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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 Fe,S, cluster
cofactors, multiple isomorphous replacement, and selenomethionine sequence mark-
ers. Twofold symmetry within the 64-kilodalton polypeptide generates a distinctive
three-domain «/f 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
Fe,S, 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-O bonds for reductive cleavage.

Sulfite and nitrite reductases (SiRs and
NiRs) are key to both biosynthetic assimi-
lation of sulfur and nitrogen and dissimila-
tion of oxidized anions for energy transduc-
tion (1). Found throughout the three major
kingdoms of living organisms (Archaea,
Bacteria, and Eucarya), SiRs and most NiRs
employ a siroheme (reduced porphyrin of
the isobacteriochlorin class) (2) that is ex-
change-coupled with an iron-sulfur cluster
to perform the remarkable reduction of a
single atomic center by six electrons (3).
Assimilatory SiRs and NiRs in bacteria,
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fungi, algae, and plants provide the reduced
sulfur (oxidation state —2) and nitrogen
(oxidation state —3) necessary for incorpo-
ration into biomolecules required by them-
selves and other higher organisms (I, 4).
SiR generates sulfide from sulfite for subse-
quent cysteine biosynthesis in the terminal
step of the 3'-phosphoadenylyl sulfate
(PAPS) pathway (4). Assimilatory reduc-
tion of nitrate to ammonia proceeds by
initial two-electron reduction to nitrite and
then direct six-electron reduction to ammo-
nia by an NiR that contains a siroheme and
an iron-sulfur cluster (I). In contrast, dis-
similatory denitrification transforms nitrate
to nitrite, nitric oxide, nitrous oxide, and
finally dinitrogen through sequential one-
and two-electron reductions (I). The as-
similatory chemistry is responsible for re-
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ducing more than 10* megatons of NO; ™ a
year, thus producing 100 times more NHj
than nitrogen fixation by nitrogenase (5).

During dissimilatory sulfite reduction in
sulfate-reducing eubacteria and some ther-
mophilic archaebacteria, sulfite can act as a
terminal electron acceptor during anaerobic
respiration (1, 4). Excess sulfide released to
the environment contributes to biogeo-
chemical sulfur cycling and causes corrosion
and contamination problems for the oil and
sewage treatment industries (6). Dissimila-
tory SiRs have siroheme and iron-sulfur
clusters, are multimeric with varying sub-
unit composition, and are differentiated
from assimilatory sulfite reductases by their
propensity to release trithionate (S;04°7)
and thiosulfate (S,04%7) byproducts (1).

The E. coli assimilatory SiR (E.C.
1.8.1.2) is an oligomer of eight 66-kD fla-
voprotein (SiRFP) and four 64-kD hemo-
protein (SiRHP) subunits (7, 8). In vivo,
SiRFP transfers electrons from reduced nic-
otinamide adenine dinucleotide phosphate
(NADPH) to SiRHP (9). Each SiRFP has
one flavin adenine dinucleotide (FAD) and
one flavin mononucleotide (FMN) binding
site, yet the SiRFP octamer binds only four
FAD and four FMN cofactors (8). Isolated
SiRHP, when provided with suitable elec-
tron donors, can reduce SO;%~ to HS™ and
NO,™ to NH,* without releasing interme-
diates (9, 10). In contrast, isolated siro-
heme catalyzes these reductions inefficient-
ly and incompletely (11). SiIRHP accommo-
dates an electron at the siroheme with a
redox potential (E'y) of —340 mV (12),
and at the Fe,S, cluster with an E'y of
—405 mV (13). Reduction ‘of SiRHP en-
hances substrate binding apd dissociation
rates 10° times (10), suggesting a link be-
tween cofactor electronic states and protein
conformation.’

The crystal structures of SIRHP present-
ed below reveal how a protein utilizes un-
derlying twofold symmetry to associate co-
factors and enhance their reactivity for ca-
talysis. Conservation of chemically congru-
ent residues between symmetry-related
halves of SIRHP and among other SiRs and
NiRs highlights segments of sequence nec-
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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-

Table 1. Native and derivative data statistics. Derivative data sets were as
follows: EMTS, 3-day soak in 0.1 mM ethyl mercurithiosalicylate; CH;PbOAc,
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),,

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 Fe,S,
cluster are juxtaposed at the interface of

anomalous diffraction.

three o/B 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 B 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. 1B), and relates
domain 2 (residues 146 to 346, Fig. 1C) to
domain 3 (residues 422 to 570, Fig. 1D).
Thus, a previously unrecognized gene dupli-
cation apparently correlates an NH,-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. 1B). The completely antiparal-

cocrystallization of SIRHP with 4 mM potassium dicyanoaurate; CH;HgOAc,
24-hour soak of 0.1 mM methyl mercury acetate and 0.2 mM thiomaleate;
SeHp, selenomethionine substituted SIRHP (79). Native,,,, and EMTS,,,

Data set Resolution* RmergeT - Complete- Riso OF Fopoik Phasing R or Rl SitesT
(A) (%) cut ness (%) (%) power§ (%) (No)

Native 1** 2.3(2.5-2.3) 10.2 (19.7) 0 90 (52)
Native 2+ 1.6 (1.7-1.6) 9.9 (27.0) 0 97 (93)
EMTS* 2.5(2.7-2.5) 7.2(14.3) 2 83 (43) 24.6 1.6 59 1
CH4PbOACH: 3.0 (3.2-3.0) 7.4 (10.7) 3 100 (100) 24.9 1.1 67 2
2HTPNEE 5.0 8.0 3 96 15.3 0.7 74 1
KAU(CN) %4 5.0 9.5 3 100 156.3 1.2 61 2
CH4HgOACH!: 5.0 12.6 3 95 23.9 14 61 4
SeHP§§ 2.7 (2.9-2.7) 13.6 (35.5) 2 56 (34) 31.9 1.0 69 7
EMTS,,o** 3.5 (3.7-3.5) 5.8 (7.6) 1 88 (85H) 6.4 (6.1) 1.1 15 6
Native,,o|ll 2.5(2.7-2.5) 10.5(19.7) 1 98 (99) 8.1(7.9) 1.9 13 5
*“Highest resolution of data set followed by resolution range in highest bin for compiling statistics. TRmerge = XX, [ =l IFl= Tt X 0 |F| used in heavy atom refinement
andphasing. iR = = | 1A = |F, 1173 |F, ] for isomorphous replacement (iso) data. F.,,, = rms(|F *| — |~ ~[)/rms|F| for acentric anomalous scattering (ano) data (and for

centric reflections) where rms is the root mean square.
lack of closure error. Phasing power

ano

= (|F,Y(E) where | F,,.| is the calculated heavy atom structure factor amplitude and £ is the residual
IRe = =IF,,l = 1Al = 1R IS TIF,, | = 1R, for

§Phasing power,.,
= (2|F,,” [Y(E) where IF,,”I is the anomalous correction component amplitude.
centric reflections of isomorphous derivatives, R, = = [ [F5, | — A5, 11+ HIF5 1 = 175 /S 1R 14175, ] for anomalous scattering.  9The 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 (CuK); TtMar Research
image plate detector at the Stanford Synchrotron Radiation Laboratory (SSRL), beam line 7-1 (1.08 A radiation); ‘FiXentronics area detector, Elliott GX-21 rotating anode generator
(CuK,, Ni-filtered radiation); §§Mar Research image plate detector, Elliott GX-21 rotating anode generator (CuK , radiation); [[[Native anomalous signal taken from the average

of the Bijvoet differences between Native 1 and a diffractometer data set collected at Duke University (77), reflections with | |F | — [F=|| = 2.0 x (| |F *| — |F~|]) removed.

Table 2. Multiwavelength anomalous diffraction statistics.

Bijvoet signal Dispersive signal§

Wavelength Complete* Rgﬁ"/%ej _— £ 2
(A) (%) (%) Calc. Obs. Calc. Obs.
(%) (%) (%) (%)
a) 1.5418 93.0 5.6 1.9 5.7 vs. b) 1.8 vs. b) 3.5 -1.25 3.14
b) 1.7374 91.4 6.2 3.6 6.5 vs. ¢) 0.9 vs. ¢) 4.3 —5.98 4.73
c)1.7412 90.0 5.3 2.4 5.7 vs. a) 2.7 vs. a) 5.2 —8.33 2.55
*Overall completeness of data to 2.5 A resolution. iR, = 33, [ [F=| = (IF ) [/S(IF =) for comparison to calculated and observed signals.  #Calculated Bijvoet signal

=q(2r"), where q = (1/Z,4)(N/2N,))'/?; N, is the number of anomalous scattering centers (5 Fe); N, the number of nonhydrogen enzyme atoms (4011 for SIRHP); and Z,,;,, the effective
normal scattering factor (~6.62 e). Observed Bijvoet signal = rms(Al £ =/ |)/rms(|F1). 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/N,) and less attenuation of anomalous
scattering, as compared to normal scattering, with higher resolution. §Calculated dispersive signal = qff '(\) —  '(\)]. Observed dispersive signal = rms(AF3 yrms(IFl). £ and
f" are the real and imaginary components of the anomalous scattering vector in electrons (78).
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lel B strands form an array of cords stretch-
ing upward from the harness turns (joining
B3 and B4 of subdomain 1, and B3’ and B4’
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 hairpins 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 Fe,S, cluster li-
gands from the first two adjacent loop con-
nections of its central B sheet (Fig. 1, C and
D). These homologous domains are each
constructed from a five-stranded mixed
sheet with B5(B5"), B6(B6’), and BT(B7’)
parallel in their direction of propagation
and B7(B7'), B8(B8'), and BI(BY’) anti-
parallel (parenthetical primed notations
represent the symmetry-related structural
elements). Each B 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 linker
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, helical turn) between B6(B6’) and

Table 3. SIRHP-PO %~ refined model statistics.

Scatterers 4186
Residues

Total 456

Two conformers 4

Disordered 41
Cofactors 1 Siroheme 1 Fe,S,
lons 1 HPO,2 1K*
Waters (No) 486
Resolution (A) 10.0-1.6 (1.67-1.6)
Reflections (No) 61005 (7058)*
(/al)t 28.7 (7.5)"
R factort (%) 19.1 (29.4)
Free R§ (%) 21.8 (30.0)
(Protein B) (A?) 16.9 9.7l
(Water B) (A2) 39.0 (17.9)
Rmsd bondsT (A) 0.010
Rmsd anglesT (°) 1.6
*Highest resolution bin for compiling statistics. +in-
tensity signal-to-noise ratio. iR = = |lF,, |-

IF e 172 1F, | for all reflections (no o cutoff).  §Free
R (40) calculated against 10 percent of the reflections re-
moved at random after the model was completed. After
releasing the selected data, positional and thermal (B) fac-
tor refinements were carried out until the R factor leveled,
producing the tabulated value. |Estimated standard
deviation in B factors. JRoot-mean-square deviations
from bond and angle restraints.

B7(B7'), the extended turn between B8(B8’)
and BI(BY’), the second cluster binding loop
(after B6'), 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

RESEARCH ARTICLE

slight sequence conservation between the
symmetry repeats, concentrated in four ho-
mology regions (H1 to H4), highlights res-
idues imperative for form and function (Fig.
2A). The B 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.
2B). One set of symmetry-conserved resi-
dues establishes and stabilizes local back-
bone conformation. Another set adopts
chemical functions analogous to those
found in the active center. Key structural

superfamily of anion redox enzymes. The  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), Fe,S, 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 (127-131, 184-209, and 146-148), all of which become more ordered in
the sulfite complex. NH,-terminus, front, above the siroheme; COOH-terminus, lower right; « helices,
green; B 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 B sheets of subdomain 1 and 1’ exchange end strands (2 and 2’) to generate strand orders of 1,
4,3,2"and0’,1',4’, 3, 2, where B0’ of the COOH-terminal repeat corresponds to disordered residues
74-80 at the non-native NH,-terminus (Fig. 2A). Thr''® (green) and Thr3®2 (red) stabilize bulges in the
harness turns by side-chain to main-chain hydrogen bonds, thereby allowing the GIn''® (green) and
GIn®% (red) side chains to interact with the B5(B5’) 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 B6 and B7 (green) contributes to the interdomain interface and cofactor
binding. The a5, helix, wedged perpendicularly between a4 and the 5-stranded B sheet, projects the
extended turn between B8 and B9 (red) towards the symmetry-related half of the molecule. An extended
strand (white) links a5, to BO’, to join the symmetry repeats. (D) Domain 3 and Fe,S, cluster. The cluster
(Fe, brown; S, yellow) is ligated by Cys*34 and Cys*° (first cluster loop connecting B5’ to a3’) and by
Cys*7? and Cys*®3 (second cluster loop connecting 6’ to the spiral connection). Colored tubes repre-
sent the symmetry-related regions described for domain 2 in Fig. 1C. (A) produced with RIBBONS (47);
(B), (C), and (D) with AVS (42).
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that allow main-chain conformations oth-
erwise prohibited by local side-chain colli-
sions, and (ii) conserved side-chain to
main-chain hydrogen bonds that stabilize
turns and transitions between secondary
structural elements. Side chains that hydro-

gen bond to main chain may be preserved
because their mutation could leave the hy-
drogen-bonding potential of the invariant
peptide backbone unfulfilled in the absence
of conformational change. Conservation of
the SiRHP homology regions among other

pie p2 al B3 B4 ex o2
(81...85) (89.....) L4 & TSRS | | -} | (111.115) (119.....)...126) (132...........140)
W ve e LLRCRLPGGV IT....... T KQWQAIDKFA I¥YGSIR TNR( JFH GILKKNVKPV HOMLHSVGLD

C GWVKGIDDNW HLTLFIENGR ILDYPARPLK TGLLEIAKI VPESEKAKI EKIAKESCLM

(347..) (354...... 361) (365.) L f- TR | .} (389.393) (397...... 404) (407.................418)
BO Bl B2 e B3 pa: ol
+ B5 o3 + +[36
(155...) i | SRS b <) | (215..221)
N ALATANDMNI SNE EAY EWAKKISEHL LPRTRAYAEI WLDQEKVATT DEEPILGQTY LPREFKTT
C NAVT. ..PQR NSMACVSFE \EAE RFLPSFIDNI DNLMAKHGVS DE........ (..cccvcee aia VMRV
(423)  (426.....%431..) (1 S—— ..} (471(473. )
ex o ps- a3’ ex P6’
1 H i ,
3110 §7 ps B9 a4
{229.....0234....... 242’ (248.......:...... 254) i B " AR L [ Y 0 ¢
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Fig. 2. SIRHP symmetry 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 ({)) of secondary structural elements,
strand extensions (ex), and spiral connections (3/10). Residues that bind the sironeme carboxylates (red),
the Fe,S, cluster (gold), and the phosphate (blue crosses) are indicated. The homology regions (cyan)
found between the symmetry repeats and among related SiR and NiR sequences are underscored H1 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 - B 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 B6 (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
Fe,S, cluster (Fe, brown; S, yellow; cysteine thiolates, blue) shown in stereo as Ca backbone tubes (42).
SiRHP homology regions [H1, 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 B strands B1(31')-B2(B2’)
(81-90, 357-366) and the harness B hairpins B3(B3’)-B4(B4’) (110-118, 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) B5(B5’) (155-158, 431-434), B6(R6’) (215-221, 471-477), the spiral connections and
B7(B7') (229-241, 485-497), B8(B8’) (248-253, 500-505), BI(R9’) (272-276, 516-520), and a5(a5,’)
(306-315, 547-556) superimpose with an rmsd of 1.5 A for 45 matched Cas.
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SiRs and NiRs (Table 4) defines the SNiRR
and indicates a conserved twofold-symmet-
ric catalytic unit despite variation in size
and oligomeric state.

Region H1 forms a B hairpin, which is
composed of B3(B3’), the harness turn,
B4(B4’), and two flanking glycines (Fig.
2B) and conserves structural features oblig-
atory for the three-dimensional shape of the
parachute domain (Fig. 1B). H2, including
B5(B5') and the subsequent loop, and H3,
including B6(B6’), 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, H2 and H3 have lost
Fe,S, cluster binding functionality, whereas
in the COOH-terminal SNiRR, H2 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. 2A). Region H4 contains
conserved glycines and other structural de-
terminants that direct the extended loop
between B8(B8’) and BI(B9’) 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



the cyanobacterium 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 but instead contain
inserted flavin-binding domains (23). The
homologous subunits of the a,f, tetrameric
dissimilatory SiR from the thermophilic ar-
chaebacterium Archaeoglobus fulgidus (Arfd-
SiR, @47, B41 kD) each contain a single
SNIRR as well as an inserted ferredoxin-like
Fe,S,-binding domain to supply reducing
equivalents (23). The B subunit contains
H5, but lacks a cluster ligand, suggesting
that ArfdSiR functions as two /B het-
erodimers, each with a single active center.
The small assimilatory-like SiR from Desul-
fouibrio wulgaris (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-
lybdopterin 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 (1), 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)sC spac-
ing between plant nitrite and nitrate reduc-
tases suggests that SNiRRs bind molybdo-
pterins to mediate a cofactor-assisted ho-
modimeric assembly (1). 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
COOQOH-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 NH,-terminus
and the a3 to B6 loop are prevented in the
holoenzyme (data not shown). In ArfdSiR,
the ferredoxin-like domain inserted between
B7' and B8’ (Fig. 2A) would sit above the
positive surface, close to the only completely
exposed aromatic residue, Phe*’®, on the
first cluster binding loop.
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ordination site of the siroheme has been
optimized for binding substrate anions,
whereas the proximal site is occupied by a
covalently bound thiolate from Cys*?
which also acts as a ligand to the Fe,S,
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 (13),
EPR (electron paramagnetic resonance)

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

Fig. 3. SRHP 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 (329-346; white). The spiral connections (229-234, 485-490;
green) and the extended tumns (red) between B8(B8’) and BY(B9Y’), 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), symmetry related to the active center. The COOH-terminus forms a distorted
helical turn that packs in front of, and between, 39 and B9’. Produced with RIBBONS (47). (B) Molecular
mimicry 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 symmetry-related to the active center, and embody a well-
adapted peptide inhibitor. The active-center siroheme, Fe,S, cluster, phosphate, and Arg'5® (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 symmetry-equiva-
lent to siroheme functional groups (white). Asp344 superimposes on the siroheme’s most axial propionate
and mimics its interaction with the harness turn of subdomain 1 by hydrogen bonding to the harness turn
of subdomain 1’. Hydrogen bonds from water molecules (cyan) to Glu*?® (top) and the backbone of
Asp®** imitate the interaction between Arg'S® and the bound phosphate anion. The transformed Fe, S,
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
Insightll (Biosym Technologies, San Diego, California).

Fig. 4. Electrostatic potential
mapped onto SIRHP’s solvent-
accessible molecular surface. In
the left orientation (matching Fig.
1), 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/qg; k = Boltzmann constant, T = temper-
ature, g = 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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(13), *"Fe 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 the siroheme iron and Fe,S,
cluster. The 2.84 A bond between the ferric
siroheme iron (spin quantum number S =

5/2) and the Sy of Cys*** is unusually long,
which agrees with weak Fe-to-Fe exchange-
coupling predicted by computational mod-
els based on Méssbauer spectroscopy (29).
The siroheme iron and cluster iron (Fe4)
bridged by Cys*Sy are 4.48 A apart and
form a 126° Fe-Sy*®3-Fe4 angle. The closest
noncovalent separation between the cofac-
tors, a 3.63 A van der Waals contact be-
tween Fe,S, inorganic sulfur (S1) 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 H1-H2, 24.6 (13.0) for H2-H3, and 8.1 (2.1) for
H3-H4 (estimated standard deviation in parentheses).

Enzyme H1t H2 H3 H4 H5
SiIRHP* 103-124 386-402 | 153-171 428-448 | 213-234 471-490 | 244-255 499-507 | 342-348
SynaSiR | 93-113  393-416 | 142-159 441-459 | 222-243 480-502 | 254-265 507-519 | 305-312
DvaSiR 39- 60 86-104 121-142 151-158

ArfdSiR, | 112-135 171-189 210-223 307-314

ArfdSiR; | 74- 94 129-147 168-189 263-270 325-329
SynaNiR | 87-109  341-363 | 138-156 391-409 | 181-202 429-448 | 212-222 460-472 | 303-309
SpiaNiR | 161-182 417-439 | 211-229 468-486 | 254-275 506-525 | 285-295 538-550 | 379-385
AnaNiR 157-187 657-686 | 221-236 715-733 | 275-296 750-771 | 303-311 780-787

EcdNiR 113-143 578-607 | 172-187 632-651 | 226-247 670-691 | 254-262 700-707

AtNR 152-193 221-248 262-285 295-308

RatSO 168-209 237-263 273-298 305-318

*Assimilatory SiRs: SiRHP, E. coli GenBank accession No. M23008 (8); SynaSiR, Synechococcus cyanobacterium,
Z11755; DvaSiR, Desulfovibrio vulgaris, M77241. Dissimilatory SiRs: ArfdSiR, Archaeoglobus fulgaris, a and  subunits,
M95624. Assimilatory NiRs: SynaNiR, Synechococcus cyanobacterium, M95624; SpiaNiR, spinach, X67680; AnaNiR,
Aspergillus nidulans, M58289. Dissimilatory NiR: ECANIR, E. coli. Nitrate reductase: AtNR, Arabidopsis thaliana, J03240.
Sulfite oxidase: RatSO, rat, L05084. tH1, Ala-(X)5_,-¢-Gly-(X),_g-p-X-Thr-X-p-GIn-X-n-X-n-X-Gly; H2, Arg-X-n-
(X),-Cys-(X)5-Cys-~(X),-Asp/Glu-Ala/Ser/Thr;, H3, Pro-Arg-Lys-$-Lys/Asn/n-(X),_,- Gly-Cys(X),-Cys(X)s_g-Asp/Glu; H4,
Gly-(X),.g-Val/Leu/lle-Gly-Gly; H5, Arg-Gly-Glu/Asp-Arg/Lys-lle-Gly-$, where n is a nonpolar residue, p is a polar
residue, ¢ is an aromatic residue, and residue ranges are approximate. For sequence citations see (23).

Fig. 5. SIRHP’s active center. (A) Cofactor coupling. The model is shown with a 1.6 A resolution,
simulated annealed, F_-F_, o,-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 o) identify iron positions while basket yellow contours (16 o) mark both sulfur and iron
positions (0.4 A grid spacings). Four cysteine thiolates ligate the cluster (green bonds): Cys*34, Cys*40
(cyan Ca trace), Cys*’®, and Cys*8 (yellow Ca trace). The siroheme (gold bonds) and cluster share a
thiolate ligand from Cys*®® 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 oxygen in the distal axial
siroheme coordination site. (B) Sironeme structure and electron density. The 1.6 A resolution, Op-
weighted, F_-F_ omit electron density map was calculated with the siroheme removed, and contoured at
30 o (cyan) and 5 o (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 XFIT (47).
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meso carbon separating the pyrroline rings
(CHB), presents a possible auxiliary elec-
tron transfer pathway.

The Fe,S, cubane is bound by four cys-
teine thiolates (Fig. 5A), which are sup-
plied in pairs from the cluster loops imme-
diately succeeding the first two parallel B
strands of domain 2 (Fig. 1C). The separa-
tion between ligands in each loop, CX;C
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-
bility to solvent. The Fe,S, cubane lies only
5.1 A beneath the solvent-accessible sur-
face, and Cys*’® Sy presents 7.7 A? of
exposed surface area, allowing cluster sol-
vation. The cluster loops also supply six
main-chain and two side-chain hydrogen
bonds to the Fe,S, cluster. The cluster
approximates typical D,, symmetry but ex-
hibits subtle distortions involving the iron
bound to Cys*** Sy, which may have im-
plications for electronic coupling to the
siroheme (30).

The SiRHP protein scaffold selects for
and fixes the saddle-shaped distortion of the
siroheme (S, 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 (Figs. 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 w-cation radical
by 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 alu sym-
metry) because of the reduced delocaliza-
tion of the saturated pyrroline rings (31).
Extensive S, ruffling of the SiRHP siro-
heme, coupled with charge-transfer from
the associated electron-rich Fe,S, 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



active-site cleft is solvated by ordered water
molecules, which form complicated hydro-
gen bonding networks among the siroheme
carboxylates, charged active-site residues,
and bound anions. The surprising and un-
precedented binding of phosphate to the
porphyrin, through a 1.85 A Fe-O bond and
136° Fe-O-P angle, likely represents a weak-
field o-bonding interaction between the
iron and oxygen lone pair. S, ruffling in-
creases the siroheme core size, which ac-
commodates the large, high- -spin, ferric iron
with a relatively small (0.29 A) displace-
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 may account for the 10°-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 with a siroheme Fe-S bond distance of
2.26 A (Fig. 7). Reflecting the observed
transition from high (S = 5/2) to low (S
= 1/2) spin (34), the ferric iron resides
only 0.09 A above the least-squares plane
of the pyrrole 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:_ orbital and thus a smaller
iron radius, reduces the bond length be-
tween the bridging thiolate and siroheme
iron from 2.84 to 2.46 A and thereby likely
increases the cofactor coupling. A slight
flattening of the siroheme produces a closer
van der Waals contact (3.53 A) between
cluster SI and siroheme CHB. Exchange 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 enzyme 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 step.

Although many heme proteins react with
nitrite, only siroheme and siroheme proteins
have been shown to react significantly with
sulfite (11, 35). The preference for siroheme
to bind and reduce sulfite 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 -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 S, 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, possibly rel-
evant for electron transfer or stabilization of
a macrocycle radical species, 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-O
semi-ionic bonds are extremely short, sta-
ble, and resistant to polarization when com-
pared to those of other sulfur-oxygen spe-
cies (36). Oxygen protonation greatly
weakens S-O 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
(HSO;™) as one S-O bond consistently re-
fines ~O 2 A longer than the other two.
The protonated oxygen (O3) also appears
to be a proton acceptor in a hydrogen bond

Fig. 6. Distal anion binding site. Positive side
chains (magenta bonds with blue nitrogen atoms)
Arg83 (B1), Arg'®® (B5), Lys?'® (86), and Lys?'?
(B6) extend from their respective B strands (cyan
with red oxygen atoms) to coordinate the siro-
heme-bound phosphate (yellow and red bonds).
B6 is stabilized by salt bridges between Arg?'4
and both pyrrole ring D carboxylates, and the in-
sertion of Phe?'® into a hydrophobic core. Arg''”
hydrogen bonds to the B5 and B6 main chain,
forms a wall of the cavity, and buttresses Arg®3 for
a close contact with bound anions. The most axial
siroheme propionate interacts with the Asn'®4
main chain (upper right) through a bridging water
molecule (blue sphere), and is in hydrogen bond-
ing distance to O2, which appears to be proto-
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from an ordered water molecule, since this
same water also hydrogen bonds to the pro-
ton donors Arg'** and Lys?'5. Given the
solution pK, of 6.9 for the equilibrium be-
tween HSO,; ™ and SO,;2~ (37), the appar-
ent presence of HSO; ™ 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-O 3d-2p
w*-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 three sulfite oxygens, and
one forms a ~2.6 A hydrogen bond with 3¢
bridging difference density to sulfite O3
(Fig. 7). This may anticipate an early stage
of the reaction where oxygen O3 is further
protonated and reductively cleaved.
SiRHP may be representative of an an-
cient ancestral enzyme involved in early
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-

nated due to a P-O2 bond length that refined 0.2 A longer than the other P-O bonds. The only
golvent-exposed phosphate oxygen (O4) 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-bound sulfite
and interacting water molecules. The 2.2 A reso-
lution, o-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 o) 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 the longest S-O bond to a

water peak (blue) 2.6 A away. Displayed in AVS (42).
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sures. The anaerobic ecosystem established
by the sulfate-reducing bacteria and their
photolithotrophic and chemolithotrophic
counterparts provided one of the first bio-
logical contributions to biogeochemical cy-
cling (38). As dissimilatory sulfite reduc-
tion existed 2350 to 3100 million years ago
(38), at least 1 billion years before the
advent of a significantly oxidizing environ-
ment (39), this chemistry likely predated
cytochrome-based aerobic respiration. Siro-
heme may be the ancestor of cytochrome
cofactors as it is derivable from early inter-
mediates in heme synthesis, and it would be
more stable than unsaturated porphyrins to
the photoreducing environment of the Ar-
chean world (2, 4). The obligate anaerobe
Clostridium pasteurianum, which has charac-
teristics of archaic heterotrophs, contains
no cytochromes, yet does have a sulfite
reductase (2, 4). Thus, the original sulfur-
based anaerobic respiratory systems, which
were under evolutionary pressure to utilize
oxidized sulfur compounds for redox couples
rather than to produce sulfide, are the likely
progenitors of contemporary assimilatory
SiRs and NiRs, and also possible evolution-
ary vehicles for the later development of
heme-dependent respiratory oxidases.

The appearance of the SNiRR super-
family throughout the diversity of life sug-
gests that conservation of the SNiRR
structural framework and overall twofold
pseudosymmetric catalytic unit has been
paramount for efficacious cofactor assem-
bly. The development of SiRHP from an
ancient dimer may be a common theme in
multi-cofactor enzyme evolution where
initial homodimer formation can reinforce
symmetric mutations to facilitate adoption
of a general functionality (co-factor bind-
ing at an interface), and then gene dupli-
cation to a pseudodimer can allow muta-
tions to optimize asymmetric features under
the constraint of the original functionality.
Mutations advantageous for one operative
(siroheme binding) would likely no longer
be detrimental for another that previously
relied on the same scaffolding (cluster bind-
ing). In SiRHP, two divergent SNiRRs cre-
ate a microenvironment at their interface to
modulate cofactor reactivity, carefully con-
trol solvation and protonation, and electro-
statically stabilize transition states for high
fidelity generation of fully reduced prod-
uct—an achievement not attained by model
systems, isolated cofactors, or the dissimila-
tory enzymes.
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