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Sulfite Reductase Structure at 
1.6 A: Evolution and Catalysis for 
Reduction of Inorganic Anions 

Brian R. Crane, Lewis M. Siegel, Elizabeth D. Getzoff" 

Fundamental chemical transformations for biogeochemical cycling of sulfur and ni- 
trogen are catalyzed by sulfite and nitrite reductases. The crystallographic structure of 
Escherichia coli sulfite reductase hemoprotein (SiRHP), which catalyzes the concerted 
six-electron reductions of sulfite to sulfide and nitrite to ammonia, was solved with 
multiwavelength anomalous diffraction (MAD) of the native siroheme and Fe4S4 cluster 
cofactors, multiple isomorphous replacement, and selenomethionine sequence mark- 
ers. Twofold symmetry within the 64-kilodalton polypeptide generates a distinctive 
three-domain alp fold that controls cofactor assembly and reactivity. Homology re- 
gions conserved between the symmetry-related halves of SiRHP and among other 
sulfite and nitrite reductases revealed key residues for stability and function, and 
identified a sulfite or nitrite reductase repeat (SNiRR) common to a redox-enzyme 
superfamily. The saddle-shaped siroheme shares a cysteine thiolate ligand with the 
Fe4S4 cluster and ligates an unexpected phosphate anion. In the substrate complex, 
sulfite displaces phosphate and binds to siroheme iron through sulfur. An extensive 
hydrogen-bonding network of positive side chains, water molecules, and siroheme 
carboxylates activates S -0  bonds for reductive cleavage. 

Sulf i te  and llitrlte red~ictases (SiRs and 
KiRs) arc kcy to hot11 biosynthctic assimi- 
lation of sulf~ir and 111trocrell aliii iil<simila- 
ti011 of osiilizeci a~ i ions  for energ\- transii,~c- 
tion (1 ) .  Found thro~lgl lo~i t  the tliree major 
kingdoms of hying organisms (Arcliaea, 
Aactrri,l, ailii Eucarya), SiRs anii n o s t  NlRs 
emplo\- a s~rolicmc (reciuccil porphyrln of 
thc iso\~acterlochlor~n clash) ( 2 )  that is ex- 
chanirc-cou~~lcd \ ~ ~ t l l  an  iroin-sulf~lr cluster 
to perf(irm tlie r cmark~~h le  reiluction of a 
sillqle ~ t c ~ m i c  center hy six electrons ( 3 ) .  

Assimilatory SlRs and NiRq in I~acteria, 
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To vvnolr corres12ondence should be addressed 

i~il igi ,  algae1 and plantc provide tlic re~luceii 
sulf~ir (osidation state 2 )  a n ~ l  n ~ t r o g e l ~  
(osidatioll state -3 )  llecessary for inccirpo- 
ration into hiomolecules requireii b\- tlienl- 
sel\le> anil otlicr higher organislns ( 1 ,  4). 
SIR generates sulfiile frcim culfite tor cullse- 
i l ~ x n t  cysteine Iliosyntlicsic in tlic t e r ~ n ~ n a l  
ctep of the 3'-phospl~oaciciiylyl sulf,ltc 
(PAPS)  patli\vay (4 ) .  Assimilatory reiiui- 
ticin of nitrate tc-i a ~ i i ~ i i o n ~ a  proceeds ily 
initial tno-clectri>n rciluctic-in ti) nltrlte 211~1 

then  direct six-electron red~iction to ammo- 
nia hy a n  NiR that contains a slrohcme anil 
a n  iron-culf~~r c l ~ ~ s t e r  ( 1 ) .  111 contr,~st ,  111s- 
simil,ltorY de~nitrification transforms nltrate 
ti> n ~ t r i t e ,  iiltric oxicie, nitrous oxide, anil 
finall\- d in~trogen t l ~ r ~ ~ i g l i  s c q ~ ~ c l ~ t i a l  c-ine- 
and tn.0-elcctron rcductionc ( 1  ). Tlic as- 
similatciry ellemistry ic recpi)nsihle for re- 
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duciilg Illore than 1L7" lnegatonj of K O j -  a 
year, thus producing 1L7G times Inore K H ,  
th,u-i nitrojicn fisation hy nitrogellase (5) .  

Durillg dissimilatory sulfite reduction in  
sulfate-red~icing eul~acteria and some ther- 
mophilic archachacteria, sulfite can act as a 
ter~nillal  electron acceptor iiuring anacrohic 
respiration ( 1 ,  4 ) .  Esccss sulfiile released to 
the environment colltrihutes to biogeo- 
chemical sulfur cycling and causes corrosioll 
and contamii-iation prohlcms for the  oil ai-iij 
selvage trcatmcnt industries (6). Dissimila- 
tory SiRs have sirohelne and iron-sulfi~r 
clusters, are multimcric with varying sub- 
unit compi)sition, ;lnil are iiiffcrelltiatcd 
from assimilator\- sulfitc reiluctases hy their 
prope~lsity to release trithiollate ( S 3 0 , 2 p )  
~ n c l  tliiosulfate ( S 1 0 i 2 )  h\-yroducts (1 ) .  

T h e  E .  coli assimilator\- SiR (E.C. 
1.8.1.2) is a11 oligoiller of eiglit 66-kD fla- 
vol?ri)tein (SiRFP) anil four 64-kD llemo- 
protein (SiRHP) sub~ i l~ i t s  (7, 8). In  vivo, 
SiRFP tra~lsfers c l e c t r o ~ ~ s  from reii~lceJ nic- 
otii-iamiiie aden i i~e  dinucleoti~le phosphate 
( N A D P H )  to SiRHP (9) .  Each SiRFP has 
one flavin aiienine ili~lucleotide (FAD) anti 
one fla\~ill mononuclcoti~ic (Fh lK)  binding 
site, yet the  SiRFP octanier hinds only four 
FAD anti four FhlK cofactors (8) Isolatcd 
SiRHP, n l ien  proviiiecl \vitli cu~tahle clec- 
troll donors, can reduce SO j L p  to H S  anii 
N O ,  to N H 4 - '  witliout relcas~iig Intcrmc- 
ijiates ( 9 ,  10) .  111 colitl-ast, isolateij siro- 
heme catal\-:es these r e d ~ ~ c t i o l ~ s  ~ i ~ e f f i c i e i ~ t -  
ly and incomplctcly (1 1 ). SiRHP accommo- 
dates an  clectrcin at  the sirohcme with a 
reiios potential (El?) of -34L7 mV (12) ,  
allti a t  the Fe4S4 clustcr with an  E ' ,  of 
4 0 5  I,\. (13) .  ~ e c h i c d o n  of SiRHP en-  
liaiices suli\tr,~te l ~ ~ n i i i n u  aqd dissociation Y I 
rates 1L7' tilllei (IL?), s~iggestiiig a link hc- 
tween cof;~ctor e lec t ron~c state< anii prote i~i  
cOl1fi)rlllatloll. 

T h e  cryctal structurcc of S IRHP prescnt- 
ed l~clo\v reve,ll h o n  a protein utilizes un- 
clcrl\-ing tn.ofi)l~l cymmetr\- to associate co- 
factcirs  nil e~ l l in~ ice  tlieir reactivity for ca- 
tal\-sis. Co~nser \ .a t~on of c l~em~ca l ly  coingr~i- 
en t  residues 1ietn.cen symmetry-related 
lialx-e~ of SiRHP alld amollji other SiRs ailci 
NiRs liiqhliglits qegmentb of scq~ici-icc nee- 
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essary for stability and function and suggests 
that the topology of this sulfite or nitrite 
reductase repeat (SNiRR) persists in mole­
cules as divergent as nitrate reductases and 
mammalian sulfite oxidases. Structures of 
the oxidized SiRHP active center in com­
plex with phosphate to 1.6 A resolution and 
in complex with the substrate sulfite to 2.2 
A resolution provide insight into the cata­
lytic mechanism. 

Structure determination and descrip­
tion. The crystallographic structure of 
SiRHP was solved by combining phase in­
formation from multiwavelength anoma­
lous diffraction (MAD) (14) and multiple 
isomorphous replacement (MIR) plus 
anomalous scattering (MIRAS). Proteolytic 
cleavage produced the fully active hemo-
protein species (residues 74 to 570) that was 
then crystallized (15). Extensive screening 
of heavy atom compounds (16) identified 
derivatives useful only at low resolution 
(Table 1) for supplementing the more pow­
erful EMTS (ethyl mercurithiosalicylate) 
derivative (17). Secondary structural ele­

ments were built into MIRAS electron den­
sity maps, but large phase errors precluded 
further interpretation. MAD data (Table 2) 
were collected at three wavelengths chosen 
to maximize anomalous and dispersive sig­
nals from the five native iron atoms (18); 
combined phases derived from both MAD 
and MIRAS data produced an interpretable 
map. Difference Fourier analysis of a sel-
enomethionine-substituted SiRHP (SeHP) 
aided sequence identification and chain 
tracing (19). Cycles of model-weighted 
phase combination, manual rebuilding with 
interactive graphics, and reciprocal space 
refinement (20) produced the final model 
(Table 3). Unexpected tetrahedral electron 
density at the distal axial coordination po­
sition of the siroheme in 1.6 A resolution 
omit maps was modeled as a phosphate 
anion with due consideration to the crys­
tallization conditions (15) and chemical 
environment (21). 

In the SiRHP crystal structure, the siro­
heme, with bound phosphate, and the Fe4S4 

cluster are juxtaposed at the interface of 

three a/|3 mixed-sheet domains and bridged 
by a shared cysteine thiolate ligand (Fig. 
1A). Viewed down onto the cofactors, the 
molecule is trilobed, approximately 60 A in 
diameter and 40 A thick (Fig. 1A). The 
central (3 sheet of each domain contributes 
to forming the interface between domains 
and to binding the prosthetic groups. Sol­
vent-exposed helices pack around the pe­
riphery of the protein. A pseudo-twofold 
axis forms a single domain from subdomain 
1 (residues 81 to 145) and subdomain 1' 
(residues 347 to 421, Fig. IB), and relates 
domain 2 (residues 146 to 346, Fig. 1C) to 
domain 3 (residues 422 to 570, Fig. ID). 
Thus, a previously unrecognized gene dupli­
cation apparently correlates an NH2-termi-
nal repeat (subdomain 1 plus domain 2 or 
residues 81 to 346) to a COOH-terminal 
repeat (subdomain 1' plus domain 3 or res­
idues 347 to 570). 

Subdomains 1 and 1' are related by 
pseudosymmetry to produce a topologically 
distinctive single domain resembling a para­
chute (Fig. IB). The completely antiparal-

Table 1. Native and derivative data statistics. Derivative data sets were as 
follows: EMTS, 3-day soak in 0.1 mM ethyl mercurithiosalicylate; CH3PbOAc, 
2-day soak in saturated trimethyl lead acetate; 2HTPN, 6-day soak in 10 mM 
2-hydroxyethane thiolate-(2,2',2"-terpyridine)-platinum nitrate; KAu(CN)2, 

cocrystallization of SiRHP with 4 mM potassium dicyanoaurate; CH3HgOAc, 
24-hour soak of 0.1 mM methyl mercury acetate and 0.2 mM thiomaleate; 
SeHp, selenomethionine substituted SiRHP (19). 
anomalous diffraction. 

Data set 

Native 1 ** 
Native 2 t t 
EMTS** 
CH3PbOAc1::i: 
2HTPN:i::i: 
KAu(CN)2W 
CH3HgOAc:i-4 
SeHP§§ 
EMTSano** 
Nativea/70|||| 

Resolution* 
(A) 

2.3 (2.5-2.3) 
1.6(1.7-1.6) 
2.5 (2.7-2.5) 
3.0 (3.2-3.0) 
5.0 
5.0 
5.0 
2.7 (2.9-2.7) 
3.5 (3.7-3.5) 
2.5 (2.7-2.5) 

Rmerge I 

(%) 
10.2(19.7) 
9.9 (27.0) 
7.2(14.3) 
7.4(10.7) 
8.0 
9.5 

12.6 
13.6(35.5) 
5.8 (7.6) 

10.5(19.7) 

°"ci;f 

0 
0 
2 
3 
3 
3 
3 
2 
1 
1 

Complete­
ness (%) 

90 (52) 
97 (93) 
83 (43) 

100(100) 
96 

100 
95 
56 (34) 
88 (85) 
98 (93) 

Riso or FanoX 
(%) 

24.6 
24.9 
15.3 
15.3 
23.9 
31.9 

6.4(6.1) 
8.1 (7.9) 

Phasing 
power§ 

1.6 
1.1 
0.7 
1.2 
1.4 
1.0 
1.1 
1.9 

flcorflK|| 
(%) 

59 
67 
74 
61 
61 
69 
15 
13 

SitesSI 
(No) 

1 
2 
1 
2 
4 
7 
6 
5 

^Highest resolution of data set followed by resolution range in highest bin for compiling statistics. yRm&ye = 2Ey I // - (/) I /£(/). I F\ > ucut x <r \F\ used in heavy atom refinement 
and phasing. %Riso = £ I \Fph\ - \FP\ l/S \FP\ for isomorphous replacement (iso) data. Fano = rms(|F + I - \F~ |)/rms|F| for acentric anomalous scattering (ano) data (and for 
centric reflections) where rms is the root mean square. ^Phasing powerjso = < I Fhc I )/(£) where I Fhc I is the calculated heavy atom structure factor amplitude and E is the residual 
lack of closure error. Phasing powerano = (21Fh"I)/(£) where \Fh"\ is the anomalous correction component amplitude. ||RC = 21 \F h\ ± \F \ - \Fhc\ |/2 I \F h\ ± \F \ I, for 
centric reflections of isomorphous derivatives, RK = 2 \\F+h\ - \Fphc\\ + \\F~h\ - \F~hc\ l/S \Fph\ + \Fph\ for anomalous scattering. TThe number of heavy or anomalously 
scattering atoms. X-ray sources and instruments: **Dual Xuong/Hamlin proportional counter area detectors at University of California, San Diego (CuKJ; ttMar Research 
image plate detector at the Stanford Synchrotron Radiation Laboratory (SSRL), beam line 7-1 (1.08 A radiation); Centronics area detector, Elliott GX-21 rotating anode generator 
(CuKtv Ni-filtered radiation); §§Mar Research image plate detector, Elliott GX-21 rotating anode generator (CuK(v radiation); ||||Native anomalous signal taken from the average 
of the Bijvoet differences between Native 1 and a diffractometer data set collected at Duke University (17), reflections with I IF +1 - IF ~ I I > 2.0 x (| | F +1 - IF ~ I I) removed. 

Table 2. Multiwavelength anomalous diffraction statistics. 

Wavelength 
(A) 

a) 1.5418 
b) 1.7374 
c) 1.7412 

Complete* 
(%) 

93.0 
91.4 
90.0 

I* merge' 

on F± 

(%) 

5.6 
6.2 
5.3 

Bijvoet 

Calc. 
(%) 

1.9 
3.6 
2.4 

signal 

Obs. 
(%) 

5.7 
6.5 
5.7 

Dispersive signal§ 

Calc. 
(%) 

vs. b) 1.8 
vs. c) 0.9 
vs. a) 2.7 

Obs. 
(%) 

vs. b) 3.5 
vs. c) 4.3 
vs. a) 5.2 

V 

-1.25 
-5.98 
-8.33 

f" 

3.14 
4.73 
2.55 

^Overall completeness of data to 2.5 A resolution. 'Emerge = s s / ' ' ^ ' ~~ ( l ^ I) l / ^dF^ I) for comparison to calculated and observed signals. ^Calculated Bijvoet signal 
= q{2f"), where q = (1 /Zeff)(/Va/2/vJ1/2; Na is the number of anomalous scattering centers (5 Fe); NP, the number of nonhydrogen enzyme atoms (4011 for SiRHP); and Zeff, the effective 
normal scattering factor (-6.62 e). Observed Bijvoet signal = rms(A|F±/'|)/rms(|/:r|). Errors estimated from symmetry-equivalent centric reflections give values of 1.5 to 1.7 percent. 
Observed signals are larger than those calculated due to correlated scattering of neighboring iron atoms at lower resolution (an increase of ~V/Va) and less attenuation of anomalous 
scattering, as compared to normal scattering, with higher resolution. ^Calculated dispersive signal = q[f'{\) - f'{\)]. Observed dispersive signal = rms(d|FAM)/rms(|F|). f and 
f" are the real and imaginary components of the anomalous scattering vector in electrons (78). 
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lel fi strands form an array of cords stretch- 
ing upward from the harness turns (joining 
P3 and P4 of subdomain 1, and P3' and P4' 
of subdomain 1') to opposite ends of the 
four solvent-exposed canopy helices. When 
viewed through the central hydrophobic 
core, the two sheets and four helices form 
an almost equilateral triangle, directing the 
harness hairnins toward the interdomain 
interface and cofactor binding sites. 

Domain 2 contributes residues for bind- 
ing the siroheme and chelating anions 
against its distal face, whereas domain 3 
supplies the four cysteine Fe4S4 cluster li- 
gands from the first two adjacent loop con- 
nections of its central p sheet (Fig. 1, C and 
D). These homologous domains are each 
constructed from a five-stranded mixed P 
sheet with P5(P5'), P6(P6'), and P7(P7') 
parallel in their direction of propagation 
and P7(P7'), P8(P8'), and P9(P9') anti- 
parallel (parenthetical primed notations 
represent the symmetry-related structural 
elements). Each P sheet, linked entirely by 
nearest-neighbor connections. is flanked on - 
its solvent-exposed side by parallel helices 
a3(a3')  and a4(a4')  and antiparallel helix 
a5(a5'). An extended 18-residue linke: 
strand (residues 329 to 346) wraps 44 A 
around the molecule to join the symmetry 
repeats (Fig. 1C). 

Virtually all regions of the molecule con- 
tribute to binding and modulating the confor- 
mation of the cofactors or linker strand, either 
by direct contacts or by supplying a structural 
framework for those contacts to be made. The 
interface between domains 2 and 3 is formed 
by the spiral connection (type 1 turn linked to 
a 3,0 helical turn) between P6(P6') and 

Table 3. SiRHP-P043- refined model statistics. 

Scatterers 
Residues 

Total 
Two conformers 
Disordered 

Cofactors 
Ions 
Waters (No) 
Resolution (A) 
Reflections (No) 
(l/ul)$ 
R factor: (%) 
Free R5 (%) 
(Protein B) (A2) 
(Water B) (A2) 
Rmsd bonds¶ (A) 
Rmsd angles¶ (") 

456 
4 
41 
1 Siroheme 
1 HPOa2 
486 
10.0-1.6 
61 005 
28.7 
19.1 
21.8 
16.9 
39.0 
0.01 0 
1.6 

'Highest resolution bin for compiling statistics. tln- 
tensity signal-to-noise ratio. SR = I 1  IF,,,^ - 
I I I LY I Fobs I for all reflections (no cr cutoft). $Free 
R (40) calculated aaainst 10 Dercent of the reflections re- 
moved at random lafter the model was completed. After 
releasing the selected data, positional and thermal (6) fac- 
tor refinements were carried out until the R factor leveled. 
producing the tabulated value. IlEstimated standard 
deviation in B factors. ¶Root-mean-square deviations 
from bond and angle restraints. 

P7(P7'), the extended turn between P8(P8') 
and P9(P9'), the second cluster binding loop 
(after P6'), and the linker strand (Fig. 1, C 
and D). Side chains from the central spiral 
connections also make contacts with the co- 
factors and the parachute domain. The active- 
center architecture is constructed coopera- 
tively from both symmetry repeats; one would 
be insufficient. 

Twofold symmetry and the SNiRR. 
The SiRHP twofold symmetry provides 
compelling evidence for a new structural 
module, the SNiRR, which is common to a 
superfamily of anion redox enzymes. The 

slight sequence conservation between the 
symlnetry repeats, concentrated in four ho- 
mology regions (HI  to H4), highlights res- 
idues imperative for form and function (Fig. 
ZA). The P strands of the two SiRHP sym- 
metry repeats align well, whereas the posi- 
tions, lengths, and conformations of helices 
and surface loops are more variable (Fig. 
ZB). One set of svmmetrv-conserved resi- 
dues establishes and stabilizes local back- 
bone conformation. Another set adonts 
chemical functions analogous to those 
found in the active center. Key structural 
determinants include (i) preferred glycines 

Fig. 1. Topology of SiRHP and its component domains. (A) Stereo view of the overall SiRHP fold with 
pseudo-twofold axis vertical. The siroheme (blue), Fe4S4 cluster (Fe, brown; S, yellow), and phosphate 
(purple and red) are bound in the active center at the interface of three domains: domain 1/1' (top), 
domain 2 (left of phosphate), and domain 3 (right of cluster). Disorder in the polypeptide chain (yellow coil) 
occurs in three surface loops (1 27-1 31 , 184-209, and 146-1 48), all of which become more ordered in 
the sulfite complex. NH2-terminus, front, above the siroheme; COOH-terminus, lower right; a helices, 
green; p strands, red. (B) Parachute domain as Ca backbone tubes and siroheme (gold). Conserved 
glycines (yellow) between subdomain 1 (cyan) and subdomain 1 ' (magenta) have backbone conforma- 
tions disfavored for other residues and help define the triangular shape of the parachute. Symmetry- 
related p sheets of subdomain 1 and 1 ' exchange end strands (2 and 2') to generate strand orders of 1, 
4,3,2' and O', 1 ', 4', 3', 2, where PO' of the COOH-terminal repeat corresponds to disordered residues 
74-80 at the non-native NH2-terminus (Fig. 2A). Thr115 (green) and ThPg3 (red) stabilize bulges in the 
harness turns by side-chain to main-chain hydrogen bonds, thereby allowing the Gln1l8 (green) and 
Gln396 (red) side chains to interact with the P5(p5') main chain of domains 2 and 3. (C) Domain 2 and 
siroheme. Glycines conserved between domains 2 and 3 (yellow) guide local backbone conformation. 
The spiral connection between p6 and p7 (green) contributes to the interdomain interface and cofactor 
binding. The a5, helix, wedged perpendicularly between a4 and the 5-stranded p sheet, projects the 
extended turn between p8 and p9 (red) towards the symmetry-related half of the molecule. An extended 
strand (white) links a5, to PO', to join the symmetry repeats. (D) Domain 3 and Fe4S4 cluster. The cluster 
(Fe, brown; S, yellow) is ligated by Cys434 and Cys440 (first cluster loop connecting p5' to a3') and by 
C ~ S ~ ~ ~  and Cys483 (second cluster loop connecting p6' to the spiral connection). Colored tubes repre- 
sent the symmetry-related regions described for domain 2 in Fig. 1C. (A) produced with RIBBONS (41); 
(B), (C), and (D) with AVS (42). 
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that allow main-chain conformations 0th- gen bond to main chain may be preserved SiRs and NiRs (Table 4) defines the SNiRR 
erwise prohibited by local side-chain colli- because their mutation could leave the hy- and indicates a conserved twofold-symmet- 
sions, and (ii) conserved side-chain to drogen-bonding potential of the invariant ric catalytic unit despite variation in size 
main-chain hydrogen bonds that stabilize peptide backbone unfulfilled in the absence and oligomeric state. 
turns and transitions between secondary of conformational change. Conservation of Region H1 forms a P hairpin, which is 
structural elements. Side chains that hydro- the SiRHP homology regions among other composed of P3(P3'), the harness turn, 

P4(P4'), and two flanking glycines (Fig. 

Fig. 2. SiRHP symmetty defines the SNiRR. (A) In a sequence alignment based on structural superpo- 
sition (see Fig. 2B), NH,-terminal (above) and COOH-terminal (below) SiRHP SNiRRs have 17% residue 
identity. Residues (one letter code) are numbered at either end (0) of secondary structural elements, p 
strand extensions (ex), and spiral connections (3/10). Residues that bind the siroheme carboxylates (red), 
the Fe4S4 cluster (gold), and the phosphate (blue crosses) are indicated. The homology regions (cyan) 
found between the symmetty repeats and among related SIR and NiR sequences are underscored HI to 
H5. Locations of insertion points for domains supplying reducing equivalents in other SiRs or NiRs (Table 
4) are mapped onto the SiRHP sequence: Fd, ferrodoxin-like domain in ArfdSiR; Fv, flavodoxin-like 
domain in AnaNiR and EcdNiR. Inset - Twofold symmetric topology of SiRHP (rectangles - a helices, 
arrows - p strands, bent line - 3,, helix). The SNiRR formed by subdomain 1 (upper center) and domain 
2 (upper left) is twofold symmetric with the SNiRR formed by subdomain 1 ' (lower center) and domain 3 
(lower right). The surface-exposed loop between a3 and P6 (184-209) is disordered (43). The first 
ordered residue at the proteolytically cleaved NH,-terminus is 81. (B) Superposition of the NH,-terminal 
SNiRR (cyan) with associated siroheme (gold) and the COOH-terminal SNiRR (magenta) with associated 
Fe4S4 cluster (Fe, brown; S, yellow; cysteine thiolates, blue) shown in stereo as Ca backbone tubes (42). 
SiRHP homology regions [HI, yellow; H2, pink; H3, orange; H4, green; H5, white; see (A)] are mapped 
onto both SNiRRs. In subdomains 1 (81-145) and 1 ' (347-421), the crossover p strands p l  (p1 ')-p2(p2') 
(81-90, 357-366) and the harness p hairpinsop3(p3')-p4(p4') (1 10-1 18, 388-396) superimpose with a 
root-mean-square deviation (rmsd) of 0.8 A for 19 matched Cas. In domains 2 (146-346) and 3 
(422-570) p5(p5') (155-158, 431-434), p6(p6') (215-221, 471-477), the spiral connections and 
P7(p7') (229-241, 485-497), p8(p8') (248-253, 500-205), pg(p9') (272-276, 516-520), and a5(a5,') 
(306-31 5,547-556) superimpose with an rmsd of 1.5 A for 45 matched Cas. 

ZB) and conserves structural features oblig- 
atory for the three-dimensional shape of the 
parachute domain (Fig. 1B). HZ, including 
P5(P5') and the subsequent loop, and H3, 
including P6(P6'), the subsequent loop, 
and its following spiral connection, con- 
serve residues acting in cofactor and sub- 
strate binding as well as their symmetry 
analogues, suggesting an ancestral dimer 
with two active centers. In the SiRHP 
NH,-terminal SNiRR, HZ and H3 have lost 
Fe4S4 cluster binding functionality, whereas 
in the COOH-terminal SNiRR, HZ and H3 
have lost anion binding functionality. Nev- 
ertheless, some apparently vestigial cofactor 
and substrate-binding residues have been 
maintained and recruited for structural in- 
teractions (Fig. ZA). Region H4 contains 
conserved glycines and other structural de- 
terminants that direct the extended loop 
between PB(P8') and @9(P9') toward the 
center of the molecule to stabilize siroheme 
binding and the interface between domains 
2 and 3 (Fig. 3A). 

The persistence of active center features 
in the symmetry-related region of the mol- 
ecule is exemplified by the long linker join- 
ing the SNiRRs (Fig. 3A). Region H5, at 
the COOH-terminal end of the linker, is a 
seven-residue segment, conserved among 
some SiRs and NiRs, that binds into the 
residual invagination symmetry-related to 
the active center and forms a structural 
mimic for siroheme (Fig. 3B). The siro- 
heme-bound anion is also mimicked by the 
linker, suggesting that both contribute to 
molecular stability. Stabilization by the 
linker strand, through excluded surface area 
and buried hydrogen bonds, may primarily 
prevent conformational flexibility since the 
association of the SNiRRs alone sequesters 
sufficient surface area for a stable dimeric 
association (22). 

Structural implications for the SNiRR 
superfamily. Together, the first four SNiRR 
homology regions and the separations be- 
tween them are conserved in sequences 
from highly divergent organisms (Table 4). 
H2 to H4 are often tandemly repeated, 
presumably to generate a pseudodimer. 
These sequence preferences represent im- 
portant structural and functional con- 
straints for the SNiRR, even though the 
two SiRHP SNiRRs no longer share the 
same cofactor-binding constraints. 

Tandem SNiRRs (each containing H1 to 
H4 separated by one H5) are shared by the 
assimilatory sulfite (SynaSiR, 70 kD) and 
nitrite reductases (SynaNiR, 56 kD) from 
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the cyanohacterium Synechococcus (23) and 
the homologous spinach assimilatory NiR 
(SpiaNiR, 53 kD) (23, 24). These three 
monomeric enzymes all derive reducing 
equivalents from ferredoxin. The much larg- 
er NiRs from Aspergillus nidulans (AnaNiR, 
88 kD) and E. coli (EcdNiR, 120 kD) have 
no detectable H5 region hut instead contain 
inserted flavin-binding domains (23). The 
homologous subunits of the a2P2 tetrameric 
dissimilatory SiR from the thermophilic ar- 
chaehacterium Archaeoglobtls fulgdus (Arfd- 
SiR, a47, P41 kD) each contain a single 
SNiRR as well as an inserted ferredoxin-like 
Fe4S4-binding domain to supply reducing 
equivalents (23). The P subunit contains 
H5, hut lacks a cluster ligand, suggesting 
that ArfdSiR functions as two a/p het- 
erodimers, each with a single active center. 
The small assimilatory-like SiR from Desul- 
fovibno vulgaris (DvaSiR, 25 kD) is appar- 
ently monomeric (23,25), but only contains 
a single SNiRR. In the context of a SNiRR 
fold, the observed exchange coupling be- 
tween cofactors (3) requires DvaSiR to form 
a twofold symmetric homodimer that assem- 
bles two active centers. 

A single SNiRR also appears in the mo- 
lyhdopterin cofactor-binding domains of as- 
similatory nitrate reductases from plants 
(AtNR) (23) and fungi, which catalyze the 
initial two-electron reduction of nitrate to 
nitrite in nitrogen assimilation (I ), and in 
the related mammalian sulfite oxidases, 
which oxidize sulfite to sulfate in the deg- 
radation of cysteine and methionine 
(RatSO) (23). Moderate conservation of 
ligand-binding residues and C(X),C spac- 
ing between plant nitrite and nitrate reduc- 
tases suggests that SNiRRs bind molybdo- 
pterins to mediate a cofactor-assisted ho- 
modimeric assembly ( I  ). These homology 
relations extend the SNiRR fold to a super- 
family of distantly related redox enzymes 
that includes molecules in virtually all liv- 
ing organisms. 

SiRs and NiRs require reducing equiva- 
lents for activity. In E. coli SiR, four pseudo- 
symmetric SiRHPs bind eight SiRFPs with 
only half of their 16 flavin binding sites 
occupied. Extreme negative cooperativity in 
SiRFP may be either the evolutionary cause 
for directed electron transfer to a preferred 
active center of a once dimeric SiRHP, or 
the adaptive result of binding a gene-dupli- 
cated pseudosymmetric SiRHP containing a 
single active center. Only one pseudosym- 
metric molecular face (the exposed helices 
of the parachute) is available for SiRFP 
binding, as the other is blocked by the 
COOH-terminus (Fig. 3A). A pair of nega- 
tively charged, 66-kD SiRFPs (8, 9) could 
simultaneously and pseudosymmetrically in- 
teract with the helices of the parachute do- 
main, allowing one SiRFP to bind the pos- 
itive electrostatic surface surrounding the 

active-site cavity (Fig. 4). Here, tryptic 
cleavages of SiRHP at the NH2-terminus 
and the a3 to @6 loop are prevented in the 
holoenzyme (data not shown). In ArfdSiR, 
the ferredoxin-like domain inserted between 
P7' and P8' (Fig. 2A) would sit above the 
positive surface, close to the only completely 
exposed aromatic residue, Phe4", on the 
first cluster binding loop. 

Active-center cofactor coupling. In 
SiRHP's active center, the distal axial co- 

ordination site of the siroheme has been 
optimized for binding substrate anions, 
whereas the proximal site is occupied by a 
covalently hound thiolate from Cys4", 
which also acts as a ligand to the Fe4S4 
cluster (Fig. 5A). Siroheme (Fig. 5B) has 
two adjacent, saturated pyrroline rings 
(rings A and B) and two adjacent, unsatur- 
ated pyrrole rings (rings C and D). Low 
temperature Mossbauer (3), optical (1 3), 
EPR (electron paramagnetic resonance) 

Fig. 3. SiRHP as a pseudodimer. (A) SiRHP fold and secondary structure viewed down the pseudo- 
twofold axis toward the parachute domain. NH,-terminal (cyan) and COOH-terminal (magenta) symmetry 
repeats are linked by an extended strand (329346; white). The spiral connections (229-234,485-490; 
green) and the extended turns (red) between p8(p8') and p9(pg1), along with the parachute domain 
(beneath), participate in the interface formed by the dyad. The siroheme (gold) and bound phosphate 
(purple and red) are mimicked by the linker loop's COOH-terminal end (340-345) which inserts into a 
vestigial pocket (bottom), symmetty related to the active center. The COOH-terminus forms a distorted 
helical turn that packs in front of, and between, p9 and p9'. Produced with RIBBONS (47). (B) Molecular 
mimicty of the siroheme by the linker strand. Residues 340-345 of the linker strand act as an analogue 
for ligand-bound siroheme within a cavity symmetty-related to the active center, and embody a well- 
adapted peptide inhibitor. The active-center siroheme, Fe4S4 cluster, phosphate, and Arg153 (magenta) 
were transformed by the operation that superimposed domains 2 and 3 in Fig. 2B. Residues symmetry- 
equivalent to siroheme-binding residues interact with linker strand functional groups symmetty-equiva- 
lent to siroheme functional groups (white). Asp344 superimposes on the siroheme's most axial propionate 
and mimics its interaction with the hamess turn of subdomain 1 by hydrogen bonding to the harness turn 
of subdomain 1 '. Hydrogen bonds from water molecules (cyan) to GIu429 (top) and the backbone of 
Asp344 imitate the interaction between Arg153 and the bound phosphate anion. The transformed Fe4S4 
cubane resides in a hydrophobic core between the cluster-loop analogs in domain 2 (cyan), indicating 
that a primordial dimeric SiRHP could have accommodated a second active center. Modeled with 
lnsightll (Biosym Technologies, San Diego, California). 

Fig. 4. Electrostatic potential 
mapped onto SiRHP's solvent- 
accessible molecular surface. In 
the left orientation (matching Fig. 
I), the active center (phosphate 
ball and stick model partially visi- 
ble in center) is surrounded by 
significant positive (blue) electro- 
static potential, while the symme- 
try-related face of SiRHP (right 
view, 180" rotated about the ver- 
tical pseudo-twofold axis) is more 
negative (red). The electrostatic potential (contoured at 3/2 kT/q: k = Boltzmann constant, T = temper- 
ature, q = 1 point charge) was calculated with the Poisson-Boltzmann equation as implemented in Delphi 
(44) using formal charges (phosphate anion removed, internal dielectric constant = 2.0, external dielectric 
= 80.0, ionic strength = 0.145 M,  grid space = 1.3 A). To avoid discontinuities at the protein-solvent 
boundary, the potential was sampled 2.6 A from the solvent-accessible surface [calculated with MS (22), 
1.4 A probe radius] and then mapped back onto the surface. Rendered in AVS (42). 
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(1 3), 57Fe ENDOR (electron-nuclear dou- 
ble resonance) (26). Soret band excited , . ,. 
resonance Raman spectroscopy (27), para- 
magnetic-shifted NMR (nuclear magnetic - - 
resonance) experiments (28), and prelimi- 
nary crystallographic studies (17) are all 
consistent with the observed covalent 
bridge between thg siroheme iron and Fe4S4 
cluster. The 2.84 A bond between the ferric 
siroheme iron (spin quantum number S = 

512) and the Sy of Cys4', is unusually long, 
which agrees with weak Fe-to-Fe exchange- 
coupling predicted by computational mod- 
els based on Mossbauer spectroscopy (29). 
The siroheme iron and clustea iron (Fe4) 
bridged by Cys483Sy are 4.48 A apart and 
form a 126" Fe-Sy483-Fe4 angle. The closest 
noncovalent qeparation between the cofac- 
tors, a 3.63 A van der Waals contact be- 
tween Fe4S4 inorganic sulfur (Sl )  and the 

Table 4. Five homology (H) regions common to a representative group of SIR and NiRs. For enzymes with 
a tandem repeat, the NH,-terminal sequence range precedes the COOH-terminal range in each homol- 
ogy region. Average separations between homology regions (excluding the inserted ferredoxin-like 
cluster domain of ArfdSiR) are 28.2 (3.3) residues for HI-H2, 24.6 (13.0) for H2-H3, and 8.1 (2.1) for 
H3-H4 (estimated standard deviation in parentheses). 

Enzyme 
SiRHP' 

SynaSiR 
DvaSiR 
ArfdSiR, 
ArfdSiRp 
SynaNiR 
SpiaNiR 
AnaNiR 
EcdNiR 
At  NR 
RatSO 

'Assimilatory SiRs SiRHP, E coli GenBank accession No. M23008 (8), SynaSiR, Synechococcus cyanobacterium, 
Z11755; DvaSiR, Desulfovibrio vulgaris, M77241. Dissimilatory SiRs ArfdSlR, Archaeoglobus fulgaris, u and 6 subunits. 
M95624. Assimilatory NiRs: ~ ~ n a ~ i ~ ,  Synechococcus cyanobacterium, M95624; s~&N~R.  spinach, ~67680; AnaNiR, 
Aspergillus nidulans, M58289. Dissimilatory NiR: EcdNiR, E coli. Nitrate reductase: AtNR, Arabidopsis thaliana, J03240. 
Sulfite oxidase: RatSO, rat. L05084. tH1. Ala-(X),.,-+-Gly-(X)226-p-X-Thr-X-p-Gln-X-n-X-n-X-Gly; H2, Arg-X-n- 
(X)2-Cys-(X),-Cys-(X),-Asp/Glu-Ala/Ser/Thr; H3, Pro-Arg-Lys-9-Lys/Asn/n-(X), .,- Gly-Cys(X),-Cy~(X),.~-Asp/Glu; H4, 
Gly-(X),.,-Val/Leu/lle-Gly-Gly; H5, Arg-Gly-Glu/Asp-ArgILys-lle-Gly-+, where n is a nonpolar residue, p is a polar 
residue. 9 is an aromatic residue, and residue ranges are approximate. For sequence citations see (23). 

Fig. 5. SiFi, lr s active center. (A) Cofactor coupling. The model is shown with a 1.6 A resolution, 
simulated annealed, F,-F,, a,-weighted (45) omit electron density map (46), calculated with the Fe,S, 
cluster, cysteine ligands, and siroheme removed from the refinement and phase calculation. Solid brown 
contours (24 crJ identify iron positions while basket yellow contours (16 u) mark both sulfur and iron 
positions (0.4 A grid spacings). Four cysteine thiolates ligate the cluster (green bonds): Cys434, Cys4,0 
(cyan Ca trace), Cys479, and Cys483 (yellow Ca trace). The siroheme (gold bonds) and cluster share a 
thiolate ligand from Cys483 and contact one another through a van der Waals interaction (green dotted 
line) between siroheme CHB cluster inorganic sulfide S1. Hydrogen bonds (white dotted lines) between 
the siroheme carboxylates (oxygens shown as red spheres) and cluster binding loop residues (magenta) 
aid cofactor association and domain integration. Phosphate is bound through its oxygea in the distal axial 
siroheme coordination site. (B) Siroheme structure and electron density. The 1.6 A resolution, a,- 
weighted, F,-F, omit electron density map was calculated with the siroheme removed, and contoured at 
30 a (cyan) and 5 a (purple) (0.4 a grid spacings). The siroheme's saddle shape (yellow, carbon; blue, 
nitrogen; red, oxygen bonds) results from the saturated pyrroline rings and approximates S, point 
symmetry. Each pyrroline (A and B) or pyrrole (C and D) ring has one acetate and one propionate at the 
2 and 3 positions, while the pyrroline rings have an additional methyl group. (A) displayed in AVS (42), (B) 
displayed in XFlT (47). 

meso carbon separating the pyrroline rings 
(CHB), presents a possible auxiliary elec- 
tron transfer pathway. 

The Fe4S4 cubane is bound by four cys- 
teine thiolates (Fig. 5A), which are sup- 
 lied in  airs from the cluster loom imme- 
diately succeeding the first two parallel P 
strands of domain 2 (Fig. 1C). The separa- 
tion between ligands in each loop, CX5C 
for the first and CX,C for the second, is the 
most conserved sequence pattern through- 
out the family of related SiRs and NiRs. 
SiRHP may stabilize the cluster's ferredox- 
in-like, +2/+ 1, low potential redox couple 
(-405 mV) by delocalizing negative charge 
through hydrogen bonds from local protein 
amide linkages and by controlling accessi- 
hilityoto solvent. The Fe4S4 cubane lies only 
5.1 A beneath the solvent-accessibl: sur- 
face, and Cys47"y presents 7.7 A2 of 
exposed surface area, allowing cluster sol- 
vation. The cluster loops also supply six 
main-chain and two side-chain hydrogen 
bonds to the Fe4S4 cluster. The cluster 
approximates typical Dl,, symmetry but ex- 
hibits subtle distortions involving the iron 
bound to Cys4" Sy, which may have im- 
plications for electronic coupling to the 
siroheme (30). 

The SiRHP protein scaffold selects for 
and fixes the saddle-sha~ed distortion of the 
siroheme (S4 point symmetry) (Figs. 5 and 
6). Relatively large dihedral angles between 
opposite pyrrole or pyrroline rings pucker 
the isobacteriochlorin meso carbons CHD, 
and, more drastically, CHB, down toward 
the cluster allowing the van der Waals con- 
tact between CHB and cluster S1 (Fi~s.  5 . - 
and 6). The nonplanarity of the saturated 
pyrroline rings is coupled to the orienta- 
tions of their attached carboxylates. The 
protein organizes extensive hydrogen bond- 
ing networks to recognize these pyrroline 
carboxylates, which are much more axial 
than their pyrrole counterparts (Fig. 6). 
Stabilization of a siroheme IT-cation radical 
bv the SiRHP active center architecture 
may favor concerted reduction by three 
electrons and lessen the need to stabilize 
bound intermediates. Relative to other por- 
phyrin derivatives, isobacteriochlorins have 
destabilized HOMO orbitals (of a lu  sym- 
metry) because of the reduced delocaliza- 
tion of the saturated pyrroline rings (31). 
Extensive S4 ruffling of the SiRHP siro- 
heme, coupled with charge-transfer from 
the associated electron-rich Fe4S4 cluster, 
should further destabilize the macrocycle 
HOMO and increase the efficacy of ring 
oxidation. 

Anion recognition and catalysis. A re- 
markable array of positively charged side 
chains coordinates anions bound to the 
siroheme, providing them with a strong po- 
larizing environment and high effective 
proton concentration (Fig. 6). The entire 

SCIENCE VOL. 270 6 OCTOBER 1995 



active-site cleft is solvated by ordered water 
molecules. which form comnlicated hvdro- 
gen bonding networks among the siroheme 
carboxvlates, charged active-site residues. 
and bound i n i o n s y ~ h e  surprising and un: 
precedented binding of phosphate to the 
porphyrin, through a 1.85 A Fe-0 bond and 
136" Fe-0-P angle, likely represents a weak- 
field u-bonding interaction between the - 
iron and oxygen lone pair. S4 ruffling in- 
creases the siroheme core size. which ac- 
commodates the large, high-spi~, ferric iron 
with a relativelv small (0.29 A)  disnlace- . . 
ment above the least-squares plane of the 
pyrrole and pyrroline nitrogens (32). The 
bound phosphate anion stabilizes and com- 
plements the positively charged side chains 
concentrated in the active center, suggest- 
ing that exchange of kinetically trapped 
anions mav account for the lo5-fold reduc- 
tion in substrate and inhibitor binding rates 
relative tooreduced SiRHP (10). 

A 2.2 A resolution structure of the oxi- 
dized SiRHP-sulfite complex reveals signifi- 
cant changes from the phosphate-bound 
structure only at the active center and sur- 
rounding loops (33). The trigonal-pyramidal 
sulfite binds the ferric siroheme iron via its 
sulfur yith a siroheme Fe-S bond distance of 
2.26 A (Fig. 7). Reflecting the observed 
transition from high (S = 512) to low (S 
= 112) spia (34), the ferric iron resides 
only 0.09 A above the least-squares plane 
of the opyrrole and pyrroline nitrogens, a 
-0.2 A movement into the plane when 
compared to the phosphate complex. This 
lessened doming, resulting from an unoccu- 
pied iron d,r-,r orbital and thus a smaller 
iron radius, reduces the bond length be- 
tween the bridging th i~la te  and siroheme 
iron from 2.84 to 2.46 A and thereby likely 
increases the cofactor coupling. A slight 
flattening of the siroheme produ~es a closer 
van der Waals contact (3.53 A)  between 
cluster S1 and siroheme CHB. Exchanee of - 
phosphate for the substrate sulfite is accom- 
panied by ordering of three active-center 
proximate loop regions (Fig. 1) and rear- 
rangements of active-site side chains and 
solvent molecules. Variable ligand-binding 
geometries indicate that torsional freedom 
available from long, extended, active-center 
side chains, coupled with changing water 
structure. allows the enzvme to stabilize cat- 
alytic intermediates at different stages of 
oxygenation. The loop and side-chain 
movements also suggest that kinetic trap- 
ping of anions by the oxidized enzyme may 
reflect a slow conformational sten. 

Although many heme proteins react with 
nitrite. onlv siroheme and siroheme nroteins . 8 

have been shown to react significantly with 
sulfite (1 1 .  35). The nreference for siroheme 
to bind a id  reduce silfite probably depends 
on the partial saturation and flexibility of the 
isobacteriochlorin ring. The partial satura- 

tion increases the electron-donating ability 
of the heme cofactor, promoting both more 
stable bonding with a sulfite T-acid ligand 
and destabilization of the macrocycle 
HOMO to the point of possibly involving a 
siroheme cation radical in catalysis. The 
greater conformational flexibility allows 
nonplanarity and S4 ruffling which (i) also 
affects the stability of the frontier orbitals, 
(ii) leads to a van der Waals contact be- 
tween the siroheme and cluster. nossiblv rel- , . 
evant for electron transfer or stabilization of 
a macrocvcle radical snecies. and (iii) directs . . 
displacement of the siroheme iron during 
transitions from high- to low-spin. 

The SiRHP distal substrate binding site 
is exquisitely designed to perform electro- 
philic or general acid catalysis. Because of 
sulfur-oxygen charge separation, sulfite S - 0  
semi-ionic bonds are extremelv short. sta- 
ble, and resistant to polarization when com- 
pared to those of other sulfur-oxygen spe- 
cies (36). Oxygen protonation greatly 
weakens S - 0  bonds through polarization 
and dissipation of ionic character (36). Ac- 
tive-site Arg and Lys residues likely act as 
general acids to directly protonate substrate 
or activate water to do so. The enzyme- 
bound sulfite appears singly protonated 
(HS0,-) as pne S - 0  bond consistently re- 
fines -0.2 A longer than the other two. - 
The protonated oxygen ( 0 3 )  also appears 
to be a proton acceptor in a hydrogen bond 

from an ordered water molecule, since this 
same water also hydrogen bonds to the pro- 
ton donors ArgI5, and Lys215. Given the 
solution pK,, of 6.9 for the equilibrium be- 
tween HS0,- and SO,'- (37), the appar- 
ent presence of HS0,- in the crystals at pH 
7.9 (the pH optimum for sulfite reduction 
by SiR) (7) suggests that SiRHP's active 
center promotes sulfite protonation and 
thereby progression toward formation of a 
favorable water or hydroxide leaving group. 
Charge flow from siroheme into the sulfur 
3d orbitals (made possible by sulfite binding 
through sulfur to siroheme iron) would re- 
duce the positive character of the sulfur and 
propagate electron density to S - 0  3d-2p 
T*-antibonding orbitals, both weakening 
the ionic and covalent bonding systems and 
increasing the negative charge of sulfite 
oxygens to further facilitate protonation 
and bond breaking. Two water molecules 
associate with all t b e e  sulfite oxygens, and 
one forms a -2.6 A hydrogen bond with 3u 
bridging difference density to sulfite 0 3  
(Fig. 7). This may anticipate an early stage 
of the reaction where oxygen 0 3  is further 
protonated and reductively cleaved. 

SiRHP may be representative of an an- 
cient ancestral enzvme involved in earlv 
multi-electron reductions of inorganic sub- 
strates. Biological sulfate reduction is the - 
only process that can generate sulfide from 
sulfate at ambient temperatures and pres- 

Fig. 6. Distal anion binding site. Positive side 
chains (magenta bonds with blue nitrogen atoms) 
ArgS3 (PI), Arg153 (p5), Lys215 (p6), and Lysa7 
(p6) extend from their respective p strands (cyan 
with red oxygen atoms) to coordinate the siro- 
heme-bound phosphate (yellow and red bonds). 
p6 is stabilized by salt bridges between Arg214 
and both pyrrole ring D carboxylates, and the in- 
sertion of Phea6 into a hydrophobic core. Argl l 7  

hydrogen bonds to the p5 and p6 main chain, 
forms a wall of the cavity, and buttresses ArgS3 for 
a close contact with bound anions. The most axial 
siroheme propionate interacts with the Asn154 
main chain (upper right) through a bridging water 
molecule (blue sphere), and is in hydrogen bond- 
ing distance to 02, which appears to be proto- 
nated due to a P-02 bond length that refined 0.2 A longer than the other P-0 bonds. The only 
solvent-exposed phosphate oxygen (04) hydrogen bonds to an ordered water molecule sitting 2.7 
A away in a solvated channel that leads out of the active-site cavity (see Fig. 4). Rendered in AVS (42). 

Fig. 7. Electron density for siroheme-boun< sulfite 
and interacting water molecules. The 2.2 Adeso- 
lution, a,-weighted, F,-F, omit map (0.24 A grid 
spacings) of the sulfite complex was calculated 
before addition of a distal ligand or active-site wa- 
ter molecules. Basket contours (3 a) are colored 
by the electron density gradient (maximum to min- 
imum: red to yellow to green to blue). The trigonal- 
pyramidal peak (small, yellow and green gradient 
at its four corners) is fit well by a sulfite molecule 
bound to the siroheme through sulfur. Electron 
density bridges from t)e longest S-0 bond to a 
water peak (blue) 2.6 A away. Displayed in AVS (42). 
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sures. Tlhe anaerobic ecosysteln cst,~hlishcLl 
11y tlhe .;ulf;lte-reLj~~ci~-ig h,lcteria ,ind their 
p l - i i ) tc~l i t I~ot ro~~l~ic  a ~ ~ d  cl-icmolitl~otrophic 
counterparts proviilecl one  of the  f ~ r s t  Ilia- 
logical c o ~ ~ t r i h u t i o ~ ~ s  to hiogeochemical cv- 
c1i11g ( 3 8 ) .  As ili~si~nilatt>ry s~llt i tc r e d ~ ~ c -  
ti011 esi.;teLj 2750 t o  3 1L10 mil1io1-i years ago 
( 3 8 ) ,  at least 1 billion \-ears hetore the 
advent oi a s iqnif ica~~t ly  cisiijilil~g en17ircil1- 
me~nt (39) ,  thi.; chemistry likel\- predated 
e~t0~1~r011-ii'-1~i1s~il aercihic resr3iration. Siro- 
l ~ e m e  may lie the  ancestor of c\-tocl~rome 
cofactors as it is derivable from early i~nter- 
~llediates in heme s \ -n the . ;~~,  a n J  it w o ~ ~ l d  he 
more stahle than ~~nsa t~ura t ed  porphyrins to 
the p11otored~1ci1-i~ e n v i r o ~ ~ m e n t  of the Ar-  
cl-iean ~vorlij ( 2 ,  4 ) .  T h e  obligate anaerobe 
Clostridiurn l~asteitrianttm, \vl-iich 11~s cl-i;1r;1c- 
terlstics of archaic heterotrophs, contains 
110 c\-tochromes, yet Joe5 have a .;~ulfite 
r e d ~ ~ c t a s e  ( 2 .  4 ) .  Tlhus, the origi11~11 sulfilr- 
13,rseJ an,ierohic respir,~tory .;ystems, wl-iicl~ 
were uniler evolutlo~-iary pre.;.;ure to utilile 
oxiililed s~ulfi~r comt>ounds for redos couples 
rather tlha1-i to proilluce s~~ l f ide ,  are tlhe likely 
p rqcn i to r s  of contempor,lry assimilatory 
SiRs and NiRs, ; I I I ~  also possihlc evolution- 
ar\- vehicles fc)r the later dc\~eloymcnt of 
heme-Liependent respir,itor\- oxlijase.;. 

T h e  appearance of the  SNiRR super- 
family t l ~ r o ~ l g h o ~ ~ t  the  diversity of life sug- 
gests that  cot-iservatio~-i of the  SNiRR 
structural f ra~nework anil overall twofoltl 
pse~~dosylnmetl.ic catalytic ~ ~ l - i i t  has 13eel-i 
y a r ~ ~ m o ~ ~ n t  for e f f i cac io~~s  cclfactor ;lssem- 
hly. T h e  iieveloplnent of S iRHP froln ,111 

a n c i e l ~ t  dilner may he a common theme in  
~nulti-cofactor c l~zyme e v o l u t i o ~ ~  w l ~ e r e  
initial homodi~ner  for lnat io l~  can reinforce 
sylnmetric 111~1tatio1-i.; to facilitate adol3tio11 
of a general functionality (co-factor b l ~ ~ i i -  
itlg a t  an  interface),  allii the11 gene Li~u~li-  
cation to a p.;eudodimer can allow muta- 
t iot~s to optimize ;1.;ylnlnetric features under 
the c o ~ ~ s t r a i n t  of tl-ie original functiol-iality. 
Mutatiol~.; adv;lntageous for one operative 

(sirol-ieme hil-iilil~g) W O L I ~ ~ I  likely 110 lollgcr 
lie detri~llel-ital for ;~t-iother that previo~~sly 
relied 011 the .;alne scaffolding (cluster hind- 
ing). In SiRHP, t ~ v o  divergent SNiRRs cre- 
ate a m i c r o e t ~ v i r o t ~ ~ ~ ~ e ~ - i t  at their interface to 
~nod~ l l a t e  cofactor reactivity, caref~ully co11- 
trol solvation and protonatiol~,  ;lnd electro- 
statically stabilize transition states for high 
fi~lelity gel-ieratioll of fully reduceil prti~l- 
uct-CI~ ach~evemel-it not attail-ieil hy model 
systems, iso1,lted coiactors, or the iiis.;imila- 
tory enzyme.;. 
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