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The three-dimensional structure of spinach ferredoxin- 
NADPf reductase (NADP+, nicotinamide adenine dinu- 
cleotide phosphate) has been determined by x-ray dif3i-ac- 
tion at 2.6 angstroms (A) resolution and initially refined 
to an R factor of 0.226 at 2.2 A resolution. The model 
includes the flavin-adenine dinucleotide (FAD) prosthetic 
group and the protein chain fiom residue 19 through the 
carboxyl terminus at residue 314 and is composed of two 
domains. The FAD binding domain (residues 19 to 161) 
has an antiparallel P barrel core and a single a helix for 
binding the pyrophosphate of FAD. The NADP binding 
domain (residues 162 to 314) has a central five-strand 
parallel P sheet and six surrounding helices. Binding of 
the competitive inhibitor 2'-phospho-AMP (AMP, aden- 
osine monophosphate) places the NADP binding site at 
the carboxyl-terminal edge of the sheet in a manner 
similar to the nucleotide binding of the dehydrogenase 
family. The structures reveal the key residues that func- 
tion in cofactor binding and the catalytic center. With 
these key residues as a guide, conclusive evidence is 
presented that the ferredoxin reductase structure is a 
prototype for the nicotinamide dinucleotide and FAD 
binding domains of the enzymes NADPH-cytochrome 
P450 reductase, NADPH-sulfite reductase, NADH-cy- 
tochrome b5 reductase, and NADH-nitrate reductase. 
Thus this structure provides a structural framework for 
the NADH- or NADPH-dependent flavoenzyme parts of 
five distinct enzymes involved in photosynthesis, in the 
assimilation of inorganic nitrogen and sulfur, in fatty-acid 
oxidation, in the reduction of methemoglobin, and in the 
metabolism of many pesticides, drugs, and carcinogens. 

I N PHOTOSYNTHESIS, LIGHT ENERGY, WHICH IS INITIALLY 

concentrated in a single excited electron in the photosynthetic 
reaction center, is partly used to create a proton gradient that 

can be converted to adenosine triphosphate (ATP) by the chloro- 
plast adenosine triphosphatase (ATPase) and partly stored as reduc- 
ing equivalents in NADPH through the action of ferredoxin- 
NADP+ reductase (FNR, E.C. 1.18.1.2), the subject of this study 
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(1, 2). For the production of NADPH, excited electrons from 
photosystem I reduce the one-electron-carrying iron-sulfur protein 
ferredoxin. Two ferredoxin molecules then successively pass on their 
electrons to the FAD prosthetic group of FNR, which becomes 
reduced first to the neutral flavin semiquindne and then to the fully 
reduced form before both electrons can be passed on to NADP+ in 
the form of a hydride [Eq. 1 (1, 3)] 

2 ferredoxin (reduced) + NADP' + H" 

+ 2 ferredoxin (oxidized) + NADPH (1) 

Since electrons are transferred from two molecules of an obliga- 
tory one-electron donor to a single molecule of a two-electron 
(hydride) acceptor, FNR is a member of the class of enzymes called 
dehydrogenases-electron transferases (4).  The entry ports to all 
biological redox chains contain a flavoprotein dehydrogenase- 
electron transferase that catalyzes the transfer of electrons between 
nicotinamide, succinate, or fatty acid and the one-electron-carrying 
electron-transfer proteins. Amino acid sequence comparisons have 
shown that FNR may be related to the flavoenzym& cytochrome 
P450 reductase, cytochrome b, reductase, sulfite reductase, and 
nitrate reductase (5-7). We have undertaken crystallographic studies 
of FNR from soinach to determine the structural features of the 
protein that influence the electronic properties of the flavin and 
allow such versatility in catalysis. 

The localization, regulation, enzymology, and structure-function 
relations of FNR have been comprehensively reviewed (1). The 
x-ray structure of spinach FNR at 3.7 A resolution allowed a general 
description of the domain structure of the molecule, but a complete 
chain ;racing was not possible (8). On the basis of the amino-acid 
sequence, a partial model for the NADP-binding domain was built, 
but an interpretation of the FAD binding domain remained elusive 
(9). We have now extended the multiple isomorphous replacement 
analysis to a resolution of 2.6 A and have carried out partial 
refinement of the model at 2.2 A resolution. We present a descrip- 
tion of the overall structure of the enzyme, identify key residues 
involved in function. and discuss familial relations of FNR. 

Structure determination. FNR was purified from spinach chlo- 
roplast membranes and crystallized by the hanging drop method 
(10). Single crystals belonging to space group C2 (a = 90.7 A, 
b = 57.7 A, c = 68.1 A, P = 100°), and apparently equivalent to 
those studied by Sheriff and Herriott (8), grew within a few weeks. 
The UO,(NO,), and K, Pt(CN), derivatives used in the low- 
resolution study (8) were selected for higher resolution work, and 
2.2 A resolution data sets for the native enzyme and these two 
derivatives were collected (11) (Table 1). Heavy-atom models 
obtained in the lower resolution work (8) were used to initiate 
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Table 1. X-ray data collection and phasing statistics. Phasing statistics given are the figure of merit for phasing the native data set and the phasing 
power (the ratio between the rms heavy-arom scattering amplitude and the lack of closure error) for each of the derivative data sets. The native and 
derivative data were collected with two multiwire area detectors (11). A single crystal was used for each data set and the data were reduced on site. The 
2'-phospho-AMP data set was collected in four shells of equal reciprocal space volume on a Nicolet R3M diffractometer. Data were reduced by standard 
procedures (44); R,,,, and K,,,, are the K factors (CIP, - P2~iCF2) between Friedel pairs within a data set (number of pairs given in parentheses) and 
between a derivative and the native data sets. Factors to scale the derivative sets to the native data and to put all data on an absolute scale were 
calculated (45) and fixed during heavy-atom refinement. The relative temperature factors (AB) are given. 

Data collection statistics Phasing statistics versus resolution (A) 

Data set Resolution Unique reflections 2.6- 
(A) (No.; percentage of possible) Rsym 

Native 2.2 15,980 (90) 0.049 (1 1,087) 0.0 0.85 0.75 0.68 0.58 0.51 
Platinum 2.2 16,452 (93) 0.046 (10,950) 0.133 -0.2 2.2 2.0 1.7 1.7 1.3 
Uranyl 2.2 15,650 (88) 0.077 (5,013) 0.192 1.9 1.4 1.4 1.1 1.0 0.8 
2'-Phospho-AMP 3.0 7,065 (100) 0.092 (225) 0.137 0.8 

parameter refinement and phase determination (12). On the basis of 
the final statistics of the refinement (Table l ) ,  and after comparison 
of electron density maps calculated at 2.6 or 2.2 A resolution, 2.6 A 
resolution was chosei as the cutoff for calculating electron density 
maps to be used for model building. The majority of the chain could 
be followed in this 2.6 A map, and in particular the flavin and 
distinct strands of sheet in the FAD binding domain could be 
located. However, large "ghost peaks" (13) were associated with the 
major heavy-atom positions and a few surface loops were not easily 
interpreted. The clarity of the map was improved by applying a 
densitv modification ~rocedure to reduce systematic and random 
errors in the phases by flattening the peaks at the heavy-atom sites 
and in the solvent region (14). 

The improved electron density map and the program FREIBAU 
(15) were used to build a model for the FAD prosthetic group and 
residues 21 to 314 of the protein chain. This model has been 
crystallographically refined against the data between 7 and 2.2 A 
resolution from an R factor of 0.394 to 0.226 while maintaining 
reasonable geometry (16). During refinement, electron density was 
found for two extra residues at the amino terminus, so that the 
current model begins at residue 19. The loop from residues 236 to 
243 has weak density and its conformation is not well determined. 
In Fig. 1 the quality of the current electron density distribution is 
illustrated. 

Crystallographic location of the NADP binding site. The 
NADP binding site had been located at 3.7 A resolution by 
difference Fourier analysis of crystals soaked with 100 rnM NADPH 
(8). Quantitative analysis (1 7 ) ,  however, indicated that the occupan- 
cy of binding was as low as 30 to 40 percent. T o  better define the 
binding site, we collected a 3 A resolution data set from crystals 

soaked with 2'-phospho-AMP (Table 1). This fragment of NADPH 
acts as a competitive inhibitor with an inhibition constant Ki = 2 
KM (18). The signal in the difference Fourier analysis was much 
stronger and the occupancy was estimated at 80 to 100 percent. 
Starting with the coordinates of the refined unliganded structure, 
seven residues (Se?04, Pro2'" Arg23s, L ~ s ~ ~ ~ ,  Ty?46, G1n248, and 

that had clearly moved during ligand binding were manu- 
ally adjusted and coordinates for 2'-phospho-AMP were added. The 
model was refined against the data between 7 and 3 A to an R factor 
of 0.196 (16). 

FNR has two structural domains. The first 18 residues of FNR 
are not visible in the electron density map. We have verified by 
SDS-gel electrophoresis that dissolved crystals contain the intact 
enzyme, so we conclude that these residues are disordered. This 
result is consistent with observations that the amino terminus is 
susceptible to proteolytic nicking (9, 19), that this nicking does not 
affect in vitro enzymatic activity, and that the sequence of FNR from 
Spivulina begins at the equivalent of residue 23 of the spinach 
enzyme (10, 20). 

An overview of the backbone structure of FNR shows its two- 
domain nature (Fig. 2A). The first domain, residues 19 through 
161, binds the FAD prosthetic group, and the second domain, 
residues 162 through 314, contains the NADPH binding site. Each 
domain is a compact structure that provides for binding the bulk of 
its respective dinucleotide, although each dinucleotide also interacts 
with some residues from the other domain. Also, the domains have 
an extensive contact surface and may not be functionally separable. 
The interface between the two domains buries -2800 A2 (1400 A2 
per domain) (21). A single cis-proline occurs at residue 150. 

FAD is bound to a f3 barrel structure. The core of the FAD 

Fig. 1. Stereoview showing quality of the final 
[2Fc, - Fc]aCdI, electron density map and the en- 
vironment of the enzyme bound flavin. The con- 
tour level for the density is at 20 percent of the 
maximum. Amino acid residues shown are labeled 
with the one-letter code (46). Density maxima 
which represent water molecules are apparent 
near the hydroxyl of Tyr314, off of the carbonyl of 
Ser'6, and next to the carboxylate of G1u312. The 
line of sight is nearly along the hydrogen bond 
from the peptide amide of residue 96 to the N5 
atom of the flavin. Bumps due to thc carbonyl 
groups and even a slight forking of the side-chain 
deny2 for branched side chains (Leu94 and 
Thr ) are clearly visible in the electron density. 
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domain is an antiparallel p barrel (Fig. 2, B and C). The use of this 
domain type fbr the bindiig of a flavin prosthetic group has not 
been seen in other flavoenzymes (22). As is common, the barrel is 
flattened and has distinct edges around which the neighboring 
strands are not as well hydrogen bonded. The top of the barrel is 
capped by the peptide segments from 98 to 108 and 65 to 75, while 
the bottom is covered by the helical segment from 131 to 137 (Fig. 
2). In topological terms, it is a simple six-stranded, greek-key p 
barrel with a counterdockwise swirl (23). Other domains with this 
topology are found in aypsin and in F a t e  kinase. However, the 
FAD domain of FNR is distinguished from both of these structures 
(even as they are distinct. from each other) by the spatial placement 
of the strands relative to each other and relative to the edge of the 
flattened barrel. In FNR the first two strands make a hydrogen- 
bonded f3f3 structure (Fig. 2), while in pyruvate kinase they are on 
opposite sides of the barrel and in aypsin the first three strands are 
adjacent (23). 

The FAD prosthetic group is bound in an extended conformation 
with the flavin inserted into the protein at the domain boundary 
(Fig. 2, A and B). The polar environment around FAD is shown in 
Fig. 3. The ribose and adenine moieties of FAD are quite exposed 
and appear to make no direct hydrogen bonds to the protein, 
although some contact is made with the side chains of Leu118 and 
TyrlZO. The pyrophosphate group is s t a b i  by hydrogen bonds 
from the side chains of and Ser133 and from all three of the 
peptide amides at the amino terminal end of the a helix from 
residues 13 1 to 137. Thus fill advantage is made of the helix's ability 
to stabilize negative charges (24). The absence of a side chain at 
GlyI3' is important to allow dose approach of the helix to the 
pymphosphate. Another prominent side chain involved in biding 

FAD is Tyr9', which makes extensive van der Waals contact with the 
flavin and makes a hydrogen bond to the ribityl3'-hydroxyl (Fig. 3). 

The redox active part of FAD is the flavin, and the protein-flavin 
interactions must modulate its properties to allow control of one- 
electron and two-elearon transkr. The flavin is bound external to 
the flattened p barrel at one of its edges (Fig. 2A). The flavin 
environment is shown in Figs. 1,3, and 4. The Ser% residue appears 
aucial as both its peptide amide and side chain interact with the 
catalytically competent N5 atom of the flavin. All hydrogen bonding 
between the protein and the flavin involves residues from the 
FAD-domain, which also serve to cover the back (si-face) of the 
flavin. The front (re-face) of the flavin points toward the NADP 
domain and is covered by the side chain ofTy?14, which is stacked 
parallel to the flavin in such a way as to maximize a-orbital overlap. 
This interaction could explain the e&ctive quenching of flavin 
fluorescence in FNR (25). 

In accordance with chemical modification studies of FNR recon- 
stituted with flavin analogs (26), only the edge of the dimethyl 
benzyl ring is well exposed to the solvent. The surrounding surface 
is made up by the side chains of Ser7', LeuM, and Glu312 (Fig. 1). 
By analogy with the elearon carrier flavodoxin, single electron 
transfer probably occurs at this locus (27). 

2'-Phospho-AMP binding identifies the h c t b n a l  NADP 
binding site. The NADP-domain has a parallel five-stranded p sheet 
core and six surrounding helices (Fig. 2). The hydrogen-bonding 
pattern in the p sheet is regular and the sheet is large, with all strands 
having six or more residues. The twist of the sheet is about 5" per 
strand. The topology of the central P sheet (Fig. 2C) is equivalent to 
that seen for many dinudeotide binding proteins (28), but signs- 
cant structural and hctional differences exist (see below). 

Fig. 2. Polypeptide chain foldmg and domain 
mucture of FNR. (A) Stylized Ca backbone (39) 
of the whole protein: the FAD domain (red) and 
the NADP domain (magenta) are shown with 
models and van der Waak surfaces b r  FAD 
(yellow) and 2'-phospho-AMP (blue). The deft 
where k d o x i n  may bid faces the viewer. (B) 
Simplied ribbon diagram (47) of the secondiuy 
struccunl elements (21) of FNR, also showing the 
bound FAD and 2'-phospbAMP. The view is 
similar to that in (A). (C) A two-dimensional 
topology diagram for EWR. Sheet strands and 
heliccs are represented by arrows and rectangles, 
respectively. 
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We have analyzed the binding of both NADPH (8) and 2'- 
phospho-AMP in FNR crystals. The 2'-phospho-AMP density is - - 
bell formed with the two phosphates showing the highest electron 
density. 2'-Phospho-AMP binds at the carboxyl-terminal edge of 
the parallel sheets (Figs. 2 and 5), with the 5'-phosphate group 
approaching the glycine-rich loop (9) between the first strand of the 
sheet and the following helix. The side chain of Lys'16 extends from 
the FAD domain to approach this phosphate. Probable hydrogen- 
bonding interactions with the protein are shown in Fig. 3B. 

The ribose and adenine make hydrogen bonds with two main- 
chain carbonyls and the side chains of Thr170 and GlnZ4' (Fig. 3B). 
The 2'-phosphate forms four strong hydrogen bonds with the 

Fig. 3. Hydrogen bonding to and around enzyme-bound FAD and 2'- 
hospho-AMP. Probable hydrogen bonds between polar atoms less than 3.3 1 apart are shown as dashed lines. Residue numbers are given, and if 

side-chain atoms are involved, the amino acid type is also given. Hydrogen 
positions are not experimentally determined. (A) The FAD environment. 
Water molecules visible in the electron density (see Fig. 1) are shown as W. 
The side-chain hydroxyl of Ser96 is 3.4 A from the flavin N5 atom and in 
position to receive a hydrogen bond from a reduced flavin. (B) The 
2'-phospho-AMP environment. The interactions involving Lys244 and 
Gln24%re noted with a question mark because both separations are close to 
4 A and the orientation of the Gln24x amide is ambiguous. Both side chains, 
however, move toward the ligand during binding so a favorable polar 
interaction is probable. 

side-chain atoms of Ser234, ArgZ3< and Ty$%. The amino group of 
LysZ4 is 4 A away and may interact weakly. Because the crystals are 
near pH = 4.5 (8, lo), the 2'-phosphate is probably protonated and 
only has a single negative charge. Under physiological conditions, it 
would be expected to carry a double negative charge and extra 
stabilization could be provided by a movement of These 
hydrogen bonds provide a structural explanation for the enzyme's 
discrimination against NAD+, which lacks the 2'-phosphate group 
and has a Km about 400-fold greater than that for NADP+ ( 2 ) .  Both 
other structurally well-characterized NADP+-dependent enzymes, 
dihydrofolate reductase (29) and glutathione reductase (17, 30), 
show a similar mechanism of discrimination. 

Only minor conformational changes of the protein occur upon 
2'-phospho-AMP binding, with nearly all of the hydrogen-bonding 
side chains moving toward the ligand. Also, the side chains of 

(see Fig. 4) and Ty?& move toward the adenine to make 
contact, and proZo5 is displaced by van der Waals contacts with the 
incoming ribose. 

The difference electron density for bound NADPH is weak and 
not well formed (8, 31). It overlaps with the 2'-phospho-AMP 
binding site but is generally further from the enzyme surface. The 
highest density peaks, which were assignkd to the pyrophosphate 
and the 2'-phosphate of NADPH (8, 31), correspond to the 
position of the adenine ring and the adenine ribose of 2'-phospho- 
AMP, respectively. The specific pocket occupied by the 2'-phos- 
phate group of 2'-phospho-AMP is empty. The level of binding is 
much lower than would be expected based on a Km of 1 pM under 
assay conditions (18) and must be due to either the buffer conditions 
in the crystal-high salt and low pH--or physical constraints on the 
structure caused by the molecular packing in the crystal. 

Comparison of the mode of binding of 2'-phospho-AMP with 
the results of solution experiments and sequence comparisons (see 
below) provides support that its binding mode rather than that 
observed for NADPH is hctionally relevant. Chemical modifica- 
tion experiments have implicated Lys'16, Lys244, one of lysines 188, 
193,213,218,220, or 222, an arginine, carboxylate, and a histidine 
in NADPH binding (1, 32). The model shows that Lys'16, Lys2@, 
and Arg235 are directly involved in binding the 5'- and 2'-phos- 
phates (Fig. 3B). No histidines or carboxylates, with the possible 
exception of the carboxyl terminus (Fig. 4), are directly involved, 
and none of the six lysines between residue 178 and 228 is near the 
observed binding site. These results can be explained, however, if 
the above groups were involved in a conformational change that 

Fig. 4. The proposed binding site for the nico- 
tinamide mononucleotide moiety of NADP. The 
FNR structure with 2'-phospho-AMP bound 
(bold lines) is compared with the flavin and 
NADH from glutathione reductase (thin lines) 
(30) after the two flavins have been superimposed 
(48). Places where the chain has been cut are 
marked by dots. The nicotinamide C4 atom and 
flavin N5 atom, between which hydride transfer 
takes place, are connected by a dashed line. We 
propose that in FNR the nicotinamide may also 
stack on the flavin in a similar way, but because 
the dinucleotide approaches from below instead 
of above, the nicotinamide carboxamide group 
would point up, overlapping the benzyl ring of 
the flavin. The proposed path from the 5'-phos- 
phate of 2'-phospho-AMP to the nicotinamide is 
open in FNR and would place the second phos- 
phate of the pyrophosphate at the position 
marked "PN" (in position to hydrogen bond to 
the backbone amide and possibly the side chain of Thr172) and the ribose in 
the region marked "rib." T o  allow this binding, the side chain of ~ y r j l ~  movement of Tyr19' in glutathione reductase (17). As Tyr314 is at the 
would have to move out of the nicotinamide pocket, reminiscent of the enzyme surface, such a motion is feasible. 
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Fig. 5. Comparison of the nucleotide binding fold of FNR with 
that of lactate dehydrogenase. The bound nucleotide structure and 
the Ca backbone for the subdomain containing the first three 
strands of p sheet (marked PA, PB, and PC) are shown for lactate 
dehydrogenase from pig heart (35) (thin lines) and FNR (thick 
lines). Chain breaks are marked with dots, and the end residues are 
labeled. The Ca positions of 20 equivalent hydrogen-bonding 
residues of the p sheet were used to calculate the best superposition 
(rms deviation = 1.1 A) (48). The position of a conserved glycine 
that terminates strand p, in both proteins is marked with an 
asterisk. 

could occur when a complete molecule of NADPH binds properly. 
How does the nicotinamide bind? Crystallographic studies of 

glutathione reductase have shown that hydride transfer occurs 
through a stacked nicotinamide-flavin interaction that places the 
nicotinamide C4 atom opposite the flavin N5 atom (17, 30). The 
structure of FNR is also G m ~ a t i b ~ e  with such an interaction. When 
the flavins of the two enzymes are superimposed, the nicotinamide 
from glutathione reductase closely matches the position of the side 
chain of Tyr314 (Fig. 4), suggesting that this tyrosine may fill the 
nicotinamide binding pocket to maintain the enzyme structure and 
protect the flavin in the absence of NADP. The superposition also 
shows that the 5'-phosphate of 2'-phospho-AMP is at an appropri- 
ate distance (12 A) from the proposed nicotinamide binding site and 
that the path from the 5'-phosphate to this site is not hindered (Fig. 
4). Because the cofactor approaches from below in FNR (Fig. 4), 
the nicotinamide would have to be f l i ~ ~ e d  in order to maintain an 

1 1  

anti conformation and the opposite side of the nicotinamide would 
face the flavin. This result is in agreement with the stereospecificities 
of the enzymes: FNR is specific for transfer of the A-hydrogen, and 
glutathione reductase is specific for the B-hydrogen (33). In this 
hypothetical complex, the sulfnydryl of Cys272 is only 4 A away 
from the C4 atom of the nicotinamide and thus may be functionally 
important (34). 

Relation to known dinucleotide binding folds. To determine 
how the NADP domain of FNR relates to the commonly observed 
dinucleotide binding fold (28), we compared FNR to lactate 
dehydrogenase (35),-which contains the p~ototypical dinucleotide 
binding fold. The sheets and the domains as a whole overlap well (as 
they must for any two parallel sheets of the same topology), but the 
substrate binding site in FNR is shifted about 5 A to the right (Fig. 
5), which allows the 2'-phosphate (or 2'-hydroxyl for NADH) to 

interact with residues at the end of p, rather than p, as in the typical 
dinucleotide binding fold. The loop between PA and the following 
helix does still appear to be involved in binding of the pyrophos- 
phate (Figs. 4 and 5), but makes a much tighter turn in FNR (Fig. 
5). There is an apparent similarity in the sequence of the pyrophos- 
phate binding loop in FNR, Gly-Thr-Gly-Xaa-Xaa-Pro (see Fig. 6; 
Xaa is an amino acid), with that of the canonical dinucleotide 
binding protein, Gly-Xaa-Gly-Xaa-Xaa-Gly, but the +,x angles of 
the first two conserved glycines in FNR are (53", -122") and 
(-65", - 5"), while the conformations for the canonical loop cluster 
around (100°, 120") and (- 120", - 160") (28). These differences 
convince us that despite topological and functional similarities, a 
divergent evolutionary relation between this structure and the 
canonical dinucleotide binding domain cannot be assumed. 

Ferredoxin recognition. In addition to FAD and NADPH, 
FNR must bind ferredoxin specifically. Chemical modification and 
cross-linking studies have indicated that L y s s b r  Lysss of FNR is 
near to a glutamic acid at residue 92,93, or 94 of ferredoxin and that 
in addition, residues 26 to 30 and 65 to 70 of ferredoxin are 
important for binding (36). ~~s~~ and Lyss8 of FNR are part of a 
surface loop -20 A from the exposed dimethylbenzyl portion of 
flavin. In this region the surface of FNR is extended and rather flat 
and is made up of residues 80 to 93 and the atoms of FAD itself 
(Fig. 2A). 'There is also electron density for a phosphate or sulfate 
ion bound to the side chains of Hiss9, Lys90, and Arg93 (37). 

Since the crystal structure of a plant-type ferredoxin from Spir- 
ulina is known (38), we have carried out preliminary modeling 
studies to show that the above data can be reconciled with the 
known structures of FNR and ferredoxin. We used computer 
graphics (39) to dock ferredoxin onto FNR by placing the iron- 
sulfur cluster of ferredoxin near the exposed portion of the flavin to 

Fia. 6. Conservation of functional residues in the Ferredoxin-NADP+ reductase 93 130 167 234 271 311 Reference 
FNR family (46). Shown are six peptide segments Spinach . . .  RLYSIAS . . .  WCS...MLGTGTGIRPF ... SREQTNEKGEKMYIQ . . .  MCG...VEW (9) 

Spirulina maxima ... RLYSIAS . . .  W C S  ... MMATGTGIAPF. . .  SREQQNPEGGKMYIQ. .. ICG.. .VETY (20) from spinach FNR, containing 14 residues (in NADPH+ytochrome p450 d u c a s e  453 487 529 595 627 672 

bold) for which the side chain is involved in the Human . . .  RYYSIAS...G~S...MVGPGTGVRPF...SREQ----SWQ . . .  VCG . . .  LDVWS (42) 
binding of either FAD or NADP. The equivalent Yeast ... RYYSISS ... WTT...MIGPGTGVAPF. . .  SRLP---NT-Q . . .  VCG ... EDVWS (51) 

Bacillw megarerim . . .  RYYSISS . . .  GIAS. . .  MVGPGTGVRPF . . .  SRMP---NQPKTWQ .., ICG . . .  KDVWAG (52) segments from representative homologs are ~ m ~ ~ - s d f i t e r e d u c t a s e  386 419 457 519 551 596 

aligned (= designates a gap). The first entry for Eschenchia coli ... RLYSIAS...GGAS. . .  MIGPGTGIRPF ... SRDQ----KEKIWQ ... VCG ... RDW (7) 
each enzyme type gives the residue numbers for NADH-cytochmme b5 reductase 91 124 176 239 272 297 

Human . . .  RPYTPIS. . .  GI(MS...MIAGGTGITPM...DRAP----EAWDYGQ...MCG...CFVF (53) the first amino acid in each segment. (The last NmH-nimateductase 712 745 781 854 888 914 

residue shown is carboxyl-terminal residue in each Arnbidopsis thaliam . . .  RAYTPSS . . .  GLMS . . .  MLAGGTGITPV . . .  ESAK----EGWAYST . . .  ACG. ..FLIF (6) 
case.) Each of the compared segments on its own AbSo'U"'yconseNed a *  * * * *** * * ** 
is to6 short to indicate a homol&ous relation, but 
because the segments all appear in the same order 
along the chain and at similar spacings, the alignment as a whole becomes the top scores and no new family members were found. The same concept of 
significant. When separate database searches were carried out with profiles using well-conserved segments separated by variable gaps has been more 
(49) for the segments beginning at residues 93 and 167, and the scores from fully developed by Barton and Sternberg to develop a filter which distin- 
the two searches were multiplied together, the known family members gave guishes all globin from non-globin sequences (50). 
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account for electron transfer, and GIu9, of ferredoxin (equivalent to 
of spinach ferredoxin) next to LyssS of FNR, while avoiding 

steric overlap of the molecules. In this orientation, ferredoxin fills 
the cleft between the two domains of FNR (Fig. 2A), as was 
predicted from the rotational correlation time of the complex (32), 
and is located close to the NADP binding site so that they may be 
interacting but non-overlapping as was suggested by solution 
studies (1, 3). No evidence is yet available to help locate recognition 
sites for other proteins that bind to FNR in vivo, or to address the 
structural mechanisms behind the observed allotopic modulation of 
FNR activity (1). 

The ferredoxin reductase family. Sequence similarity exists 
between FNR and NADPH-cytochrome P450 reductase and, to a 
lesser degree, between FNR and NADH-cytochrome b, reductase 
(5). Recently, sequences for NADH-nitrate reductase (6)  and 
NADPH-sulfite reductase (7) were shown to be fairly similar to 
cytochrome b, reductase and to cytochrome P450 reductase, respec- 
tively. Although these enzymes have striking functional similarities, 
for the more distantly related pairs, the sequence similarities are low, 
making sequence alignment difficult and the assumption of struc- 
tural homology uncertain. With the three-dimensional structure of 
FNR now available, we can evaluate these relations based on the 
conservation of residues whose side chains are involved in the 
function of the enzyme. (The amino acid residues for which the 
main chain atoms are involved in function need not be as well 
conserved.) 

Most of the residues with side chains involved in FAD and NADP 
binding are concentrated in six peptide segments (Fig. 6 )  and are 
well conserved among these enzymes. ~ h e ~ o n l y  notable exceptions 
are Se234, Arg235, and Lys244, which function in the binding of the 
2 ' - ~ h o s ~ h a t e  of NADP and hence varv for the two NADH- 
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dependent enzymes. In particular, changes to an acidic 
residue which, by analogy with NADH- and NADPH-dependent 
enzymes in the glutathione reductase family (40), could hydrogen 
bond to the ribose 2'-hydroxyl. This result argues for relatedness 
and provides further support for the functional relevance of the 
2'-phospho-AMP binding mode. 

Additional evidence that these enzymes form a family comes from 
considering key residues identified- in the related enzymes. For 
instance, in cytochrome b, reductase, a Tyr residue (which we 
would now identify as Tyr93) is known to interact with FAD, and a 
mutation of Ser127 + Pro disturbs enzyme function to cause met- 
hemoglobinemia (41). Likewise, in cytochrome P450 reductase, 
Cys4'l (equivalent to Cys114 of FNR; see Fig. 1) was implicated in 
FAD binding, and CysS6, (equivalent to Va1204 of FNR; see Fig. 
3B) was implicated in NADP binding (42). Thus the dinucleotide 
binding domains of these proteins can be modeled based on the 
structure of FNR presented here. Glutathione reductase is, however, 
not a member of this family and structural and functional interpre- 
tations based on this comparison were misleading (5). 

As more protein sequences are determined, additional members 
are likely to be added to this family. It is already clear, however, that 
the FNR family does not include all NADH- or NADPH-depen- 
dent dehydrogenase-electron transferases. The sequences of adren- 
odoxin reductase, long thought to be analogous to FNR, and 
rubredoxin reductase rule out the presence of an FNR-like fold and 
are consistent with the presence of more typical nucleotide binding 
domains (43). 
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