet al, 1997)]. Neither is the peak shape data collected from SiRHP crystals that were soaked anaero-
consistent with partial occupancy of unexchanged phosphatebically for 36 h in a solution of 50 mM NEDHCI in HEPES/
Rather, due to the short distance between this residual densityPEG reveal arF, — F. difference electron density peak
peak and the siroheme-bound sulfur, we interpret the surplusabove the siroheme iron that is trigonal planar in shape. The
density as belonging to an oxygen atom of a diatomic2S peak is modeled best by a nitrate anion (Figure 10). Analysis
species resulting from partial oxidation of'S Sulfide is a of the NHLOH HEPES/PEG solution in which the crystal
strong reducing agent and thus is susceptible to oxidation in
aqueous solution, even under anaerobic conditions (Waira- ° Diffraction data collected on SiRHP crystals that were incubated

vamurthy & Zhou, 1995j. However, given that this structure with sulfide for many days show large difference electron-density peaks
AT :& - e L in the active center that are difficult to interpret and are likely
is limited to 2.4 A resolution, there is some ambiguity t0 representative of admixtures of higher oxidized forms of sulfur (perhaps

the identity of the diatomic species; for instance, anSS including thiosulfate and trithionate).
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hydroxylamine or as a byproduct of the dismutation reaction
itself. The bound ligand in HPNQO; is coordinated by the
active-site side chains in a manner analogous to the
coordination of phosphate, with the exception that it does
not bond to the siroheme iron (Table 3, Figure 10). The
distance from the siroheme iron to Cys483has decreased

by ~0.2 A relative to the phosphate complex (Table 2) but
not by the~0.5 A seen in the structure of reduced SiRHP
with an empty active site [HR, Crll (Craneet al, 1997)].

In HP—NOs;, the domed configuration of the siroheme iron
suggests a high-spin electronic state. Although the siroheme
may be partially reduced in the HINO; complex, it is
unlikely that the Fg5, cluster is reduced as well because
there is excess hydroxylamine available to be turned over
as substrate. The HMNO; structure then contrasts with the
HPem structure, which also lacks a sixth axial ligand but has
an undomed siroheme iron and both cofactors reduced.
Thus, it appears the displacement of the siroheme iron is
influenced not only by the presence of an axial ligand but
also by the oxidation state of the siroheme iron and possibly
the oxidation state of the F® cluster.

DISCUSSION

Uniguely Coupled Electron-Rich Cofactors and Their
Interactions with Inorganic LigandsActive-center structures
of SIRHP in complex with small ligands of varying chemical
character probe the electronic interactions among the coupled
cofactors and bound ligands. A largansinfluence of the
exogenous ligand on the bond between the siroheme iron
FiGURE 6: Comparison of the active-center cavity of oxidized and the bridging thiolate (Table 2) emphasizes key features
SIRHP in complex with phosphate (A) and with sulfite (B). of the electronic coupling between cofactors for promoting
Compared to phosphate (purple, center), which coordinates thecata|ysis. Although the spin state of the siroheme iron, the
siroheme iron through oxygen, sulfite (bright green) coordinates f . f the siroh | dth idati
to the siroheme (gold, center) through sulfur and in doing so causesConformation of the sironeme macrocycle, and the oxidation
the guanidinium of Arg153 (red) to flip and the siroheme iron states of both the siroheme iron and the irsulfur cluster
Eﬁfow?]) to RWC:VG into tflle plexle Offthe p?rphyf(ln rlllng C?n;)paﬂlédﬂt)o could all potentially influence the bond distance between the

e phosphate complex. surface loop (yellow tube, left), ; ; S _
disordered in the other complexes, orders and packs beside thﬁswoheme.lron and brldglng Cys483,Structures of metal .
active-site side chains that coordinate the sulfite. The shape of lOPOrphyrin complexes indicate that, other than the chemical
SiRHP’s solvent-accessible surface (purple) around the active centercharacter of the ligand itself, the dominant factor determining
is further changed by two other loops that also become ordered.the bonding distance of a given axial ligand is the character

These changes alter the positions of ordered solvent (blue spheres S .
filling the cavity and the shape of the anion binding pocket E’f the trans axial ligand (Scheidt & Gouterman, 1983). In

compared to the phosphate complex. Two ordered solvent moleculesSIRHP complexes where the siroheme iron is low-spin and
contact the sulfite oxygens, one at the back of the cavity (buried roughly in the plane of the pyrrole and pyrroline nitrogens,

water molecule, bottom) and one at its mouth (exposed water ghorter bond lengths between the proximal cysteinargl
molecule, center). The loop rearrangements that accompany sulfite

binding also sequester a pocket connected to a substrate bindingh€ Siroheme iron are unusually 00"9|ated W'th Increasing
cavity that contains seven ordered water molecules (lower left). 7-acceptor character of the exogenous distal ligand. This

bond length varies with distal ligand as CO, CN SO?~

was soaked found-40—60 xM nitrate and 26-40 uM =< NO; < $ < NO (Table 2). Usually, whenr
nitrite; however, crystals soaked for 1 week in a HEPES/ interactions between an iron porphyrin and a ligand are
PEG solution of 50 mM NaN@ failed to show any  important for bonding, a better-acceptor will back-bond
substitution of phosphate by nitrate or nitrite in the active With the metal and dominate itszdorbitals, causing a
center. A complex between the SiRHP and hydroxylamine Weakening and lengthening of the bond between the metal
has never been observed spectroscopically, although dismuand a second-accepting axial ligand (Scheidt & Gouterman,
tation reactions of hydroxylamine with SiRHP have been 1983; Cotton & Wilkinson, 1988). With the exception of
observed. Reduction of the SiRHP siroheme results in the NO complex (which has unique properties discussed
release of phosphate from the active site (Cretred.,, 1997). below), this trend is reversed in SiRHP, where better
Thus, we speculate that reduction of the iron by hydroxyl- z-acceptor ligands make the siroheme iron more positive
amine may facilitate the release of phosphate followed by and thereby decrease the length of the bond between it and
binding of nitrate formed from spontaneous oxidation of the z-donating Cys483'S In addition, CO, being a better
mr-acceptor than isoelectronic CNforms a shorter bond with

L. J. Young and L. M. Siegel, unpublished data. the siroheme iron than CNand appears to draw the bridging
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Ficure 7: SiRHP in complex with nitrite. Stereoview of electron density for nitrite bound in the active site of oxidized SiRHP. Electron
density contoured atcsin a 2.1 A resolutiorF, — F, omit map, calculated without any exogenous ligands contributing, teHews a thin

peak close to the siroheme with a size and shape consistent with an angdtamNi®cule. Lys215 and Lys217 are the closest coordinating
protein ligands (see Table 3). Both nitrite oxygens hydrogen-bond to the active-site buried water molecule (cross above nitrite) at the back
of the pocket, analogously to sulfite’s interaction with a water molecule at this position. Th&lBPstructure was refined with X-PLOR

for 40 cycles of positional refinement, without including NQprior to calculation of the omit maps. The figure was rendered with XFIT

(McRee, 1992).
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ARG 153 ARG 153
ARG 83 \ ARG 83

Lys217 of Lys217
AW AN
e AN 2o NN
)}’ \/V/’\ "/""’}"\
/ LYS 215 ‘\9&‘@? XX
Yo ¥

Ficure 8: SIRHP with a bound reaction intermediate. Stereoview of a nitrosyl-ferroheme complex of SIRHP formed by reacting photoreduced
SiRHP crystals with the substrate nitrite. The 1.8 A resoluligr- F. omit map contoured atds calculated without any exogenous ligands
contributing toF., shows an oblong peak that is consistent with a linear NO molecule bound at an angle to the plane of the porphyrin. The
peak is clearly different from the omit density for nitrite shown in Figure 7. Arg153 and the buried water molecule (cross above ligand) at
the back of the active site were modeled in two conformations. One of the water positions is too close to the aliphatic side chain of Arg153
for the Arg’s conformation to be only that of the phosphate complex. The WP structure was refined with X-PLOR for 40 cycles of
positional refinement, without including NO, prior to calculation of the omit maps. The figure was rendered with XFIT (McRee, 1992).

thiolate and Fg5, cluster toward the siroheme (Figure 1C).  sulfur cluster. Density functional calculations on,&&"
Greater back-bonding between the sirohemeodbitals and clusters reduced by one electron indicate that the highest
the ligands*-orbitals in the CO complex compared to the occupied molecular orbital is largely F& z-antibonding
CN~ complex is also supported by the ligand stretching and that the additional negative charge is localized to the
frequencies observed by resonance Raman spectroscopy (Hamorganic sulfurs and thiolate ligands (Noodleman & Case,
etal, 1989). Thus, the acceptancerotlectron density into  1992). If the electronic systems of the ligand, siroheme, and
the distal ligand may strengthen the siroheme’s interaction Fe,S, cluster are highly conjugated in SiRHP, inductive
with the bridging thiolate and therefore also with the iron  electron flow into ther-antibonding orbitals of the ligand
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Ficure 9: SIRHP with bound product. (A) Stereoview of electron density for a sulfide-like species bound in the active site of oxidized
SiRHP. Electron density contoured at B a 2.4 A resolutiorF, — F. omit map, calculated without any exogenous ligand contributing to

F., shows a large peak with a size and shape generally consistent with a sulfide anion bound 2.3 A from the ferric siroheme iron that has
moved into the plane of the porphyrin ring. However, the peak is slightly asymmetric. (B) Stereoview of a 2.4 A resejutidh omit

map contoured atatand calculated from a model containing afr $cross labeled S1) built into the difference peak of panel A. The
remaining difference peak is 1.7 A away from the sulfide and is at a position and angle similar to the oxygen of NO in the [$GRHP
complex. Both panels were rendered with XFIT (McRee, 1992).

may manifest a shorter bond between the siroheme iron andoxygens and populate antibonding ligand orbitals, thereby
the bridging thiolate by alleviating antibonding electron facilitating protonation and reductive cleavage of substrate-
density between SFe and Cys483 Sransfer of electron  derived oxygen.

density from the coupled cofactors into the substrate through

7-back-bonding would increase charge on the substrate Conformational Change and Control of Substrate Binding,

Activation, and Reactity. Coordination of the substrate

sulfite to the siroheme perturbs the protein moiety in a
" This movement is not reflected in the unrestrained refined geo- manner that likely facilitates the first stages of substrate

metrical parameters of Table 2 which show equal distances between ducti A h | ined Ifi

the bridging thiolate and siroheme iron for HEO and HP-CN; r? uc_:t'on' m0|_1g the complexes examined, suliite C(_Jor'

however, a small difference is beyond the sensitivity of the refinement, dination to the siroheme causes the largest conformational

given the resolution of the diffraction data sets. It is also possible that -hange in the active center by inducing the guanidinium

traces of the HPRPQ, Cr(ll) structure remain in the HPCO simulated g f Arg153 to fli d th y h .g di gd dl

data (see Experimental Procedures) that slightly skew the iron position 9"OUP Of Arg153 to flip and the otherwise disordered loop

in HP—CO toward a domed conformation. between residues 146 and 152 to pack down against the
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Ficure 10: Stereoview of electron density for nitrate bound in the active site of oxidized SiRHP. Electron density contourecaat 3.5

80 in a 2.2 A resolutiorF, — F. omit map, calculated without nitrate contributingRg indicates that the trigonal planar NOmolecule

sits high above the siroheme in the binding pocket and does not bind to the siroheme iron. However, nitrate is strongly coordinated by
Arg83, Arg153, Lys215, Lys217, an exposed water molecule (cross in foreground), and the axial pyrroline ring B propionate (upper left).
Positional refinement of the model without Lys215, Lys217, or nitrate was carried out for 40 cycles with X-PLOR before calculaton of the
omit map. The figure was rendered with XFIT (McRee, 1992).

Ficure 11: Unique coordination geometry of sulfite compared to other siroheme ligands. Stereo close-up of the overlaid siroheme-bound
ligands phosphate, nitrate, sulfite, nitrite, nitric oxide, sulfide, carbon monoxide and cyanide (carbon, yellow and pink; oxygen, red; nitrogen,
blue; sulfur, green; iron, brown) viewed down the edge of the siroheme (bottom) and orthogonal relative to the viewpoint of the figure.
Only sulfite O3 interacts with the flipped conformation of Arg153 (thick pink lines, top right). The figure was rendered with XFIT (McRee,
1992).

guanidinium’s new conformation (Figures 5 and 6). To inactive state, but will release longer, more extended ligands,
trigger this conformational change, sulfite provides O3 in a such as azide (Young & Siegel, 1988b). Polarization of
unigue position (compared to all the other ligated states) for sulfite’'s otherwise stable -SO bonds by the positively
hydrogen-bonding to the flipped guanidinium of Argl53 charged side chains of the active site is probably important
(Figure 11). The unigue ordering of the active center in the for catalyzing reductive cleavage of the-© bonds. The
HP—SO; complex may be why an activated form of the SiRHP active site supplies eight hydrogen-bonding interac-
enzyme, produced by reduction in the absence of phosphatdions d 3 A or less to the siroheme-bound sulfite (Table 3).
at high pH, will not release sulfite when it relaxes to an Polarization of substrate-80 and N-O bonds may be
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facilitated by a reduced dielectric constant within the active ably different catalytic mechanism than that of the siroheme-
site, resulting from the shielding of Arg153 from solvent containing nitrite reductases.
and sequestration of the active-site pocket by the coalescence Structure of a Nitrosyl-SiRHP Reaction Intermediate and
of loop region 146-152 (Figure 6). Its Implications for Catalysis. The reaction of reduced
In contrast to the assimilatory sulfite reductases like SiRHP with nitrite results in formation of nitric oxide bound
SiRHP, which reduce sulfite to sulfide without releasing to the distal coordination site of the siroheme iron. The
detectable intermediates, dissimilatory sulfite reductasesbonding configuration of nitric oxide is influenced by the
primarily produce the incompletely reduced byproducts conjugation ofr-electron systems among the cluster, bridging
trithionate (S0¢?") and thiosulfate ($D:%7) (Peck & Lissolo, cysteine thiolate, and the siroheme. Unlike CO andCN
1988). These products could result from attack of the which are isoelectronic and bond to the siroheme perpen-
nucelophilic sulfite molecule on partially reduced intermedi- dicular to the porphyrin plane, nitric oxide has an additional
ates released from the active center or still bound to the electron that resides in a degenerate pairsmfopbitals. In
siroheme. The loop movements observed in the SIRHP  an angular bonding geometry with an iron porphyrin, these
sulfite complex constrain the positively charged active-site orbitals will mix with the iron’s ¢z orbital and result in a
residues and limit accessibility of other substrate molecules ligand-centered-bonding interaction (Palmet al., 1983)8
to the active center during catalysis. Because this hybrid orbital is antibonding with respect to
SIRHP and the assimilatory spinach nitrite reductase the other axial ligand, it may help to explain the increased
(SpiaNiR) are considerably homologous in their active-site separation between the Cys48348d the siroheme iron in
residues and are each able to reduce both sulfite and nitritethe HP-NO complex compared to the HINO, complex
(Crane & Getzoff, 1996); however, the two enzymes display (Table 2; S-SFe). In metalloporphyrin structures, tinans
catalytic properties that favor their preferred substrates. influence of an axial nitrosyl species also increases the bond
Moreover, unlike oxidized SiRHP, which binds heme ligands between Fe(ll) and the other axial ligands such as 1-meth-
very slowly [t;» ~8.5 h (Janicket al, 1983)], the oxidized  ylimidazole and 4-methylpiperidine compared to the bisimi-
SpiaNiR exchanges heme ligands readily (Vega & Kamin, dazole or bispiperidine complexes (Scheidt & Piciulo,
1977). The alteration of Ly%" in SIRHP to Asnin SpiaNiR ~ 1976,Scheidt & Gouterman, 1983). The 12fgle of the
is the only sequence difference between the active-site SFe-N—O bond in the HP-NO structure suggests that there
residues that contact siroheme-bound ligands in these twois considerabler-bonding between the bridging C§3 S’
enzymes. Lys217 is the most ordered ligand-binding side and siroheme iron. The more linear the metdl-O bond,
chain in all of the complexes examined (Figure 2). In-HP  the more ther-interactions between the iron and the nitrosyl
NO,, as in HP-SG;, Lys217 interacts closely with substrate ligand can be expected to contribute to bonding (Scheidt &
oxygen O1 (3.0 A, Table 3) and both carboxylates of the Piciulo, 1976). The 10decrease of the FEN—O angle in
siroheme’s pyrrole ring C (Figure 4). Barring any large Fe(TPP)(NO)(1-Melm) compared to Fe(TPP)(NO) has been
rearrangement of the peptide backbone, Asn would be toosuggested to result from decreasetbonding between the
small to maintain either the interaction with nitrite or the iron and NO as a result of thHeans-1-methylimidazole ligand
interaction with the siroheme. This suggests that in SpiaNir (Scheidt & Frisse, 1975; Scheidt & Piciulo, 1976). Although
the structure of the distal anion binding site complexed with there are no structures of nitrosyl-isobacteriochlorins on
nitrite is different than in SiRHP or that the interactions which to base comparisons, the 225Fe-N—O angle in
provided by Lys217 are not important for productive binding SiRHP is significantly smaller than the 149.Ee—N—O
of nitrite. Each enzyme binds its preferred substrate with a angle found in Fe(TPP)(NO) (Scheidt al, 1975), which
Kn of about 2 orders of magnitude less than that of the suggests a strongans influence of the bridging cysteine
alternative substrate (Siegef al., 1982; Krueger & Siegel, thiolate on the distal axial ligand in the HNO structure.
1982). Thus, removal of one charged hydrogen bond However, the small SFeN—O angle and long SFeS
between Lys217 and sulfite appears to compensate for onedistance suggest an Fe(HNO™ rather than an Fe(lH)NO
less charged oxygen atom in nitrite. Discrimination against species in HP-NO (Feltham & Enemark, 1981). Further
the smaller nitrite molecule by SiRHP may arise from a reduction of Fe(Il)>NO in the crystal may have been
shortage of hydrogen bond acceptors to counter the manypossible by nitrite itself or reducing equivalents not removed
positive charges within the active center. As Lys217 is after the photoreduction procedure.
situated at the bottom of the substrate binding pocket, beneath The geometry of the SiRHP nitrosyl may also be influ-
the phosphate, the effect of Lys217 substitution on the ligand enced by the distal hydrogen bonds supplied by the protein
exchange rate is likely electrostatic rather than steric. Eachand the electropositive character of the binding site. The
enzyme is highly specific for its preferred substrate: the considerably lower NO stretching frequency in nitrosyl-
SpiaNiRk:a/Kn is 3 x 10 greater for nitrite than for sulfite,  SiRHP (1555 cm?) compared to nitrosyl-myoglobin (1624
while the SiRHPk.{Knm is 40x greater for sulfite than for  cm™?) is thought to reflect either increased hydrogen bonding
nitrite (Siegelet al, 1982, Krueger & Siegel, 1982). Even to the distal NO oxygen in SiRHP or increased back-bonding
at substrate saturation nitrite is reducedOx faster by  to NO promoted by the electron-rich isobacteriochlorin ring
SpiaNiR than by SiRHP, while sulfite is reduce@0x faster  or the covalently linked F&; cluster (Haret al, 1989). The
by SiRHP than by SpiaNiR. Thus, Lys217 may also be SjRHP active site provides extensive hydrogen-bond donors
important for activating initial electron flow into sulfite or  to NO, CO, and CN (Table 3), yet the decrease QT
for stabilizing intermediates unique to the pathway of sulfite stretching frequency of SIRHRCO on reduction of the B8,
reduction. Itis also interesting to note that, in the dissimila- cluster [1920 cm? in HP —1 vs 1904 cm? in HP—2 (Han
tory copper-containing nitrite reductase frémohromobacter

cycloclasteshat reduces nitrite to nitric oxide, the type Il 8 This bonding configuration can also be viewed as donation of an

copper coordinates nitrite through its oxygen atoms (Adman gjectron from the iron to NO and thenpybridization of the ligand
et al, 1995) and not through nitrogen, suggesting a consider-to NO.
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Ficure 12: Preferred configurations of bound ligands in the active site of SIRHP. A stereoview of the siroheme bound ligands (orthogonal

to Figure 11) emphasizes redundancy in their binding configurations (carbon, yellow and pink; oxygen, red; nitrogen, blue; sulfur, green;
iron, brown). The oxygens of the planar nitrate anion substitute for three oxygens of the tetrahedral phosphate anion; the buried water
(cross) takes the place of the oxygen atoms of phosphate and nitrate that hydrogen-bond to the axial siroheme propionate when smaller
ligands are present; carbon monoxide and cyanide bind in almost identical fashion; the O1 and O2 of the angular nitrite molecule overlay
with the O1 and O2 of the trigonal pyramidal sulfite molecule; the bent-binding configuration of the diatomic molecule nitric oxide mimics

the N=O1 bond of nitrite and the -SO1 bond sulfite in the active site; and the putative monooxygenated sulfide-like species resembles
nitric oxide in its binding geometry. The figure was rendered with XFIT (McRee, 1992).

et al, 1989)] demonstrates that the electronic state of the with the flexibility to favorably interact with a variety of
cluster also has an important influence over the internal bondsligands bound to the distal coordination position of the
of bound diatomic ligands. It is likely the combination of siroheme. Structural water molecules potentially have two
distal hydrogen-bond donors and an assembly of electron-important roles in interacting with ligands: (1) to mediate,
rich cofactors to promote the flow of charge into bound supplement, or substitute for interactions among the pros-
ligands that results in weakened internal bonds for speciesthetic groups, the protein and the exogenous ligands; thereby
coordinated in the SiRHP active center. increasing the recognition potential of the binding site; and
A Proton-Rich Hydrogen-Bond Network That Recognizes (2) to provide a direct or indirect source of protons for the
Preferred Configurations of Bound Ligand€omparisons  generation of product water. The ruffled structure of the
of bound ligand configurations among the SiRHP complexes siroheme macrocycle, made possible by the saturated nature
presented here reveal a striking conservation of ligand of the isobacteriochlorin ring, allows siroheme propionate
geometry and orientation in the distal-binding pocket (Figure groups to extend into the distal binding pocket and participate
12). The redundancy in the coordinated orientations of in hydrogen-bonding interactions with substrate (Figure 4).
tetrahedral (HP-PO?7), trigonal pyramidal (HS@), trigo- The most axial pyrroline propionate stabilizes the orientation
nal planar (N@"), angular (NQ@"), and linear (NO, CO, SX,  of the buried water molecule that hydrogen-bonds to both
and CN) species demonstrates that the active site has beersulfite and nitrite.
constructed to provide preferred locations for recognizing Structural States during Cata|ysis'j'he mechanism of
the functional groups of ligands with varied size, shape, and sulfite reduction by SIRHP must involve delivery of electrons
charge without requiring rearrangements of active-site resi- to substrate from the cofactors, protonation of substrate
dues or loops. This may be a requirement of an active centeroxygen atoms, and release of product water molecules. The
that must interact with species of varying shape, size, andreduction and dehydration of substrate must be in part
charge generated during the multielectron reduction of sequential because the prosthetic groups can be reduced by
substrate. Protein contributions to the hydrogen-bond net-only two of the six electrons to be transferred to substrate at
work that coordinates bound anions in the active site is gne time? Thus, the active site of SIRHP must stabilize
dominated by side-chain rather than main-chain interactionspound species that are successively deoxygenated over the
(Figure 4). Extended positively charged side chains provide course of reduction by six electrons. A mechanism for the
a large number of torsional degrees of freedom for subtle reduction of sulfite by the low molecular weight assimilatory
rearrangement of bonding geometries that could allow the
enzyme to stabilize catalytic intermediates at various stages % Although comparison of catalytic rates between the SiR holoenzyme

of oxygenafuon. The_se positively Charge‘?‘ pr,Ote'n re.SId.ues with NADPH as an electron donor and the isolated hemoprotein with
provide a high effective proton concentration in the binding nonnatural electron donors suggests that electron transfer from NADPH
pocket to stabilize negative charge on the bound ligand andto the coupled cofactors is rate-limiting in the holoenzyme (Siegel

; ; al., 1974; Siegel & Davis, 1974), different rates for for the reduction
the siroheme carboxylate groups. The cage of lysine and HSO; . NO,, and NHOH by the SiR holoenzyme indicate that

. . . f
arginine residues, the sironeme carboxylates, and _Structurarhe rate of catalysis is not completely independent of substrate (Siegel
water molecules form a hydrogen-bond network (Figure 4) et al, 1974).
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sulfite reductase has been suggested to involve sequential ..
transfer of two electrons to the siroheme-bound sulfur and 1)\/?{%217 X#{ /(f)
the concurrent cleavage of a leaving hydroxide group from s . x .
substrate (Tan & Cowan, 1991;Let al, 1993). In the %’_‘;_Oﬁa O)//%
SiIRHP complexes examined, species likely to exist along 6 oy
the reduction pathway (S, NO,~, NO, and the putative N
partially oxidized SX ligand) mimic one another in their / HSO . So; -
4 s 37+ S

/

coordination geometry (Figure 12). Of these complexes, only B i
Fesse] @) @

the nitrosyl-ferroheme has been demonstrated to represent a @
true reaction intermediate (Janiekal, 1983); however, the sfz‘ H
)/(ze %\?P Hzo){
oxygen atoms. The strong bridging density between the
protonated O3 of sulfite and a hydrogen-bonding water \ L. \ Y%?
molecule only 2.6 A away (Table 3, exp®) may anticipate ' >’/Z;zo 26% 2H" oc:>,/"
X Y

HPO.
other species do represent stable coordination states for sulfur }( i
"
) >//1:|20 267 2H*
an early stage in the reaction where O3 is further protonated g

and nitrogen compounds with three, two, and one attached \/(%’
¢ X
and reductively cleaved. Removal of this oxygen would N N”“
likely leave a ferrohemeSQ,~ or ferric heme-SO2~ W W W
S
/

species in a geometry that resembles that of Ni@und to S P
the siroheme (Figure 12). Furthermore, a similar orientation ©® ® @

for O1 .Of NO; " in the HP-NO, structure and the o?(ygen Ficure 13: Schematic depiction of proposed SiRHP structural states
of NO in the HP-NO structure suggests that during the qyring the catalytic six-electron reduction of sulfite. In the first
reduction of NQ™ to NO by the enzyme, O2 of NO is step,1 — 2, reduction of the thiolate-coupled cofactors (siroheme
reductively cleaved to water while the orientation of O1 is represented by Fe boxed with pyrrole and pyrroline nitrogens and
maintained. As NO is bound in the HINO structure with the iron—sulfur cluster represented by 4S3) results in release of

. . . 1 phosphate from the active center and opening of the active site. In
the same geometry as the putative partially oxidized SX the next step2 — 3, the binding of HS@" is accompanied by the

species in the HPS structure, identical coordination ge-  flipping of the Arg153 guanidinium and rearrangement of surface
ometries may be manifested by both sulfite- and nitrite- loops. Transfe — 4, of an additional proton from an ordered,
derived intermediates over the course of catalysis. exposed water (black dot, left) to singly protonated O3 of sulfite
A plausible reaction mechanism for the reduction of sulfite with concurrent electron transfer from the cofactors to substrate
o . X . - results in formation of water and dioxygenated sulfur. The Arg153
or nitrite by SiRHP would involve successw'e reduction and guanidinium assumes its “unflipped” conformation to better interact
dehydration of substrates bound to the siroheme throughwith the two remaining oxygens of the bound ligand. Two
either sulfur or nitrogen without release from the siroheme subsequent transfer4,— 5 and5 — 6, of two electrons and two
or substantial rearrangements of coordination geometry orprotons to the coordinated species with |C_)SS of on_e Watel_’ molecule
the surrounding protein moiety. This is similar to fhesh- at each step generates the product sulfide. Sulfide, being a poor
. . . siroheme ligand and less able to chelate multiple active-site residues,
pull mechanistic paradigm used to describe-@ bond dissociates from the active center. During steady-state turnover it
breakage during oxygen activation by heme-based oxygen-is probable that phosphate does not rebind to SiRHP following
ases (Dawson, 1988; Poulos, 1988). In SiRHP, the electron-dissociation of HS from 6 prior to rereduction of the unligated
rlch Cofactor$ushe|ectrons |nt0 Substrate' Wh”e the hlgh OX|d|Zed SlRHP tR. ACtiVe'Site water mOlecu|es (ShOWn as blaCk

. . - . .. dots with hydrogen-bonding interactions to ligand oxygens as dotted
effective proton concentration provided by protein side chains lines) stabilize ligated states and probably provide protonsf@ S

and ordered solvergulls charge onto the substrate oxygen pond cleavage and product water formationdn- 5 and5 — 6,
atoms. reduction of the cofactors is assumed to occur prior to proton

By analogy to the structures of SiRHP in the ligated and transfer and release of water. Conformations for the active-site

; residues Arg83, Arg153, Lys215, and Lys217 are taker foom
reduced states presented above and in Ceara. (1997), the structure of HPPO, (Craneet al, 1997). for2 from HPun

we can envisage a series of structural states visited by thes, (Craneet al, 1997), for3 from HP—SO; (see Figure 3), for
enzyme during the catalytic reduction of sulfite by six 4 from HP-NO, (see Figure 7), fob from HP—NO (see Figure
electrons (Figure 13). Assuming the resting state of SiRHP 8), and for6 from HP—S (see Figure 9A).

(Figure 13,1) to be the oxidized enzyme with HRO bound

to the siroheme, [see HFPQy, in Craneet al. (1997)], the (Figure 13,4), in analogy to the complex of SIRHP with
first step in the reaction would involve reduction of the nitrite (HP—NO.). Subsequent transfer of two electrons from
cofactors, followed by phosphate dissociation and an ac-the cofactors and two protons from the protein active-site
companying disordering of the positively charged, active- side chains, or from the buried water molecule at the back
site side chains [Figure 132; see HRy in Craneet al. of the active-site pocket, to the dioxygen species would
(1997)]. Sulfite would then bind to the siroheme as HSO release another water molecule and produce a monooxygen-
(Figure 13,3), inducing the flip of Arg153 and the ordering ated sulfur species (Figure 13, in analogy to the SIRHP

of the active-site loops found in the structure of the oxidized nitric oxide complex (HP-NO) or SiRHP in complex with
SiRHP-sulfite complex (HP-SG;). Electron transfer from  the putative monooxygenated sulfur species {t8p. Ad-

the cofactors to substrate and proton transfer from the ditional transfers of two electrons and two protons and the
exposed active-site water molecule to the already singly release of water would generate the product sulfide, which
protonated O3 of sulfite would result in the reductive is likely released from the active center as HEigure 13,
cleavage of O3 from sulfite as water. Arg153 has reassumed6; see HP-S). Consistent with sulfide’s electron-rich
its “unflipped” conformation for a closer interaction of the s-donating properties, it interacts more weakly with the
guanidinium NH1 and NE nitrogens with the remaining SiRHP siroheme than most otheraccepting heme ligands
oxygen atoms of the deoxygenated sulfur intermediate (Janick & Siegel, 1982). Sulfide release from the enyzme
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may also be facilitated by its smaller size and reduced charge,ecules may be direct proton donors to iron bound peroxide
which diminish its chelation by multiple positively charged for oxygen activation (Kimatat al, 1995). The conforma-
residues relative to sulfite and partially reduced substrate tion of Arg153, particularly the orientation of its guanidinium
(Table 3). group, is highly sensitive to the type of ligand bound and
The redundancy of preferred ligand configurations in the may be linked to proton flux or water exchange in the active
SiRHP active center suggests that the reduction of nitrite to center during catalysis. With the exception of loop rear-
ammonia by SiRHP involves similar structural states to those rangements accompanying sulfite binding that sequester
manifested during sulfite reduction. Nitrite binds to the ferric substrate and likely aid the first steps of reduction, the SIRHP
siroheme, through nitrogen, as MOrather than first active center changes little in conformation depending on
dehydrating to NO. The flip of Argl53 and the loop the ligand bound. An active center that does not require
ordering associated with sulfite binding do not occur with large rearrangements over the course of catalysis may allow
nitrite binding, suggesting that these perturbations are the reaction to proceed quickly and may also limit the
specifically necessary for the first step of sulfite reduction. accessibility of nucleophilic substrate molecules to reactive
Electron and proton tranfer to siroheme-bound nitrite results intermediately reduced species bound to the siroheme. The
in dehydration and formation of Fe(}f/NO (analogous to  drastic switch in substrate preference between the assimila-
step4 — 5, Figure 13). Although it has been noted that tory sulfite and nitrite reductases that appears to result from
formation of Fe(llI)>NO~ would be more consistent with a  a single amino acid change (Lys to Asn) in the active center
mechanism that involves three sequential two-electron reduc-suggests that, in addition to the large positive potential and
tions of nitrite (Luiet al, 1993), EPR experiments indicate high proton concentration at the distal anion-binding site,
that Fe(I1)-NO is the predominant species during the steady- specific hydrogen-bonding interactions are required for
state turnover of nitrite to ammonia by SiR (Janekal, effective catalysis by SiRHP.
1983). Regardless of the exact electronic state of the NO
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