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ABSTRACT: Distinct forms of ferredoxirr NADP* reductase are expressed in photosynthetic and nonphoto-
synthetic plant tissues. Both enzymes catalyze electron transfer between NADP(H) and ferredoxin; whereas
in leaves the enzyme transfers reducing equivalents from photoreduced ferredoxin to™NADP
photosynthesis, in roots it has the opposite physiological role, reducing ferredoxin at the expense of NADPH
mainly for use in nitrate assimilation. Here, structural and kinetic properties of a nonphotosynthetic isoform
were analyzed to define characteristics that may be related to tissue-specific function. Compared with
spinach leaf ferredoxinNADP™" reductase, the recombinant corn root isoform showed a slightly altered
absorption spectrum, a higher pl>80-fold higher affinity for NADF, greater susceptibility to limited
proteolysis, and ar-20 mV more positive redox potential. The 1.7 A resolution crystal structure is very
similar to the structures of ferredoxitiNADP™ reductases from photosynthetic tissues. Four distinct
structural features of this root ferredoxifNADP™ reductases are an alternate conformation of the bound
FAD molecule, an alternate path for the amino-terminal extension, a disulfide bond in the FAD-binding
domain, and changes in the surface that binds ferredoxin.

In 1990, it became established that a distinct isoform of The sequences of the isoforms of roots and leaves from
ferredoxin-NADP* reductase (FNR,EC 1.18.1.2), the  the same species (rice or corn) aré8% identical, whereas
flavoprotein responsible for the production of NADPH during leaf FNRs from different higher plants are more than 80%
photosynthesis, was present in plastids of nonphotosyntheticidentical. Construction of a phylogenetic tree with 13 known
tissues {—3). The root isoform of FNR was postulated to FNR sequences8) revealed that the nonphotosynthetic
work in the opposite direction compared to chloroplast FNR, jsoforms are evolutionarily more closely related to the green
providing reduced Fd for Fd-dependent enzymes present ing|gae photosynthetic FNRs than to those of higher plants.
the roots. Involvement in nitrogen assimilation was inferred pyrthermore, the photosynthetic ENR from higher plants is
from the observations that a protein immunoreactive with more similar to the cyanobacteria FNR than to the root
antibodies against leaf FNR was induced in pea roots exposeqgsform. Crystal structures of photosynthetic FNRs have been
to nitrate @), and cDNAs encoding a root FNR were isolated o rted from cyanobacterig)(and higher plants [spinach
from I|brar|gs constrl_Jcted from 'the roots of nltrate-lndyced (10, 12), pea (12), paprika (3), and corn 14)], showing that
rice and maize seedling$, ©). This regulatlon. of EXPression — hese enzymes are highly similar. Recently, crystal structures
contrasts Wlth that of chloroplast FNR, which is under the of the complex between photosynthetic FNR and Fd have
control of light (7). revealed the interactions that are important for complex
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EXPERIMENTAL PROCEDURES was homogeneous as judged by SEFRAGE and theAy7d
) . . Agsgspectral ratio of 7.6. N-Terminal sequencing confirmed
Recombinant, spinach leaf FNR and Fd | were purified {he correct factor Xa processing of the protein.
from Escherichia colas previously reported , 20). Horse Spectral Analyses\bsorption spectra were recorded with
heart cytochromee and bovine pancreas trypsin (TPCK- 5 Hewlett-Packard 8453 diode-array spectrophotometer. The
treated) were purchased from Sigma. Restriction endo-gytinction coefficient of the protein-bound flavin was

nucleases and T4 DNA ligase were obtained from either getermined by spectrophotometrically quantitating the FAD
Gibco BRL or Boehringer Mannheim. NADPNADPH, and  gjeased from the apoprotein following sodium dodecyl

thio-NADP" were all from Sigma. SDeazariboflavin was  gyifate treatment, as described in L. Fluorescence

a generous gift of S. Ghisla (Konstanz, Germany). measurements were performed on a Jasco FP-777 spectro-
Plasmid ConstructiorPlasmid pETrFNRL1, a construct for  fluorometer at 15°C. For titrations of protein sulfhydryl
corn root FNR expression based on vector pET23b, was groups, FNRs at-10 «M in 50 mM sodium phosphate (pH
kindly provided by W. H. Campbell (Houghton, MIBX. 7.0) were reacted with DTNB in the presence and absence
Because initial preparations using pETrFNRL1 yielded het- of 6 M guanidinium chloride Z2).
erogeneous material, pETrFNR2 was constructed from  Flayin PhotoreductionPhotoreductions using EDTA and
PETrENR1 by the insertion of a factor Xa recognition site light (23) were carried out in anaerobic cuvettes at°th
(IleGluGlyArg) in front of the codon of the first amino acid  containing 15-20 uM root FNR in 10 mM Hepes, at either
residue of the mature FNR, and by removing a potentially pH 7.0 or 8.8, 15 mM EDTA, and 0-40.8 uM 5-deaza-
reactive Cys residue by changing the codon for €gg(from riboflavin, in the absence and in the presence of either
TGC to AGC (which encodes Ser). To obtain pETrFNR2, NADP* or NAD* (24, 25). Solutions were made anaerobic
the Sculptorin witro Mutagenesis System (Amersham by successive evacuation and flushing withf@e N.
Pharmacia Biotech) was used in conjunction with the 59mer  Steady-State Kinetics and Interaction with LiganHs-
5-GTCGGCGCCAGCAAGGTGCTCAGCAT-  zyme assays were performed as previously descrip&d (
GATCGAGGGTAGGTCCGTCCAGCAGGCGAGCAG-  spectrophotometric titrations of root FNR with NADRNd
3. The nucleotides encoding the lleGluGlyArg tetrapeptide thio-NADP* were performed as described for the leaf
and the T— A point mutation are underlined. The insert of enzyme 25). Fluorimetric titrations of root FNR with spinach
PETrFNR2 was checked by sequencing. leaf Fd | to obtain theKy of the protein-protein complex
Overexpression and Purification of Corn Root FNR. were carried out as described previousty)(
coli strain BL21(DE3) was transformed with pETrFNR2 and  Electrophoresis, Limited Proteolysis, and Sequencing
grown at 37°C in 2x YT medium supplemented with 100 Isoelectrofocusing was carried out on polyacrylamide gels
mg/L ampicillin. After induction fo 2 h with 0.2 mM in the pH range of 3.510. Conditions of limited proteolysis
isopropyl-p-thiogalactopyranoside, cells were harvested by with trypsin were essentially as previously report2@(with
centrifugation and stored at80 °C. The pH of Tris buffers activity time courses followed by assaying both diaphorase
was measured at 2%, and unless noted, purification steps and cytochrome reductase activities. Electrophoretic analy-
were carried out at 4C. Frozen cell pellets were suspended sis was carried out using 12% SBfolyacrylamide gels
in 2 volumes of 100 mM Tris-HCI (pH 7.4), 1 mM EDTA, (28). After Western blotting on ImmobilonS® membranes
and 1 mM phenylmethanesulfonyl fluoride and disrupted by (Millipore) had been carried out, the N-terminal sequences
sonication. After centrifugation, the crude extract was brought of the polypeptides were obtained using an Applied Biosys-
to 40% saturated ammonium sulfate and centrifuged. Thetems 477/A protein sequencer.
supernatant was loaded on a Sepharose 4B (Pharmacia Crystallization.The crystallization behavior of the pure
Biotech) column equilibrated with 40% saturated ammonium protein [25 mg/mL in 10 mM Hepes (pH 7.0)] was screened
sulfate in 50 mM Tris-HCI (pH 7.4) and 1 mM EDTA. FNR  in hanging drops (2L of sample with 2uL of reservoir)
was eluted with~1.5 column volumes of the same solution using the Crystal Screen | and Il kits (Hampton Research).
and then precipitated at 75% saturated ammonium sulfate.At room temperature, crystals were observed within 24 h
The combination of ammonium sulfate fractionation and salt- under many conditions, especially those using polyethylene
promoted adsorption chromatography on Sepharose 4Bglycol (PEG) as the precipitant. The best crystals grew under
served the double role of removing most contaminants and condition 18 [20% PEG 8000, 0.1 M sodium cacodylate (pH
of concentrating the protein solution. After resuspension and 6.5), and 0.2 M magnesium acetate]. Optimization yielded
dialysis against 10 mM Tris-HCI (pH 7.4) and 1 mM EDTA, useful crystals over a broad range of conditions between pH
the protein was chromatographed by FPLC (at room tem- 6.0 and 7.0 in cacodylate buffer and between pH 7.6 and
perature) on an SP-Sepharose HP column (Pharmacia Bio-8.5 in 0.1 M Tris buffer, both with and without magnesium
tech). Elution was performed with a gradient from 0 to 0.5 acetate. Large (ca. 0.4 mm 0.4 mm x 0.8 mm) crystals
M NaCl in 10 mM Hepes/NaOH (pH 7.0). To remove the grew within 1 week.
N-terminal extension, the FNR solution was adjusted to 100 Data Collection.For data collection, crystals were trans-
mM Tris-HCI (pH 8.0), 2 mM in CaGl and incubated with  ferred to artificial mother liquor [25% PEG 8000, 0.1 M
bovine factor Xa (Pierce) at a ratio of 1/3000 (w/w) fol2 sodium cacodylate (pH 6.0), and 0.2 M magnesium acetate]
h at 12 °C. The reaction mixture was brought to 35% and mounted in a capillary. Native data were collected at
saturated ammonium sulfate and loaded on a Phenyl-room temperature on a Rigaku rotating anode X-ray source
Sepharose HP column (Pharmacia Biotech). Mature root (50 mA, 100 kV, Cu anode) equipped with an Raxis IV
FNR was then eluted by FPLC (at room temperature) with image plate detector set at a distance of 150 mm with a 2
a gradient from 35 to 0% saturated ammonium sulfate in 50 offset of 13. Images were collected in° bscillations and
mM Tris-HCI (pH 8.0). The resulting protein preparation processedto 1.7 Aresolutionusing DENZO and SCALEPACK
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Table 1: Data Collection and Refinement Statistics o\ ™
500 /

dat& \ \
space group P3,21 = T\ / \
cell dimensions (&) a=b=59.67Ac=189.10 A g 0 i 7 e
resolution (A) 1.7 - L .
no. of measured reflections 246386 =5 -500 - \/\»"’ g
no. of unique reflections 43654 w %5
completeness (%) 99.1 (97.6) < - 2
Rineas(%)° 6.8 (36.9) -1000 — ) SR

refinement NADP*/FNRot
resolution limits (A) 20.6-1.7 —
Reryst (%) 16.7 400 500 600
Riree (%0)° 22.3 Wavelength (nm)
rmsd for bond lengths (A) 0.013 _ _ o o
rmsd for bond angles (deg) 2.1 Ficure 1: Difference absorption spectra elicited by binding of
no. of protein atoms 2505 NADP* and thio-NADP to root FNR. Difference spectra obtained
no. of waters 274 by subtracting the spectrum of the unliganded FNR from that of

- - - - its saturated complexes with NADPand thio-NADP: (—)
#Values for the highest-resolution bin are shown in parentheses. nyapp+ complex and € — —) thio-NADP* complex. The inset
?Rmeas = S (W/M—112 5| < n> —Inil/3n 3i Ini (34). ©Rree Was shows the titration of root FNR with NADR The curve represents

calculated in the penultimate round of refinement against 10% of the 1o theoretical equation for a 1/1 binding stoichiometry witkza
total reflections which had not been used in refinement to that point of 0.3 uM.

(33).

RESULTS

(29). Indexing indicated a trigonal space group, and the . o
scaling behaved well using 32 symmetry. Unit cell param- d Molec(;;larE?_ngNCRz;talync Ch.aracterltzatlonTr(lje newly i
eters and data quality statistics are given in Table 1. esighed peir expression system and preparation
) ) yielded ~8 mg of pure native recombinant corn root FNR
Structure Solution and Refinemeltolecular replacement  per Jiter of culture. The protein ran as a single band with a
was carried out with the MRX packag@Q]. A search model  p| of 6.9 on isoelectric focusing. The root FNR displayed a
(2013 non-hydrogen atoms) was constructed from spinachtypical flavoprotein spectrum with maxima at 387 and 459
FNR (PDB entry 1FNB) using all homologous atoms based nm (e4s0= 9.3 mM 1 cm™1), and the flavin fluorescence was
on sequence alignment. Using data between 10 and 4 Anearly fully quenched.
resolution, the rotation function f&3,21 (Laue group 3ml) As expected, corn root FNR was very active in both the
gave a solution 54 above the mean (next highest peak at diaphorase (Table 2) and Fd-dependent cytochreme-
3.60). P312 (or Laue group 3lm) showed no substantial ductase assays (Table 3) that are commonly used to
peaks above the background. The fast translation functioncharacterize FNRs from photosynthetic tissues. In the dia-
gave a solution 74 above the mean (next highest peak at phorase reactions, root FNR exhibited an unexpectedly low
4.3%) in space groug3;21 and no significant peaks for K, for NADPH, suggesting tight binding of this substrate.
space grou3;21. This molecular replacement solution had Corn root FNR also strongly differentiates between NADPH
an initial R-factor of 46.4 for the data between 20 and 4.0 A and NADH with thek:a/K"*AP" for the NADH—ferricyanide
resolution. reduction being 130000-fold lower than that with NADPH
[keatandKNAPH are 1 eeq/s and 1.3 mM, respectively]. In
the cytochromec reductase assay, we used the readily
available spinach Fd | as the intermediate electron acceptor.
Because plant Fds are well conservé8, (36), we expect
the main difference between the leaf (Fd I) and root (Fd IlI)
— By = 1.14,Bss — —2.27, andBy, = 1.14. Rigid body i”slozi/frsnes to be’thE r_edox potentidt, = —321 mV for Fd
refinement at 4.0 A resolution reduced Réactor to 44.7% (16) versusE'o = 401 r_nV for Fd | @7). To assess the
. ! . ' effect of the redox potential, two mutants of Fd | (E92A
and rounds_ of positional reflnement v_vh|le slowly extending and E92K) of more positive potentiatB23 and—308 mV,
the resolution to 2.5 A_re;olutlon_ yielded d&factor of respectively 87, 38)] were also tested (Table 3). Thea
32.7% Riee = 45%). Initial inspection of B, — Fc andF, values obtained with these mutants were more than double

— Fc maps clearly showed several loops which were hat measured with wild-type Fd I, whil, andKq values
incorrectly placed, density for the N-terminal residues, and \yere similar for all the Fd | forms.

a different conformation of the adenosyl portion of the FAD. Interactions with NADP and Thio-NADP. The steady-
Subsequent rounds of interactive model building, positional state kinetic studies suggested the root enzyme has a high
andB-value refinement, and resolution extension yielded the affinity for NADPH, and this was confirmed by spectro-
current model which has aR-factor of 16.7 Riee = 22.3) photometric titrations with NADP. The affinity for NADP*

at 1.7 A resolution. During model building, water molecules was high enough to make an accurate determination of the
were added t&, — F. electron density peaks o6f3.0o if at dissociation constant difficult. AKq of <0.3 uM was
least one H-bond could be made. Waters that exhibited little estimated (Figure 1, inset). For FNRs, additional information
2F, — F¢ density were subsequently removed from the is provided by theAes;ovalue from the difference spectrum,
structure. Residues—15 and 242-245 have no density and  which is proportional to the fraction of molecules for which
have not been modeled. Statistics of the final model are giventhe nicotinamide ring of the pyridine nucleotide is bound
in Table 1. near the flavin, as opposed to being disordef&t] 25, 39).

Crystallographic refinement was carried out using the TNT
program suite31), and model building was carried out with
O (32). Ten percent of the data were set aside for cross-
validation @3). The data were scaled using the following
overall anisotropic scale factors as determined by TB{;
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Table 2: Kinetic Parameters of the Corn Root FNR for the Diaphorase Reactions with Different Electron Acceptors

electron kcat KmNADPH kca{KmNADPH Kmacceplor kca{Kmacceptor
acceptor (e eq/s) (M) (eeqstuM?) (uMm) (ereqgstuM?)
K3Fe(CN) 520+ 10 12+ 1 43+ 4 100+ 10 5.2+ 0.6
INT 140+ 20 10+ 4 14+ 6 185+ 25 0.75+ 0.1
- B
Table 3: Kinetic Parameters of the Corn Root FNR for the A
) 1234656789
Fd-Dependent NADPHCytochromec Reductase Reaction and '1, 23456783 bl
Dissociation Constants of the Oxidized FAANR Complexes | ! l !
Fdl B ka Kafd el Kq? FtSevwmez o gwTEETE==l
form  (mV) (eeqg/s) uM) (e eqstuM™) (uM) - ®_rm_w -
wild type —401 115+3 2.5+0.2 46+ 4 0.15+ 0.01 . SRS - - BE . o Lzadl -
E92A —323 265+5 1.94+0.1 140+ 8 0.17+0.03
E92K —308 276+ 7 2.3+0.1 120+ 6 0.13+ 0.02 c D
@ Determined by fluorimetric titration. ..1. 2345878310 l 2345678 91.2
- -
0.2 :- - __FNR__ :- -
. L R LR L L L L L L - --"-___'Tg;?' - —————
0.15 - - 4 ———-8.3.222_- --------

Ficure 3: Limited proteolysis of root FNR. Time course of
fragmentation of root FNR by trypsin under various conditions as
analyzed by SDSPAGE. Treatment with 0.5% (w/w) trypsin in

the absence (A) or presence (B) of 1 mM NADRanes 2-8 are

after incubation for 1, 5, 10, 15, 20, 30, and 40 min, respectively.
Treatment with 10% (w/w) trypsin in the absence (C) or presence
(D) of a 6-fold excess Fd I. Lanes-® are after incubation for O,

1, 5, 10, 20, 40, 80, and 120 min, respectively. Molecular mass
S W~ L L B markers in the edge lanes are at 66, 45, 36, 29, 24, 20, and 14.2
kDa. Peptides are identified as in Table 4.

0.1

0.05

e o

/NI ER I AN SN B A A A

Absorbance

015 I B A
VA /. ] electrons with the FNR-bound FAD rapidly enough for the
o1 B/ \"\\:‘,«\ B redox equilibrium to be easily reached after each light
A AN 1 irradiation period. The weakness of FNRIAD(H) interac-
NSRRI ] tions greatly facilitates spectral analysis since no charge-
0.05 1 T 7 transfer species are observed. In separate experiments, under
- | \‘\-\\\ . | 1 the same conditions, spinach leaf and corn root enzymes were
0 11 1 11 1 i A L |

photoreduced in the presence of NARNd their spectra
300 400 500 600 700 800 analyzed. Nernst plots for the two-electron reduction of the
Wavelength (nm) FAD bound to the root FNR at pH 7 yielded &h, of —337
Ficure 2: Photoreduction of root FNR. Absorbance spectra of MV, whereas the redox potential of the leaf isoform was
anaerobic FNR solutions recorded at successive stages of reductionfound to be 19 mV more negative, a value close to that
Spectra were not corrected for the spectral contribution of 5-de- determined by potentiometrytQ). Independent titrations at

azariboflavin. (A) Reduction performed in the presence of an nH 8.8 vielded a similar 26 mV difference in the same
equimolar amount of NADP, with the weak absorbance bands near gir e Ct.i ony

600 and 750 nm being due to the flavin semiquinone (FADH¥) s ) . o
and charge-transfer complexes with NADP(H), respectival ( Limited Proteolysis To characterize the flexibility and

25). (B) Reduction performed in the presence of an equimolar involvement in substrate binding of surface regions of root
amount of NAD'. FNR, limited proteolysis experiments have been carried out
For corn root FNR, the difference spectra (Figure 1) show (Figure 3). Proteolysis with 0.5 and 10% (w/w) trypsin
that NADP'" induces a small negative peak at 510 m¥asfo (panels A and C, respectively) revealed that root FNR was
= —0.19 mM?! cm™), whereas thio-NADP binding first cleaved into fragments 0£29 and~9 kDa (cleavage
produces the expected positive pediefs = 0.64 mM? at site 1), and much more slowly, the 29 kDa polypeptide
cmY). was shortened to a 28 kDa fragment (cleavage at site 2),
PhotoreductionStepwise anaerobic photoreductions of the and cleaved into fragments 6f18 and~10 kDa (cleavage
FAD prosthetic group of root FNR were performed for the at site 3). The cleavages at sites 2 and 3 appear to be coupled
free enzyme (data not shown), and in the presence of NADP to one another as there is little buildup of the 28 kDa
(Figure 2A). As for other FNRs, the root isoform stabilized fragment. Amino-terminal sequencing of all major bands
the neutral blue semiquinone form of FAD (FADH*). The observed via SDSPAGE (Table 4) identified site 1 as
maximal amount of FADH* formed was 19% of the total Lys247, site 2 as Arg7, and site 3 as Lys82. Panels B and D
FAD, both in the presence and in the absence of an equimolareveal that NADP binding slowed the cleavage at Lys247,
amount of NADP. Photoreductions were also performed and Fd | binding slowed the cleavage at Lys82. Limited
in the presence of NAD, as a redox indicator (Figure 2B).  proteolysis of FNR with trypsin resulted in the loss of most
Although NAD(H) is a poor ligand of FNR, it exchanges of its diaphorase and cytochrontereductase activities.
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Ficure 4. Corn root FNR structure compared with photosynthetic FNRs. A stereoview shows that the corn root FNR structure (yellow)
is highly similar to those of spinach leaf FNR (green) @&uahbaena=NR (blue). FAD is shown as a ball-and-stick model. The structurally
common region of the proteins begins with Glu22 (Gly26 in spinach FNR and Asp®ahaend=NR) and extends through the C-terminus

of each protein. Three unique features of corn root FNR are the conformation of the amino-terminal extension, the conformation of the
FAD adenosyl moiety, and the presence of a disulfide bond (shown as a ball-and-stick model) in the FAD binding domain.

focus our comments on three features of the root FNR

Table 4: Identification of Proteolytic Products Released by Trypsin -
structure that are distinct.

eptide M2 N-terminal sequence fragmend)° . .
P gl 2'9 SVOOASR a Sorl 9247 (37 2 As seen in Figure 4, the common structural core of all
erilys . ; ; B
P 28 SKVSVAPLHLESAK  Ser8Lys247 (26.2) FNRS begins W|th Glu2_2. Corn root FNR has 13 well-ordered
P3 18  KPGAPQNVRLYSIA  Lys83Lys247 (18.5) residues preceding this r§S|due _that extend avyay fro_m the
P4 10  SKVSVAPLHL Ser8Lys82 (8.0) exposed edge of the flavin making contacts with residues
P5 9  MYVQDK Met248-Tyr316 (8.1) that are well conserved among root FNR sequences, but

aThe M, (multiplied by 10°%) based on the mobility in SDS gel  distinct from other FNR sequences. A second major differ-
electrophoresis? The C-terminus of each fragment is inferred, and the ence is the conformation of the adenosyl portion of the FAD
approximate computel, (multiplied by 10°%) is given in parentheses.  glecule bound to FNR (Figure 4). This change in confor-

mation appears to be associated with a four-residue insertion

Interestingly, the proteolyzed enzyme maintained an activity altering the conformation of the loop that interacts with the
of ~1200 units/FAD in both ferricyanide and cytochrome  adenosyl moiety. The difference in the FAD conformation
reductase reactions, to be compared with the native enzymenvolves an~120 rotation about the C5-C4 bond and an
values of 25 000 and 6000 units/FAD, respectively. Under ~20° rotation of the O5-CS bond. A third intriguing feature
all the conditions that were tested, inactivation occurred as is the formation of a disulfide bridge between Cys54 and
a single-exponential decay process, with both diaphorase andys139 (Figure 5). The disulfide is very well ordered and is
cytocromec reductase activities being lost at the same rate. mostly buried, with a slight accessibility of the Cys54 side
At 0.5% trypsin, the half-time was-3 min, suggesting by ~ chain.
comparison with SDSPAGE data (Figure 3A) that activity To assess if the disulfide is present in the enzyme in
loss resulted from cleavage at site 1 (Lys247). Indeed, solution, a DTNB titration of free thiols was performed on
NADP™" binding afforded nearly complete protection against root FNR. Spinach leaf FNR, which does not contain
inactivation (see Figure 3B), whereas Fd | had no effect. At disulfides (0, 41), was used as a control. In both corn root
10% trypsin, FNR inactivation was too fast to allow and spinach leaf FNR forms, cysteinyl side chains were not
determination of the half-life. Within 1 min, the fast phase accessible to titrant under native conditions. Titrations
was completed and no further inactivation occurred. Thus, performed in the presencé®M guanidinium hydrochloride
cleavage at site 3, which occurs at a considerably slowerindicated that, while both FNR forms contain five cysteinyl
rate than digestion at site 1 (Figure 3C), did not result in an residues, a different number of them are present as free thiols
additional decrease in diaphorase or cytochramedluctase  in the two proteins: all five in the leaf form (4.6 mol of
activity. —SH/mol of FAD) and three in the root enzyme (2.8 mol of
—SH/mol of FAD). This confirmed that two cysteines form
a disulfide bridge in root FNR also in solution. Attempts to
reduce the disulfide by overnight incubation of the enzyme
with 1 mM g-mercaptoethanol or 50 mM DTT were
unsuccessful as judged by DTNB titration following gel
filtration to eliminate excess reagent.

Crystal Structure of Corn Root FNRhe structure at 1.7
A resolution reveals a two-domain protein that is globally
similar to the FNRs from photosynthetic tissues (Figure 4).
The FAD-binding domain is a six-strand@ebarrel spanning
residues 8155, and the NADP-binding domain is a five-
stranded parallek/3-sandwich spanning residues 16%16.
While the majority of the structure is _vveII-ordered, residues DISCUSSION
1-8, 81-86, and 239-247 are very disordered(> 70 A2
or not modeled), and details of the model in these regions This biochemical characterization of corn root FNR
are not reliable. Since the structural features of FNRs from provides a basis for assessing what structural and enzymatic
photosynthetic tissues have been well described, we will differences are associated with the differing physiological
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reduced by the NADPH/NADP couple. While the effect
for FNRs is less impressive, the near 20 mV difference
between the isoform redox potentials puts the three redox
couples of the root system almost at the same level.
Furthermore, it should be recalled that the redox potential
(Em) of the spinach leaf FNR became more positive2Q
mV) by complexation with Fd43, 44), the major change
being in theEy, of Fd, which became more negative75

(43) or —25 mV (44). If the same change occurs by complex
formation of the root proteins, it will bring thg, of root
FNR isopotential with that of the NADPH/NADPcouple,
thus favoring the electron flow in the physiological direction.
Nevertheless, it is envisaged that tBg of the root Fd in

the complex should not become more negative but rather
more positive to allow for more efficient electron transfer
from FNR to Fd.

In terms of the specificity of FNRs for their counterpart
FicuRe 5: Disulfide bond in corn root FNR. The image shows the FdS (Fd Fleaf FNR and Fd Iit-root FNR), Onda et al 1(7)
refined model and theR2 — F. 1.7 A electron density map (contour showed that leaf FNR does not discriminate between Fd |
levels at 2.9/ms and 7.Qumg). As can be seen, the disulfide is only  and Fd Ill, but that root FNR discriminates against Fd | by

one layer of protein atoms away from both the flavin ring and the 3 factor of 10 in affinity. However, we found that ok

FAD pyrophosphate. Gly132, Cys134, and Serl35 are conserved
in all FN.R sequences. Hydrogen bonds3(2 A) are shown as Fnd Km Vglues for the rob?t 't:Nﬁ]Fd I C]?:?]pl?x ?‘re meh
dashed lines. ower and are comparable to those of the leaf FNfd

complex. While the reason of these discrepancies is not clear,
A it should be noted that the conditions used in our assay are
quite different with regard to ionic strength, concentrations
NADP*/ of cytochromec, and fixed substrate. On the other hand, one
Fd il NADPH .. . . .
- ool — new insight revealed by our experiments w_|th mutant Fds is
\ FNR / that the k.. values for cytochrome reduction depended
- strongly on the Fd redox potential (Table 3 and r&fsand
38). This trend was not seen by Onda et dl7)( Further
- (%) experiments to clarify these discrepancies are being pursued.
FNR A second notable difference in the two isoforms involves
— the binding of NADP(H). The root FNR shows a much
fol higher affinity for NADP" (K4 < 0.3 uM), but as judged
400 - ¢ from the difference spectrum (Figure 1), occupancy of the
active site by the nicotinamide ring is lower. Indeed, the
NADP*—root FNR difference spectrum closely resembles
FIGURE 6: Physiological electron flow in the leaf and root Fd/FNR  that of the leaf enzyme with ATP ribose, a NADRnalogue
systems. The redox potentials of the couples involved are reported|acking the nicotinamide ring39). In the framework of the

on the vertical axis. Leaf proteins are represented by empty boxes, . ; I . - :
and root proteins by filled ones. Arrows indicate the physiological PiPartite binding model for the NADP interaction with leaf

flow of electrons in the protein systems. The potentials that are FNR (12), root FNR has a'Zphospho-AMP binding subsite

=300 +—

Em (mV)

shown are—321 mV for root Fd 16), —401 mV for leaf Fd 87), with higher affinity and a NMN binding subsite with lower
—337 mV for root FNR (this work)~356 mV for leaf FNR (this affinity in comparison to those of the leaf enzyme. We
work), and—320 mV for the NADPH/NADP couple. suspect a key difference in structure that causes this increase

in affinity for the 2-phospho-AMP portion of NADP is that

roles of FNRs from photosynthetic and nonphotosynthetic root FNRs have increased positive charge in this region as
tissues. Because FNRs from photosynthetic tissues as diverseompared to the leaf FNRs. In particular, in positions 238,
as spinach and cyanobacteria have very similar characteristic40, and 243 (spinach leaf FNR numbering), leaf FNRs have
(8, 35, 42), these can be compared as a group with corn root Thr/Val, Glu/Asp/Ala, and Glu, whereas root FNRs have Lys,
FNR. The spectral, catalytic, and structural features of corn Lys/Arg/Asn, and Gly, respectively. Another possible con-
root FNR are rather similar to those of FNRs from tributor is that Lys116 of leaf FNRs (spinach numbering),
photosynthetic tissues. This is consistent with the similar whose side chain contacts the pyrophosphate of NATZR (
functions they carry out, however. In the discussion here, is replaced with an Arg in all root FNRs, and this may
we will focus on those properties that differ, and attempt to provide a stronger interaction. With regard to the possible
assess why they differ and how that relates to the functional functional aspect of this tighter binding of the NADPH/
differences of the enzymes. NADP* couple by the root isoform, Jin et al4%) have

Apparently, the redox potential of FNRs has been tuned reported a strong inhibition by NADPof nitrite reduction
for the physiological direction of electron transport (Figure in an in vitro reconstituted electron transport system from
6). For Fds, the redox potential is dramatically adjusted for the green alg&hlamydomonas reinhardfNADPH, FNR,
function, with root Fd (Fd Ill) having a potential nearly 100 Fd, nitrite reductase, and nitrite). They showed that FNR
mV higher than that of leaf Fd I, so that it can be effectively was the target of the inhibition.
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A third biochemical distinction is that the proteolytic differences is unknown, they raise questions about the levels
sensitivity patterns of root FNR (cleavage at residues 7, 82, of the NADPH/NADP" couple in the root plastid, and the
and 247) differ from those of spinach leaf FNR, which was possibility of redox regulation of nitrogen fixation enzymes.
susceptible to proteolysis at the N-terminus up to residue
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