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ABSTRACT. The flavoprotein moiety oEscherichia colsulfite reductase (SiR-FP) is homologous to electron
transfer proteins such as cytochrome-P450 reductase (CPR) or nitric oxide synthase (NOS). We report on
the three-dimensional structure of SiR-FP18, the flavodoxin-like domain of SiR-FP, which has been
determined by NMR. In the holoenzyme, this domain plays an important role by shuttling electrons from
the FAD to the hemoprotein (th&subunit). The structure presented here was determined using distance
and torsion angle information in combination with residual dipolar couplings determined in two different
alignment media. Several protetifMN NOEs allowed us to place the prosthetic group in its binding
pocket. The structure is well-resolved, af relaxation data indicate that SiR-FP18 is a compact domain.
The binding interface with cytochron@ a nonphysiological electron acceptor, has been determined using
chemical shift mapping. Comparison of the SiR-FP18 structure with the corresponding domains from
CPR and NOS shows that the fold of the protein core is highly conserved, but the analysis of the electrostatic
surfaces reveals significant differences between the three domains. These observations are placed in the
physiological context so they can contribute to the understanding of the electron transfer mechanism in
the SiR holoenzyme.

In Escherichia colji sulfur assimilation implies the six- an NADPH binding site. The two flavins are bound by
electron reduction of sulfite to sulfidel); This reaction is different structural domains: FAD is associated with a
catalyzed by the enzyme sulfite reductase (SiR)multi- ferredoxin-NADP reductase (FNR)-like domain which also
meric hemoflavoprotein with probably any3s quaternary contains the NADPH binding site, whereas the FMN-binding
structure rather than the commonly acceptgh (2, 3). The domain is homologous to bacterial flavodoxins. These protein
flavoprotein component (SiR-FP) of the enzyme contains two fragments are linked by the connecting domain. The physi-
prosthetic groups: one FAD (flavin adenine dinucleotide) ological role of these flavoproteins consists of the transfer
and one FMN (flavin mononucleotide},®). SiR-FP belongs  of electrons from the NADPH via the FAD and the FMN to
to a family of electron transfer flavoproteins that includes a heme-containing acceptor protein, which catalyzes the final
human NADPH-cytochrome P450 reductase (CPR), nitric reduction reaction. In the case of SiR, the hemoprotein
oxide synthase (NOS), aghcillus megateriuncytochrome component (SiR-HP) opB-subunit contains one [k&]
P450 (P450-BM3) §—8), as well as two other proteins cluster coupled to a sirohemedj. The structural and
identified in humans, a putative methionine synthase reduc- catalytic properties of SiR-HP have been studied in detail
tase (MSR) 9, 10) and a cytoplasmic protein NR1, with yet  (12—14).
unknown function, that is expressed in cancer cdlly. (Al One unique feature of the flavoprotein component of SiR
these proteins bind the same prosthetic groups and possesg s oligomeric quaternary structure. Using limited pro-
teolysis, Cove et al. (5) identified the 52 N-terminal
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(CEA). and, consequently, succeeded in obtaining a monomeric but
#The molecular coordinates and the NMR constraints have been highly active analogue named SiR-FP60, according to its
deposited with the Protein Data Bank as entry 1YKG. apparent molecular weight§). More recently, the crystal
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In our previous workZ1), we determined the global fold order polynomial baseline correction was applied in the
of SiR-FP18 by comparing experimental NMR data with a indirect'H dimension.
homology model calculated using the crystallographic struc-  The heteronuclediH—'5N NOE was determined from two
tures of the flavodoxin-like domains from CPR and P450- experiments with on- and off-resonani¢gsaturation which
BM3 (22, 23). We now report on the high-resolution structure were recorded in an interleaved manner. The saturation time
of SIR-FP18, determined by NMR as well as on the backbone was set to 3.5 s and the recycle delay to 7 s.
dynamics of the protein as deduced fréiN relaxation. In NOE Distance MeasurementSlOE distance restraints
addition, we studied the interaction of SiR-FP18 with bovine were obtained by manually assigning the cross-peaks from
heart cytochrome, an artificial electron acceptor. These data the three NOE experiments. Calibration was adjusted on
are interpreted and discussed in the context of the whole Hy—H\' ™ peak volumes im-helices for which the average
electron transfer complex, in which the flavodoxin-like distance was estimated to be 2.820) Distances involving
domain plays a fundamental role by shuttling the electrons more than one proton were estimated using pseudoatom and

from the FNR-like domain to the hemoprotein moiety. multiplicity (Z = nins) corrections 29).
For the3C 3D NOESY-HSQC and the two-dimensional
MATERIALS AND METHODS NOESY experiments, distances between methyl groups in

valine or leucine residues or between aromatic protons were
used for NOE calibration.
Structure CalculationsStructure calculations were per-
. . ; . . formed using a two-step restrained molecular dynamics
SiR fiavoprotein moiety, were obtained as described else- procedure. Ir?afirst step,pa structural ensemble is CZ\IcuIated
where @1). . from randomized initial Cartesian coordinates using Discover
AlINMR samples used for NOE collection were prepared 2 98 (Accelrys Inc.) and a classical simulating annealing
at a concentration around 1.8 mM in 100 mM potassium ca|culation 80). Structural restraints comprise NOE-derived
phosphate buffer (pH 7.0) with 0.02% NaM either a90%  gistances (ambiguous and unambiguous), backbone torsion
H20/10% DO mixture or 100% BO. Samples were stored  angles obtained from chemical shift values using TALOS
under argon in a sealed NMR tube. For the interaction (31), and hydrogen bond restraints from the measurement
studies a 1 mMsample of oxidized}°N-labeled SiR-FP18  f trans-H-bond scalar couplinggl). The 20 best structures

in 20 mM phosphate buffer (pH 7.0) was titrated with @ 10 55 defined from the total experimental target function were
mM bovine heart cytochrome solution (obtained from  ggjected for refinement against RDC restraints.

Sample Preparatiorisotopically*>N-labeled, doubly>N-
and®C-labeled, and triplyH-, *N-, and**C-labeled samples
of oxidized SiR-FP18, spanning amino acids248 of the

Sigma). The variation of both thiéi and**N chemical shifts In the second step, the selected structures are refined using
was calculated from the Euclidian distance formula: all the restraints mentioned above, combined with RDC
restraints, using SCULPTOR2); 130 'Dnn, 127 Deoca
> [V~ 2 and 131'Dconn RDC restraints could be measured in a
Agve= [ (A0y)" + y_HAéN filamentous bacteriophage Pf1 liquid crystal and 1By,

136 Dcoca, and 136'Dconn RDC restraints in a 5% GEs/
. hexanol mixture withr = 0.96. The SCULPTOR calculation
NMR Spectroscopylhe complete resonance assignment o, nqists of three steps. The molecular coordinates are initially

of S|R-FP1$, as well as the measurement _Of tr"’ms"_hbc""dfixed, while the alignment tensor parameters evolve under
scalar couplingsa4), has been reported previousBA(25).  yhe jnfluence of RDCs measured from sites present in
Two sets of backbone RDCs have been measured ingecongary structure elements. This step is composed of a
f||f_iment0us bacteriophage Pfl Ilqwd crystabl and in a sampling period of 4 ps at 300 K, followed by 3 ps at 200
mlxtqrg 0f 5% Gabs anq hexanol W'm. =0.96 QD' Sa_mple .. K and conjugate gradient minimization. For each structure,
conditions and experimental details are given in detail o most appropriate starting point for the tensor optimization
elsewhere21, 28). is thus defined. The molecule is then released, and the tensor
All NMR experiments described here were carried out at and the molecule evolve under the influence of the same
303 K, on Varian Inova spectrometers operating at a proton RDC restraints and the complete restraint set from step 1
frequency of 800 or 600 MHz and equipped with triple-  during 9.3 ps at a temperature of 1000 K. During this period,
resonance 't, **C, and *™N) probes, including shielded kqpc is increased from the initial value of 0.1 kcal mbl
z-gradients. All data were processed with Felix (Accelrys Hz2 to the final value of 1.0 kcal mot Hz2 This is
Inc.). Typlcally, a 90-shifted Squared sine-bell apodization followed by az27 ps Coo"ng period to 100 K and energy
function was applied to the time domain data prior to Fourier minimization. This step refines both the local structure and
transformation. Residual water Suppression was aChieVGdthe tensor Simu|taneous|$$)_ At this point, the remaining
using a sine-bell convolution. RDC restraints are introduced and both the tensor and
Heteronucleat®N-edited three-dimensional (3D) NOESY- conformation evolve freely during 24 ps at 1000 K, during
HSQC and3C-edited 3D NOESY-HSQC experiments were which timekyog, Ki-bong Kdine @Ndkrpc Were again increased
carried out at 800 MHz on &#N- and 3C-labeled sample.  from their initial values (0.25 kcal mot A=2, 0.25 kcal
In addition, a homonuclear two-dimensional (2D) NOESY mol~* A2, 1.0 kcal mot* deg?, and 0.1 kcal moit Hz 2,
experiment was carried out in,D and at 800 MHz for the  respectively) to their final values (25 kcal mélA-2, 25
detection of NOEs involving aromatic protons. The NOE kcal molt A=2, 100 kcal mot! deg? and 1.0 kcal moft
mixing time for these three experiments was set to 100 ms.Hz 2, respectively). Following the sampling period, the
For each experiment, a first-order polynomial baseline system was cooled to 100 K over 2.7 ps and the system again
correction was applied in the direct dimension, and a second-minimized using a conjugate gradient algorithm. This
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ca!culat_ion Was_rgpeated three tim_es fo_r e_ach_initial s_tructureTable 1. Statistics for the Final Structural Ensemble

using different initial atomic velocity distributions. Fifteen coordinate precision (residues 6208)

structures were _sglected on the basis of the Ic_)west total target ™, o4 for C, Cou N (A) 0554 0.14
function comprising NOE, backbone torsion, hydrogen rmsd for heavy atoms (A) 1.180.18
bonding, and RDC restraints but originating from different  structural statistics

initial structures. These structures were then refined in a  energy (kcal/mol)

complete force field including Coulombic and Lennard-Jones gﬁglde ggjjfzs
interactions, using a distance-dependent dielectric constant dihedral 196+ 11
and reduced charges on solvent-exposed polar side chains out-of-plane 13t 3
(34). Structures evolved for 3.75 ps at 750 K under the H-bond —4+12
influence of all NMR-derived restraints with the force XIIZ::Ntrostatic :fggg‘fgz
constant¥yoe, Ki—bona Kdine @ndkrpc set to 12.5 kcal mokt violation energy (kcal/me) 460+ 41
A-2,12.5 kcal mot* A2, 50 kcal mot! deg2, and 0.5 kcal total ~1254+ 92

mol~t Hz2, respectively. The final structural ensemble was experimental statistics

obtained after cooling to 100 K followed by energy gﬁéﬁrfn‘gfltt‘igﬁ‘;’rio'aﬁons 0.2A 26+5

minimization. The molecular coordinates of the 15 selected As (phage sample) —18.94 0.25
structures have been deposited in the Protein Data Bank A (phage sample) —11.6+0.16
(PDB) as entry 1YKG. Aa (alcohol sample) —19.2+0.09
. . . A (alcohol sample) —-10.8+0.11
Structure Visualization and Comparisddtructures were Ramachandran analysis (PROCHECK)
visualized using either Insightll (Accelrys Inc.) or DeepView residues in most favored regions (%) 91.1
(35). The latter was also used to compare the structure of residues in additional allowed regions ("/%) 7.6
SiR-FP18 with the structural homologues (rat CPR, PDB residues in generously allowed regions (%) ~ 0.8
residues in disallowed regions (%) 0.6

entry 1AMO; the FMN-binding domain of human CPR, PDB
entry 1B1C; rat neuronal NOS, PDB entry 1TLL; and the _ “Force constants usedtoe = 12.5 kcal mot™ A2, kune = 50 kcal
complex of the heme and FMN domains of P450-BM3, ppB M " rad ™ andkeoc = 0.5 keal mot™ Hz =

entry 1BVY) and to analyze its interaction with SiR-FP60

(PDB entry 1DDG). reduced charges on solvent-exposed polar side chains. The
axial and rhombic components of the two different molecular
RESULTS alignment tensors, which evolved simultaneously with the

molecular coordinates, converged toAyof —18.9+ 0.25

Solution Structure Determinatioe have determined the  and anA, of —11.6+ 0.16 for the phage sample and An
structure of SiR-FP18 in solution using liquid-state NMR  of —19.2+ 0.09 and am, of —10.84+ 0.11 for the alcohol
spectroscopy. The assignment'sf, *°C, and**N chemical  sample. Structural statistics of the final calculation are shown
shifts was reported previously and was published in the j5 Taple 1.
BMRB database as entry 49855). This was now completed Description of the @erall Fold. The resulting structural
by the determination of the aromatic ring protons and of some ensemble comprises 15 structures, which are shown super-
proton frequencies of the FMN, enabling the placement of posed in Figure 1A. The well-folded domain consists of
this prosthetic group within the protein using intermolecular yesidues 63208, whereas residues 582 and 209-218,
NOEs. which were present in the molecular construct, are disordered.

The structure was calculated using a two-step procedureThis was further confirmed by theN relaxation data (see
employing first Discover 2.98 (Accelrys Inc.) and then below). The overall structure of SiR-FP18 shows the
SCULPTOR 82) for structure refinement. In the first characteristic fold of bacterial flavodoxins, which is also
structure calculation step, the global fold of SiR-FP18 was common to the FMN-binding domains of CPE8(22), NOS
determined de novo using 1114 useful, manually assigned(20), and P450-BM3 Z3) (see Figure 1B). SiR-FP18 is
distance restraints from tHé&N 3D NOESY-HSQC and®C composed of fiver-helices numbered HiH4 and H as well
3D NOESY-HSQC and 2D NOESY experiments, 216 as sixj-strands (numbered-lV, Va, and Vb). Helix H
backbone torsion angle restraints determined from TALOS andf-strand Va could not confidently be predicted from the
(31), and 119 hydrogen bond distance restraints based oninitial analysis of chemical shifts and short-range NOEs
measured"Jyc couplings 21). The distribution of the 871  presented previously2(). These two secondary structure
(nonredundant) unambiguous distance restraints is shown inelements are conserved in CPR and NOS but not in P450-
Figure S1 of the Supporting Information. In the second step, BM3. The high-resolution structure presented here allows
20 structures selected according to the experimental energyus to identify the short helix Hvhich corresponds to residues
were further refined by the additional use of 786 residual K103—A106, situated between strands Il and Ill at the
dipolar coupling (RDC) restraint3@un, ?Dewn, andDecy) bottom of the SiR-FP18 structure, opposite from the FMN
measured in two different alignment media, combined with binding site.s-Strand Va is oriented nearly perpendicular
the restraints used in the previous Discover calculation. As to the centra3-sheet, but is hydrogen-bonded to strand IV
expected, introduction of RDC restraints resulted in a much by three hydrogen bonds.
better resolution of the backbone (rmsd of 0.55 A compared Most of the loops connecting the secondary structure
to a rmsd of 1.03 A) without significant violations of the elements are well-defined, with rmsd values calculated for
independently identified distance and angular restraints. Thethe backbone atoms (N,oC and C) of individual residues
resulting ensemble of 15 low-energy structures was further below 0.7 A. The only exception is the loop connecting helix
refined using a distance-dependent dielectric constant andH2 and -strand IV where the rmsd exceeds 1.0 A for
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Ficure 2: Backbone dynamics of SiR-FP18 sampled by hetero-
nuclearH—1N NOE measured at 600 MHz. The NOE values are
shown as a function of the protein sequence, and secondary structure
elements are indicated. Note that N- and C-terminal residues have
NOEs much lower than-0.5.

following rotational diffusion coefficientsD; = 20 x 10
standDg = 13.5x 10’ s ! (indicating that SiR-FP18 is a
Ficure 1: NMR structure of SiR-FP18. (A) Superposition of the {nonpmlenc .grOteltnh n SOIul;uonl)' B??;]ders] :he N- IandN%_E
final 15 structures on their mean. Shown are the backbone of l€fMinal residues, eOV(_era value orthe ne ero_”“‘? ear
residues 63208 and the FMN cofactor. (B, C) Schematic €xceeds 0.7 for most residues. The only exception is the loop
representation of the SiR-FP18 fold and the localization of the FMN. between helix 2 and strand IV for which the NOE values
Secondary structure elements are indicated as described in the textgre significantly lowered. In the case of Glu143, a negative
NOE value has been measured, indicating significant back-

residues Ser136Glu143. According to the relaxation mea- Pone flexibility. It has to be noted that this loop bears the
surements, this is due to significant backbone mobility (see INSertion of the autoinhibitory helix in NOS and that in the
below). nNOS crystal structure it is not visible, certainly due to
FMN Binding SiteWe were able to assign all protons Molecular motion 20).
located on the isoalloxazine ring of the FMN cofactor as  Interaction StudiesSiR-FP18 is able to transfer electrons
well as the two @ protons of the ribityl moiety. With this ~ to cytochromec in a nonphysiological reactior2{). This
information in hand, we could identify 31 FMMNorotein interaction was further characterized by NMR using chemical
NOEs, which allowed us to place the isoalloxazine ring in shift mapping. Upon titration of SiR-FP18 with 1, 2, and 4
the binding site. The isoalloxazine ring was found to interact molar equiv of bovin heart cytochronegvery low variations
with the loop following-strand Ill, including Gly119 and  of the average amide chemical shift of less than 0.05 ppm
the loop betwees-strand IV and H3, containing the well-  could be observed, indicating the transient nature of complex
conserved Tyr157 (Tyr140 in CPR), which is in a stacking formation. This is shown as a function of the protein
interaction with the aromatic ring system. The overall sequence in Figure S2 of the Supporting Information.
orientation of the isoalloxazine ring is quite well defined in Average amide chemical shift variations are mainly observed
the 15 final structures as shown in Figure 1A. The remaining for residues Arg182, Asp184, and Alal85, and to a lesser
protons of the ribityl moiety were not assigned as they were extent for residues Alal48, Vall49, and Lys165. Residues
in severe overlap with proton resonances of the protein. To 165, 182, 184, and 185 are surface-exposed in SiR-FP18,
fix the ribityl and the phosphate group, we introduced three and their location is highlighted in Figure 3. These residues
ambiguous distances between phosphate and GIn70, Asn73are close to acidic cluster 1, situated between strand Vb and
and Ala74 amide protons. These amide groups were previ-helix H4. This cluster has been identified in CPR as being
ously identified by their peculiar chemical shifts 10 ppm), responsible for the electron transfer to cytochrome P38 (
suggesting hydrogen bond formation with the phosphate (residues Asp207Asp209 in CPR corresponding to Asp186
group @6). In the crystal structures of CPR and NOS, the Glul88 in SiR-FP18). However, in CPR8), nNOS @39),
homologous residues are also involved in hydrogen bondsand bacterial flavodoxin4Q), mutations in this cluster did
with the FMN phosphate group, further justifying the not affect electron transfer with cytochromz As the
introduction of these constraints into our structure calculation. interaction between SiR-FP18 and cytochrarmweas found
NMR Relaxation Measuremenihe mobility of the SiR- to be invisible at 100 mM phosphate buffer (results not
FP18 backbone has been studied usifly relaxation shown), we propose that it is mainly driven by electrostatic
measurements. As can be seen from Figure 2, which showsnteractions. Residues 182, 184, and 185 are situated in an
the heteronuclear NOE values as a function of the protein area with predominantly negative charges which might
sequence, the flavodoxin-like domain spanning residues 63 facilitate the interaction with the positively charged cyto-
208 appears to be quite rigid. Analysis of the longitudinal chromec. Residues 148 and 149, which have also been found
and transversal relaxation rates using TENSGR ¢howed to be influenced by the interaction with cytochromeare
that the overall rotational tumbling of the molecule is best buried, but the amide groups of Val149 and Arg182 are only
described by an axially anisotropic prolate model with the separated by-5 A.
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Ficure 3: Chemical shift mapping of the interaction of SiR-FP18
with cytochromec. SiR-FP18 is seen from the back with respect
to the orientation shown in Figure 1. The exposed surface of
residues which show a chemical shift variation due to the addition
of cytochromec is colored green. The localization of acidic cluster
1 is indicated. The surface of SiR-FP18 is colored with respect to
the electrostatic potential ranging fror6 (red) to 6 KT (blue).

DISCUSSION

Knowledge of the molecular structure of SiR-FP18, the
flavodoxin-like domain of the bacterial sulfite reductase,
completes the structural information available so far on this

Sibille et al.

insert between strands Il and Il forms an additional helical
turn at the bottom of the molecule in the orientation of Figure
4. In NOS, an autoinhibitory insert is situated between helix
H2 andg-strand IV. In SiR-FP18, the loop connecting strand
Vb and helix 4 is shortened by two residues. This is an
interesting observation as this loop is certainly involved in
specific proteir-protein interactions. In CPR, this loop
contains acidic cluster 1 which has been suggested to interact
with cytochrome P45022, 38). In NOS, residues Leu920
and Cys921 situated in the same surface loop are involved
in the interaction with the regulatory C-terminal tail which
locks the FMN domain in the electron-accepting position
(20) where the FMN can receive electrons from the FAD
situated on the FNR-like domain.

The localization of the FMN with respect to the protein
moiety is identical in the three proteins. Comparison of the
amino acid sequences between different bacterial flavodoxins
and flavodoxin-like domains reveals that two aromatic resi-
dues are very well conserved in the proximity of the FMN-
binding site (residues Tyr140 and Tyr178 in CPR). However,
in two proteins with known structure, th€lostridium
beijerinckii flavodoxin @2) and SiR-FP, one of these
conserved aromatic amino acids (Tyr140 of CPR) is replaced
with an aliphatic residue: methionine in the caseQf
beijerinckii flavodoxin and glutamine (GIn118) in SiR-FP.
Figure 5A shows a detailed view of the FMN-binding pocket
comparing the crystal structures of CPR)Y and NOS 20)
with the NMR structure presented here. It can be seen that
the backbone orientation and the position of most aromatic
residues are nearly identical. The strictly conserved Tyr157

huge multimeric enzyme. Previously, crystal structures have of SiR-FP18 is in a stacking interaction with the FMN ring

been determined for thé-subunit (SiR-HP12—14) and a
part of the flavoprotein, containing the FNR-like domain as
well as the linker connecting the latter to the flavodoxin-
like domain (L7). In addition, structural information about

as are the side chains of Tyrl178 in CPR or Tyr889 in NOS.
Phel81 of CPR, which has been reported to play an important
role in FMN binding and catalytic activity by stabilizing the
FMN-binding site 43), is superposable with Phe160 of SiR-

homologous proteins has become available, allowing a muchFP18 or Phe892 of NOS. The surface-exposed His180 in
better understanding of the molecular processes involved inCPR (His891 of NOS) is replaced with a phenylalanine in

electron transfer. In this context, the flavodoxin-like domain
plays a particularly important role, as it interacts with both
the FNR domain of the flavoprotein moiety and the hemo-
protein to shuttle electrons from the FAD to the heme. From

SiR-FP18. As already mentioned above, the highly conserved
aromatic amino acid in the proximity of the FMN cofactor
(Y140 of CPR or F809 of NOS) is replaced with GIn118 in
SiR-FP. From Figure 5A, it becomes clear that one function

results obtained independently by different groups, there is of the conserved Tyr140 in CPR is the establishment of a
more and more experimental evidence that the interactionhydrogen bond with the FMN phosphate group. Both in SiR-

of the flavodoxin-like domain with both its partners involves

FP18 and in NOS, the same hydrogen bond with the FMN

the same surface region, suggesting a swinging motion of phosphate is formed with the side chain of a neighboring

this domain within the electron transfer comple&0,(41).

serine (S116 of SiR or S807 of NOS) found in the position

Using the molecular structure we have determined, we of the OH group of Tyr140 of CPR. Remarkably, the same
address the process of this electron transfer in the case ohydrogen bond with a serine is also founddnbeijerinckii

SiR by comparing our results with those obtained on
homologous molecules.

Comparison of SiR-FP18 with the Rladoxin-like Do-
mains from CPR and NOSThe backbone fold of the
individual flavodoxin-like domains is remarkably similar.

flavodoxin.

In addition to the hydrogen bonds involving the FMN
phosphate group, several other hydrogen bonds between the
isoalloxazine ring and backbone atoms of the protein have
been identified and are summarized in Figure 5B. These

Superposing structurally homologous backbone atoms leadsnteractions are well conserved, and the same hydrogen bond

to molecular rmsd values of 1.38 A for CPR (548 backbone
atoms) and 1.12 A for NOS (552 backbone atoms). A
superposition of the three different flavodoxin-like domains

pattern has been identified in human CPR)(and in the
flavodoxin from Desulfaibrio wulgaris (44). The only
exception is the hydrogen bond to O4 on the isoalloxazine

is shown in Figure 4. SiR-FP18 seems to represent the corering which does not occur in the SiR-FP18 structural

fold of the flavodoxin-like domains, whereas both CPR and
NOS contain additional structural elements. In CPR, an
N-terminal extension including an-helix is involved in

ensemble. This might be due to the lack of experimental
constraints for the backbone of G119, which, according to
the CPR structure, should establish the hydrogen bond with

interdomain contacts with the connecting domain and a short O4.
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Ficure 4: Structural comparison of FMN-binding domains. Stereoview of the superposition of the FMN-binding domains of human
cytochrome P450 reductase (red), rat NO synthase (blue), and SiR-FP18 (orange). The cofactors of the three proteins are colored black.

A A residues might play a role in hydrophobic proteprotein
) « interactions. The two exposed side chains are localized in a

SiR-F160 convex surface region, which may exist to allow such
CPR-F181
NOS-F8g92 _.—\ R,

‘ /'* . . inhibitory helix, the presence of which has so far only been
P 4 _ 1 reported in NOS. In the case of SiR, there is no information
' 7% = SiR-Y157 available about the molecular organization of the holo-
P eun \%\3\ RS enzyme, so we can only speculate about the role of this
l ot ,‘\ : surface region.
= /l \.;/, - / Toward the Whole SiR CompleWith the resolution of
L J R ﬁ
pal

,' o~ R the SiR-FP18 molecular structure, the major components
'\.; ,{ interacting within the macromolecular complex of tecoli

N~ g::':;fgo interactions to occur. It might be worth considering that when
/ NOS-Hag1 SiR-FP18 is superposed with the flavodoxin-like domain of
NOS (0), this surface forms the interface with the auto-

sulfite reductase have now been structurally characterized.
CPRY140 We will now consider putting together the information
NOS-F809 available from the individual fragments to gain insight into
T the fundamental process of electron transfer from NADPH
to sulfite.
Much work has been devoted to the functional character-
B F156.0 ization of the individual fragments of SiR and their ability
L N to transfer electrons to physiological or artificial electron
"N Ns CH, acceptors. The SiR flavoprotein moiety is composed of the
C161-HN g N-terminal octamerization domain, the FMN- and FAD-
Hy

SiR-Q118

N
(1319) \oz)\nf N C binding domains, and the connecting domdirgj. The latter
/ AN three domains are shared in CPR, NOS, and bacterial P450-
aans) | /ans) T117-0 BM3. A functional reconstitution of the flavoprotein moiety
D154-HN s from SiR-FP23, the octameric FMN-binding domain, and
ribityl SiR-FP43, the FAD-binding and connecting domain, could
phosphate not be achieved1®). In the case of the bacterial flavo-
FIGURE 5 Detailed view of the FMN-blndlng site. (A) S.truct.ural Cytochrome P450-BM3 and CPR’ a functional Comp|eX, but
comparison. The two loops surrounding the FMN-binding site are with low activities, could be obtained from the separate

shown with the backbone in red (human CPR), blue (rat NOS), . - .
and yellow (SiR-FP18). They correspond to residues Serlle domains 45, 46). In the case of SiR, these protein fragments

Gly121 and Leu152GIn162 (SiR-FP18 numbering). Side chains Seem to be unable to interact with each other in solution.
discussed in detail in the text and the FMN cofactors are colored However, the individually produced octameric flavoprotein
in CPK mode, and the hydrogen bond to the FMN phosphate group moiety (SiR-FP) was shown to be fully active by transferring

is colored green. (B) Hydrogen bonds between the protein backbone .
and the isoalloxazine group found in the final structural ensemble. EI_eCtronS from the _NAD.PH via the FAD and the FMN to
The frequency of occurrence throughout the ensemble is given in SIR-HP, the physiological partnerl§), to cytochrome

parentheses for each hydrogen bond. P450c1747), or to cytochrome (15). Further simplification
of the flavoprotein moiety was achieved by the construction

It was mentioned above that Phel59 is surface-exposedof a monomeric version, called SiR-FP&I®). This protein
in SiR-FP18. Inspection of the molecular surface seen from lacks the N-terminal octamerization domain. Interestingly,
the right with respect to the orientation shown in Figure 1 SiR-FP60 could still reduce the physiological partner SiR-
reveals a second exposed phenylalanine (Phel35). Thesé&lP, but its activity was reduced by more than 80% when
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Ficure 6: Interaction of the flavodoxin-like domain with its electron transfer partners:GAMolecular interface between FMN- and
FAD-binding domains. The molecular surfaces of the FAD-binding domain and the connecting domain are shown on the left and those of
the FMN-binding domain on the right. The two views are related by & i8@tion around a vertical axis. The backbone and the cofactor

of the electron transfer partner are shown to indicate the relative localization of the two domains: (A) crystal structure of &) GBR (

crystal structure of rat nANO20), and (C) model of the SiR-FP interface constructed from superposition of the two independently determined
molecular structures (reff7 and this work) on the rat CPR coordinates. (D) Molecular surface of SiR-FP18 in the same orientation as in
panel C on the right and SiR-HP with the prosthetic group exposed in the center on the left. Surfaces have been colored according to the
electrostatic potential ranging from6 (red) to 6 KT (blue); the cofactors are colored yellow (FMN), orange (FAD), pink (NADP), and red
(siroheme). Backbone coordinates are colored green, with a slightly different color for the connecting domain.
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compared to that of octameric SiR-FB).(In addition, SiR- strong, and the complex that was formed could be disrupted
FP60 was no more able to reduce cytochrome P450€d)7 (  only by suspension in denaturing electrophoresis bu#a. (
In both cases, however, the physical interaction betweenFigure 6D shows the supposed interaction surfaces between
flavo- and hemoprotein could be detected using immuno- FMN and the heme domain. The two surfaces around the
precipitation 47). These observations indicate that either the exposed prosthetic groups have highly complementary
presence of the octamerization domain or the octameric charges: the region around the FMN group is strongly acidic,
organization of the holoenzyme is essential for a productive whereas the surface around the ir@ulfur cluster and the
electron transfer between flavo- and hemoprotein. siroheme exposes numerous positive charges. These strong

So far, there is no structural information available for the electrostatic interactions may explain the stability of the
whole electron transfer complex of any homologous system. observed complex.
However, crystal structures have been determined for the With these observations in mind, it becomes very difficult
flavoprotein part of rat CPR1@) and, more recently, of  to imagine how these different protein domains and subunits
neuronal NOS Z0). In addition, the structure of the flavo-  can come together to form a stable and functional multimeric
doxin-like domain of flavocytochrome P450-BM3 has been complex and to predict the molecular events that can trigger
determined in complex with the fatty acid hydroxylase P450 the partial dissociation of the FMN domain from the
(23). Thus, structural information is available for the flavo- interaction surface of the hemoprotein and make it swing
doxin-like domain in the electron accepting and electron back to the FNR-like domain. There is experimental evidence
donating position. It is remarkable that in both cases, the that in the holoenzyme, the interaction between the hemo-
interface between the two protein domains involves the sameprotein and the octameric flavoprotein moieties is weaker
surface region of the FMN domain. An analogous conclusion than between SiR-HP and SiR-FP18. For the crystallographic
has been made by Hall et a48), who studied the interaction  studies, SiR-HP has been purified from the holoenzyme in
of E. coli flavodoxin with flavodoxin reductase and me- 4 M urea (3), whereas the complex with SiR-FP18 was
thionine synthase using NMR. They found that the two completely resistant to even higher urea concentrati®s (
proteins bind to unique but overlapping sites on the flavo- |n addition, the functional studies demonstrate the importance
doxin close to the exposed edge of the FMN cofactor. of the oligomeric nature of the SiR holoenzyme. One could
Electron transfer seems to occur directly between the speculate whether this oligomerization domain plays a spe-
prosthetic groups, while the exposed edge of the FMN first cific role by tuning the interaction between the flavodoxin-
interacts with the FAD from the FNR-like domain and then |ike domain and SiR-HP. There must be a sophisticated
with the heme or the iroasulfur cluster on the hemoprotein.  interplay between the individual domains that regulates the
This model precludes the formation of a stable ternary sequential interaction of the FMN domain with its redox
complex in which the flavodoxin-like domain simultaneously partners as a function of the redox state of the individual
interacts with both its redox partners in an electron transfer cofactors. Future structural studies may allow characterization
compatible orientation. Therefore, a swinging motion of the of the subunit interactions within the oligomeric SiR complex
flavodoxin-like domain has been suggested to enable theto improve our understanding of the molecular basis of the
interaction with the two different redox partner20( 41). electron transfer within this protein.

Superposition of different structures of the flavoprotein
moiety shows that the relative orientation of the FNR and ACKNOWLEDGMENT
the flavodoxin-like domains are conserved between CPR and
NOS. However, some conformational diversity occurs which
is in accordance with the rotation of the flavodoxin-like
domain with respect to the FNR domain. Panels A and B of
Figure 6 show the interface between the flavodoxin-like SUPPORTING INFORMATION AVAILABLE

domain and both the FAD-binding and the connecting  Two figures showing the distribution of unambiguous
domain for CPR 18) and NOS 20). We also obtained the  NOEs as a function of the protein sequence and the chemical
analogous interface in the case of SiR-FP, by superpositionshift differences induced by the titration of SiR-FP18 with

of the two molecular fragments on the CPR structure (Figure cytochromec. This material is available free of charge via
6C). Comparison of the electrostatic surfaces of the protein the Internet at http://pubs.acs.org.
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