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ABSTRACT. Ferredoxin-NADP reductase (FNR) catalyzes the reduction of NADRRrough the formation

of an electron transfer complex with ferredoxin. To gain insight into the interaction of this enzyme with
substrates at both ends of the polypeptide chain, we performed NMR analyses of a 314-residue maize
leaf FNR with a nearly complete assignment of the backbone resonances. The chemical shift perturbation
upon formation of the complex indicated that a flexible N-terminal region of FNR contributed to the
interaction with maize ferredoxin, and an analysis of N-terminally truncated mutants of FNR confirmed
the importance of this region for the binding of ferredoxin. Comparison between the spectra of FNR in
the NADP'- and inhibitor-bound states also revealed that the nicotinamide moiety of NARP accessible

to the C-terminal Tyr314. We propose that the formation of the catalytic competent complex of FNR and
substrates is achieved through the interaction of the N- and C-terminal segments with ferredoxin and
NADP*, respectively. Since the ends of the polypeptide chain act as flexible regions of proteins, they
may contribute to the search of a larger space for a binding partner and to the opening of active sites.

Ferredoxin-NADP reductase (FNR)is a flavin adenine High-resolution structures of several FNRs and enzyme
dinucleotide (FAD)-containing protein that catalyzes the substrate complexes have been determined by X-ray crystal-
transfer of electrons from ferredoxin (Fd) to NADPL, 2). lography (1—14). The structures of FNRs appear to be the
In higher plants, the production of NADPH catalyzed by prototype of a two-domain structural motif that occurs in
FNR is the last step of the photosynthetic | chan 4). many enzymes transferring electrons via a nicotinamide
FNRs have also been isolated from a variety of tissues anddinucleotide. This large family of flavoprotein reductases and
organisms with both phototrophic and heterotrophic metabo- gxidases is defined by six segments of highly conserved
lisms (). The interaction and electron transfer between FNR residues%, 11). The contact mode of Fd and FNR indicated
and its various substrates are reported. In nonphotosynthetiGnat both electrostatic and hydrophobic packing forces are
bacteria and eukaryotes, the reaction is driven toward Fd Ofimportant for formation of the productive comples& 16).

flavodoxin reduction, providing electrons for metabolisms  ; ;iaqenesis studies revealed that the charged residues in
as diverse as steroid hydroxylation in mammalian mitochon- . oo conserved surfacesAriabaena=NR play a role

dria (6), methane oxidation in methanotrophic bacted ( for electron transfer between FNR and Bd)( On the other
and reductive activation of biosynthetic enzymeg&scheri- hand. another substrate. NADPinteracts with the C-

chia coli and other prokaryotes3). In addition, FNR has . . ,
two isoenzymes in leaves and roots, suggesting an efficientterrnlnal region of FNR. TheZhospho-AMP and pyro-

electron flux of the NADPHFNR-Fd cascade and me-  Phosphate portions of fhe flADRare bound 1o he ecge of
tabolism in nonphotosynthetic orgarg; (0). the f-sheets in t, e N7 inding ornam_l r ).
However, the orientation of the nicotinamide moiety was
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from the Japanese Ministry of Education, Culture, Sports, Science andthe steric constraint in the C-terminal region of FNEB)

Technology. i _ i i i ini
@ The resonance assignments for the free FNR have been depositec;rhe _C_rUCIal c termmal tyr_osme (Tyr314) side .Cham IS W.e"
in the BioMagResBank under BMRB accession number 6695. stabilized by a stacking interaction with the isoalloxazine
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Despite the fact that the enzymatic properties of FNR have buffer (pH 8.0) containing 5%H,0 for the NMR lock and
been extensively characterized in both X-ray crystallography 0.05% NaN. For the measurement at pH 6.5, 50 mM sodium
and biochemical studies, most consideration of its catalytic perchlorate (NaClg) was added to a 0.4 mM protein sample.
mechanism has been focused on the rigid core region of theThe 50 mM NaClQwas useful in preventing the aggregation
molecule. FNR has a highly flexible disordered tail at the of FNR at pH 6.5, probably because of its chaotropic effects.
N-terminus in the FAD-binding domain, which was not The sample (volume of 25@L) was injected inb a 5 mmg¢
visible in the electron density map1, 16). Although NMR Shigemi microtube. ThéH, °N, and*3C resonances of the
analysis can detect weak interactions, including mobile backbone atoms except for the N-terminal region were
regions, no multidimensional NMR study of FNR has been assigned by a combination of multidimensional and multi-
reported to date. This is because the large number of residuesiuclear TROSY-based and deuterium-decoupled experiments
and the molecular mass of FNR (314 residues, 35 kDa) at both pH 8.0 and 6.5: TROSY-HSQC, TROSY-HNCACB,
hamper straightforward NMR analyses. The development of TROSY-HN(CO)CACB, TROSY-HN(CA)CO, and TROSY-
advanced NMR technique2(, 21) has made it possible to  HNCO (25, 26). For the backbone assignment of the highly
assign the backbone resonances of enzyr@2sZ4) com- flexible N-terminal region (lletLys17), the CBCANH 27)
posed of more than 300 residues. In this study, we report spectrum was measured using nondeuterated 1*¥6Mand
the NMR analyses of a 314-residue maize leaf FNR with ®N-labeled FNR dissolved in a 25 mM sodium phosphate
nearly complete assignments=45%) of the backbone buffer (pH 6.0) containing 50 mM NaClQ5% 2H,0, and
resonances. Information about FNR polypeptide termini 0.05% NaN. To confirm the sequential backbone assign-
obtained from chemical shift perturbation analyses and ment, [-'>N]Lys- or [a-'°N]JArg-labeled FNR was used to
mutagenesis has clarified an additional location of the measuréH—'N HSQC spectra where only the peaks from
ferredoxin binding site and the NADMinding mechanism  these selective amino acids appeared. The base frequency
in solution. was referenced with 2,2-dimethyl-2-silapentane-5-sufonic

acid (DSS). All NMR spectra were processed using NM-
MATERIALS AND METHODS Rpipe @8) and analyzed with PIPP29). The secondary

Sample Preparation for NMR Measurementbie wild- structure was estimated by th€ chemical shift deviations
type FNR proteins for the NMR analyses were obtained by from the residue-specific random coil shif30§.
overexpression in cultures &. coli TG1 cells transformed Chemical Shift Perturbation AnalysisheH—'°N HSQC

with the pYOL-FNR1 plasmidq). In the preparation of a  spectra for the chemical shift perturbation analysis were
uniformly ?H-, 13C-, and!*N-labeled FNR, a colony from  recorded at 40C using 600 and 800 MHz spectrometers.
the transformed cells was grown in 50 mL of Luria-Bertani The sample contained 0.19 mNf]JFNR and 0.20 mM Fd
medium with 0.14 mM ampicillin at 37C for 8 h, and then dissolved in a 25 mM sodium phosphate buffer (pH 6.0) with
10 mL of E. coli was inoculated with 1.5 L of M9 medium 50 mM NaCIlQ. The recombinant maize leaf Fd | was pre-
containing 809%6H,0 supplemented with 1.24 g/E5SNH,),- pared as described previousBA4J. For the NADP titration
SO, and 2 g/L [*Clglucose. The isotopic reagents were experiment, the perturbation levels upon NADBinding
purchased from Shoko Co., Ltd., aftdbO (99.9%) was from  were low at pH 6.0, and therefore, we conducted the experi-
Isotec. When the cell density reached the absorbance of 0.65ments at pH 8.0. Aliquots of 48 uL of 12.5-125 mM
at 600 nm, 1 mM IPTG was added for induction, and the NADP™ solutions were added repeatedly to 0.9 m®N|-
bacteria were grown for an additional 12 h. T, 1°C-, FNR in a 5 mmg¢ Shigemi microtube, dissolved initially in
and**N-labeled FNR was purified as described previously 250 uL of a 25 mM sodium phosphate buffer (pH 8.0)
(9). The final yield of?H-, *3C-, and**N-labeled protein was  containing 5%?H,0, until NADP" concentrations of 0.05,
18.5 mg. To protonate the deuterated amide groups, purified0.10, 0.20, 0.39, 0.58, 0.77, 0.95, and 12.4 mM were reached.
4 uM 2H-, 13C-, and'®>N-labeled FNR was incubated in a 25 The data were analyzed using the IGOR-Pro data analysis
mM sodium phosphate buffer contaigir2 M urea at pH program (WaveMetrics). An inhibitor, adenosing,52
8.0 and 40°C for 48 h. This treatment was required for diphosphate, was mixed with 0.19 m#MN]FNR in the same
obtaining high-quality spectra for the main-chain resonance buffer at a ligand concentration of 0.2 mM. NADRvas
assignmentZ3, 24), since the procedure promoted the-B purchased from Oriental Yeast, and adenosirg-gdiphos-
exchange of the highly protected amide deuterons with the phospate was from Sigma. The backbéHeand*N chem-
solvent protons, making it possible to observe 31 additional ical shifts for the Fd- or ligand-bound FNR were assigned
amide resonances. To remove the urea after the protonatiorby tracing the corresponding peakst—15N HSQC spectra
treatment, the concentrated protein was passed through a PDmeasured at various concentrations of Fd or ligands. To
10 gel filtration column (Amersham Biosciences) pre- obtain the cross-peaks for the Fd-binding staté ®t]FNR,
equilibrated with the buffer solution for subsequent NMR Fd was mixed with 0.9 mM*¥N]FNR at Fd concentrations
measurements. of 0.2, 0.4, 0.6, and 1 mM. Different chemical shifts observed
NMR Spectroscopy and Backbone Resonance Assignmentst pH 6.0 and 8.0 were correlated by tracing the peaks in
NMR experiments for the resonance assignments of the'H—!*N HSQC spectra measured at pH 6.0, 6.5, 7.0, 7.5,
backbone atoms were performed at*@@with an 800 MHz and 8.0. The protein structures were generated using MOL-
spectrometer (Bruker DRX800) equippediwét 5 mmitriple- SCRIPT 32) and rendered using Raster3BB. A structural
resonance probe head with triple-axis gradient coils. A model of the N-terminal fragment of FNR (llelys18),
cryogenic probe head with a one-axis z-gradient coil was built through the energy minimization process in Insight 11/
also used for measurements. The NMR samples for theDiscover (MSI), was connected to Serl9 of the atom co-
backbone resonance assignments comprised 1 mM isotopi-ordinates of the FNR crystal. The conformation of the model
cally labeled FNR dissolved in a 25 mM sodium phosphate did not necessarily reflect the actual conformation in solution.
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Ficure 1: Chemical shift assignments of maize leaf FNR. (A)H#-15N TROSY-HSQC spectrum of uniformBH-, 1C-, and'>N-labeled

FNR measured at pH 8.0 and 4G. The assignments of the backbone amide signals are indicated by the single-letter codes and residue
numbers. The assignments of the tryptophan side chain indoles are lakel€degn characters denote resonances with weak intensities
because of incomplete amide-i exchange without the protonation treatment of the deuterated protein. The inset is a pattbf ifie

HSQC spectrum of uniforml§2C- and!*N-labeled FNR measured at pH 6.0 and°@) displaying the resonances of the N-terminal region

of FNR. The NMR spectra were prepared using NMRDraw. (B) A chemical shift deviation paradAété€{ — A5*3C; + AO¥C) for

the 13C,, 13C4, and3C' nuclei, whereAdX represents the deviation of the observed chemical shift of nucleus X from the corresponding
chemical shift when X exists in random coils. The secondary structural elements shown schematically in the top part are determined on the
basis of the X-ray structure (PDB entry 1GAW). Tahelices angb-strands are colored red and blue, respectively, and the slowly exchanging
amide protons mentioned in panel A are represented by green circles.

Preparation of N-Terminally Truncated FNRBEor the
preparation of truncated FNR, the pYOL-FNR1 plasmid was the pQE60 vector between tiNcd and BanHl sites. The
used as a template to generate a PCR product correspondingiuncated FNRs were overexpressed with a E5&oli strain
to the FNR gene. Two truncated forms of maize leaf FNR transformed with the prepared vectors. The initial purification
lacking the 23 N-terminal residuea?3-FNR) and the 13
N-terminal residuesA13-FNR) were made by mutagenesis.
As the sense primer, &2ATGCCATGGAGCCGGCCAA-

GAAGGAGTCC-3 was used forA13-FNR and 5CAT-

GCCATGGATGCCGGCGTCGTCACCAAC-3for A23-

andA23-FNR genes. The PCR product was first cloned into

process oA13-FNR andA23-FNR was the same as that of
wild-type FNR. The truncated FNRs were analyzed by SDS
PAGE after a bacteriolytic treatment using BugBuster
(Novagen). The Fd affinity resin was prepared as described
previously 9). In the final step of the affinity chromatog-

FNR. These were designed to be complementary to the 5 raphy, elution of FNR was monitored by absorbance at 280

end of the truncation sites and to incorporate Nual site

(former underline) and thblad site (latter underline). For

the antisense primers of botkil3-FNR andA23-FNR, 3-

CGCGGATCCCTACATTATATACGTAGTACAC-3 was

designed to be complementary to theld of the FNR gene
and to incorporate th&anH| site (underlined) which is

located downstream of the stop codon for bath3-FNR

nm using the XTA prime system (Pharmacia Biotech).

RESULTS

Backbone Resonance Assignments of Maize Leaf FNR.
Figure 1A shows a TROSYH—-'5N HSQC spectrum of
FNR. Almost all the backbone resonances were assigned:
IHN (285 residues, 95% of total residues excluding the
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N-terminus and 13 prolines)yC, (308 residues, 98%3C; Leull3, and Cys114, resulted in the weak intensities of the
(278 residues, 97%, excluding 28 glycines), a#d (292 H resonances. The other segment, composed of Gly276,
residues, 93%). The TROSY technique combined with triply Met277, and Glu278, is located at the end of heliin the
labeled samplesd, 13C, and®*N) was introduced into the ~ NADP'-bhinding domain.
measurements for the backbone assignment, to obtain Perturbed Residues of FNR upon Formation of a Complex
separate peaks by suppression of the amide line broadeningwith Fd. FNR transfers an electron via the formation of a
On the other hand, we also took advantage of the réjd complex with Fd in the photosynthetic | chain. The X-ray
15N, and'3C transverse relaxation effect of nondeuterated crystal structure of the FNRFd complex was reported
proteins using non-TROSY type pulse sequences to extractrecently (L5, 16). Although crystallography provides useful
only the resonance signals with slow transverse relaxationclues about the electron transfer complex at an atomic
rates arising from the highly flexible regions (Figure 1A, resolution, the precise nature of the molecular interactions
inset). Most of the resonance signals observed in the normalbetween FNR and Fd would be shown only in solution.
CBCANH spectrum of a protonated FNR were assigned to Chemical shift mapping can be adapted for studying pretein
the 17 N-terminal residues. It should be noted that the amideprotein interactions, even in a large flavoprotein complex
resonance peaks from the N-terminal region were too (34). This technique is used to identify putative sites for
broadened at pH 8.0 and 4C to be observed, probably interactions on a protein surface, by detecting chemical shift
because the labile amide protons exposed to the solventperturbations iftH—N HSQC NMR spectra of a uniformly
because of a high flexibility of conformation, exchanged labeled protein. To identify the site of interaction of Fd on
rapidly with the solvent protons. Th&H, N, and 3C FNR, chemical shift perturbations &f—'>N HSQC NMR
chemical shifts are presented as Supporting Information. spectra of a uniformly®N-labeled FNR were detected. Figure

Since the triply labeled FNR to be used for the main chain 2A shows an overlay of th#H—N HSQC spectra recorded
assignment was expressed in the minimum medium contain-on 0.19 mM [SN]FNR in the absence and presence of 0.2
ing 80% DO, deuterons were attached to the amide nitrogensmM Fd at pH 6.0 at 40°C. Comparison of the spectra
of the protein during culturing. Most of the deuterons were indicated 41 cross-peaks exhibiting significant changes upon
spontaneously exchanged with the solvent protons during thethe addition of Fd. These changes, which increased with the
subsequent purification steps, but some of them, which wereaddition of more Fd, were classified as being in a fast
particularly highly protected from the solvent or hydrogen- exchange mode. No major line broadening depending on the
bonded, remained. To effectively proceed with the exchangeFd concentrations was observed in tHé—°N HSQC
between amide deuterons and solvent protons, we incubatedpectra.
the protein m a 2 M urea solution at pH 8 and 4TC. A On the basis of the known resonance assignments of FNR,
circular dichroism (CD) measurement confirmed that maize the chemical shift perturbations were mapped onto the tertiary
leaf FNR almost retained its secondary structure, being notstructure. Largely perturbed residues were involved in the
completely unfolded but slightly loosened enough to allow interaction with Fd. Glu312, the significant residue of FNR
for the D—H exchange, for at least 3 days (data not shown). for interaction with Fd 85), was perturbed with large
After the urea had been removed by gel filtration, the triply chemical shift changes in the presence of Fd (the residue
labeled FNR exhibited the same pattern of NMR resonancesnumbering of maize and spinach leaf FNRs is identical).
as ®>N-labeled FNR that had not been treated with urea, Mapping of the perturbation along the FNR sequence reveals
indicating that the conformation fully recovered after treat- that most of the perturbed residues belong to the FAD-
ment with urea and then removal of it. We used nontreated binding domain (llet-Lys153), but both N- and C-terminal
samples for the other experiments, including chemical shift polypeptide segments were also greatly perturbed (Figure
perturbation for the substrate bindings, for whiék-labeled, 2B). Figure 2C shows the mapping of the 41 markedly
but not deuterated, samples were used. perturbed residues on the X-ray structure of the FNfd

For identifying secondary structural elements within the complex. The regions with significant chemical shift changes
protein, it is useful to analyze the deviations of the obtained were in good agreement with the contact surface with Fd in
chemical shifts from those in random coilAqd) (30). A the crystal structure of the maize leaf FNRd complex,
parameter constructed from the chemical shift deviations which demonstrated intermolecular salt bridges formed by
(AOBC, — AOBCs + AOTC') of FNR was plotted against  the side chains of residues Lys33, Lys88, Lys91, Glul54,
the residue number (Figure 1B), indicating that the locations and Lys304 of FNR, and hydrophobic contacts by those of
of a-helices and3-sheets are consistent with the positions Val92, Leu94, Vall51, and Val313 of FNR®). Thus, most
of the secondary structural elements observed in the crystalof the strongly perturbed residues are on the contact surface
structure and that approximately 20 residues at the N-terminalbetween FNR and Fd, which is located near the electron-
end form a disordered conformation. In addition, the slowly transferring center, composed of the isoalloxazine ring of
D—H-exchanging amide protons, which are involved in FAD and the [2Fe-2S] cluster of Fd (Figure 2C). Since the
hydrogen bonds, were observed in the secondary structurakchemical shift perturbation method does not always reflect
elements. As shown above, the parameters obtained fromthe direct binding effect3g), we investigated the contribution
the NMR analyses of the solution state of FNR were almost of the disordered N-terminal region to Fd binding by the
consistent with the crystal structure. Unfortunately, two subsequent approach.
segments, each composed of three consecutive residues, were N-Terminal Truncation Study of FNRaterestingly, the
not able to be assigned because the corresponding amideamide resonances of several N-terminal residues {llel
signals in the spectra for the sequential connectivity were Lys17) were perturbed upon binding of Fd, as well as the
missing. Incomplete amide BH exchanges for one of the  well-known Fd-binding site of FNR. We investigated the
segments in the depth of the molecule, composed of Ser112contribution of the disordered N-terminal region to the
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Ficure 2: Chemical shift perturbation of FNR upon formation of the complex with Fd. (A) SuperimpbsetPN HSQC spectra of free
[**N]JFNR (black) and PPNJFNR in a complex with unlabeled Fd (red) at pH 6.0. The top panel displays the same region as the inset in
Figure 1A. The bottom panel shows a well-resolved part of the spectrum, displaying changes in the chemical shift values of the Ala80,
Leul18, and Glu312 amide groups. (B) Plot of the weighted averages ¥ ied >N chemical shift changes, calculated with the function

Adrg = [(Ad)? + 0.17(Ad=\)3 Y2 The absence of bars in the plot indicates unassigned residues, proline residues, or unmeasured shifts
due to resonance overlaps. (C) Mapping of the perturbed residues on the crystal structure of tHedFddRiplex (PDB entry 1GAQ).

FNR is colored gray with the FAD cofactor displayed in an orange ball-and-stick model. The backbone of the bound Fd is displayed in
green, and the [2Fe-2S] cluster in the Fd molecule is shown as a cyan ball-and-stick model. Red spheres indicate perturbed residues with
Adgq values of>0.2 ppm, and yellow spheres shaWgq values of 0.3-0.2 ppm. The displayed N-terminal residues<{K18) of FNR

were generated by a molecular dynamics simulation with Insight Il (MSI) to map the perturbed residues onto the flexible N-terminal
region, for which X-ray diffraction was not observed. The right figure is drawn by rotating the left one aloixgatkie by 90.

binding of Fd. We prepared two truncated forms of FNR that they retain the native conformation. Thus, it is likely
lacking the first 23 residuesA@3-FNR) and the first 13  that the observed decrease in affinity with the Fd-im-
residues A13-FNR) of the maize leaf FNR by mutagenesis. mobilized column represents the fact that some N-terminal
Figure 3A displays the sequences of the N-terminal regionsresidues of FNR are responsible for binding to Fd.

of various leaf FNRs. In the sequences, Ala3, Glu9, Alal0, Comparison between NADPand Inhibitor-Bound States
Proll, Alal2, Lys18, Ser20, Lys21, and Lys22 are well of FNR We analyzed the binding mechanism of FNR for
conserved among the N-terminal regions of the leaf species.NADP". In addition, we examined the binding site of
Figure 3B shows SDSPAGE patterns of the highly adenosine '25'-diphosphate, which lacks the nicotinamide
expressed various lengths of FNR overexpressegl icoli mononucleotide of NADP and acts as a competitive
cells. The differences observed in the electrophoretic mobility inhibitor with NADP* for FNR (2).

of the variants were consistent with the lengths of the Figure 4A shows the chemical structures of the ligands
polypeptides, as shown by the calculated molecular mass ofand the perturbed levels of the FNR residues upon ligand
each polypeptide, 32 788 Da fa&x23-FNR, 34 013 Da for  binding. When NADP and the inhibitor bind, 38 and 31
A13-FNR, and 35 249 Da for wild-type FNR. Figure 3C amide chemical shifts are significantly changed, respectively.
shows the last step of purification. Although wild-type FNR In addition, 11 peaks disappeared in the exchange between
was able to bind to the Fd-immobilized column even at a NADP*-bound and free states, and seven peaks in the
Tris-HCI concentration of 50 mMMA13- andA23-FNRs were exchange between the inhibitor-bound and free states (Figure
unable to bind to the column under the same conditions. At 4A,B). The plot pattern of the perturbation levels shows that
5 mM Tris-HCI, A13- andA23-FNRs had a moderate and the residues of the peaks that disappeared are located among
slight affinity, respectively, for the column. Thus, whitd 3- the residues whose resonance positions shifted greatly,
FNR with a high purity was obtained, the purity 623- indicating that the residues of the broadened peaks can be
FNR was not complete. AH—1°N HSQC spectrum of the  classified as being significantly perturbed (Figure 4A).
15N-labeled A13-FNR showed that the mutant retains its  Differences in the spectra of the NADPand inhibitor-
native conformation (Supporting Information). On the other bound states were observed in the C-terminal active site of
hand, the quality of the HSQC spectrum &23-FNR was FNR. As shown in the spectra, the peak of Thr172 disap-
not good enough (data not shown). It remains unknown if peared completely in the inhibitor-bound state as well as in
the low quality is caused by the low purity 8f23-FNR or the NADPf-bound state, but the peak of Tyr314 remained
its partial unfolding. Nevertheless, both mutants expressedin the inhibitor-bound state (Figure 4B). Figure 4C shows
by the culturecE. colibound FAD as the cofactor, suggesting the mapping of the residues with appreciable changes upon
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A - i - constant for the NADP binding to be 85uM. We further

Maszer LRQOASH et 0 analyzed the amide protons that exhibited broadened signals
i '325:51 gurr- G &y DENT upon NADP" binding, and found that they were located
pinach: -

e closer to the ligand binding sites than the amide protons in

B the fast exchange mode (Figure 5B,C). These line broadening
o effects of the resonances were site-specific, as observed in
E‘ 1 i DR GIn248 and Glu312. The drastically weakened signals
=TT .. 38 kDa correspond to the region of interaction with the adenosine
ppe— 20 Da portion, 2-phosphate, and fphosphate of NADP, whereas
-y the less significantly weakened signals correspond to the
S region of interaction with the nicotinamide mononucleotide
of the NADP'. This result implies the accumulation of at
i least two species of FNRNADP* complexes during titration
PSR (see Discussion).
C o) DISCUSSION
P We have assigned the backbone amide resonances of FNR.
A A combination of advanced NMR techniques and well-
8 . < dispersed spectra allowed us to assign the backbone reso-
fgé’ —"’——""“_“"""——— nances of this 35 kDa monomeric protein. Our NMR analyses
g "S'—JA— showed that the N-terminal residues had chemical shifts
—“-——-"'f\"‘_‘*—— typical of disordered random coils and transverse relaxation
----- - , rates much slower than those for the other rigid part. We
15 40 have previously shown that the intact maize leaf FNR has a

St o) fluctuating tail protruding into the solvent in a small-angle

FiGURe 3: N-Terminal binding site of FNR. (A) Sequence X.ray scattering analysis36). The mutant in which the

alignment of the N-terminal regions of FNRs and the constructions y,_ ; ; ; ;
of truncated recombinart13 andA23 maize leaf FNRs. (B) SDS N-terminal region was truncated and the enzyme in which

PAGE gel patterns of thE. coli sedimentations that overexpressed e Same region was proteolytically digested were fully active
the wild-type and truncated forms of FNRs, stained with Coomassie in the NADPH diaphorase assay, but lost the ability to
Brilliant Blue. A negative control was prepared by transforming interact with Fd 40, 41).

bacteria with a vector carrying no FNR-related gene. (C) Eluton  NMR analyses and truncation studies suggested that the
profiles of wild-type,A13, andA23 FNRs from the Fd-immobilized o action motif with Fd lies around Glu10 and/or Ser20.
Sepharose column: (1) wild-type Wwita 5 mM Tris-HCI buffer, . .

(2) A13 with a 50 mM Tris-HCI buffer, (3)A13 with a 5 mM Both motlfs of'EA- -PA around GIul_O and KxSKK in the
Tris-HCI buffer, and (4)A23 with a 5 mMTris-HCI buffer. The N-terminal region appear to be crucial for higher-plant leaf
solution containing each kind of FNR was loaded onto a Fd- FNRs. The N-terminal region of FNR might interact with

immobilized resin (bed volume, 50 mL), which was equilibrated idica-heli i i
in advance at pH 7.5 and°€, and the proteins were eluted by the an acidica-helix running from Tyr23 to Asp29 in Ftie)

application of a linear gradient of 0 to 500 mM NacCl at a flow rate In the previous NMR study u5|n§}5[\l]Fq, ”,624 and GIn27

of 2 mL/min. It should be noted that the period for the salt gradient Of Fd were |_ar9€‘|y pe.rturbed upon binding of nonlabeled
was started as soon as the sample was loaded, without the usuaFNR (16). This interaction would be of a moderate strength,
washing procedure, and that the elution in the gradient period could, because the complex formation involving the N-terminal tail

therefore, include passed-through proteins. This is because th i
affinity of FNR for the ferredoxin column was not so high that “of FNR was not observed in the crystal structure and the

even the wild-type FNR must be eluted without the washing cro;s-lmk found between tha'_NHZ of the N-terminal
procedure. residue of FNR and Fd was mino#2). The K, value of
FNR for Fd is 3.3«M at 25°C (9), which contributes to the
each ligand binding on the X-ray crystal structure. Peaks fast exchange mode at 4@ (36). The cyanobacterium
that disappeared approximately correspond to the contactAnabaenaFNR has the TQAKAK motif instead of the
residues found at the binding sites for the ligands in previous N-terminal sequence found in the plant type, and the basic
structural studiesl@, 37, 38). In addition, residues perturbed charges in the lysine side chains are needed for formation
upon NADP" binding, but not upon inhibitor binding (Ser96, of the intermediate complex with Fd at low ionic strengths
Gly173, Gly273, Glu312, and Tyr314), were mapped on the (43). The absence of such N-terminal basic motifs may
active center, which is composed of both the C-terminal explain the low catalytic efficiency d&. coliFNR (5). Other
region of FNR and the isoalloxazine ring of FAD (Figure than the N-terminal regionAnabaenaFNR contains 11
4D), indicating that the nicotinamide mononucleotide of residues that are important for the interaction with Fd,
NADP™ is accessible to the center of the electron-transferring including five lysine and two arginine residues involved in
reaction. catalytic function 44). The basic residues in the N-terminal
NADP*-Binding Region Analyzed by a Titration Experi- region of FNR may play a role in recognizing acidic Fd so
ment.We carried out a titration experiment to characterize that the initial intermediate complex is formed between FNR
NADP* binding. As the concentration of NADPwas and Fd. According to our results, the chemical shifts of Glu19
increased, several perturbed peaks moved or disappeared iand Ser20 were largely perturbed upon complex formation
the 'TH—'N HSQC spectra of'fN]JFNR (Figure 5A). From with Fd, although they do not exist on the interaction surface
chemical shift changes of more than 0.2 ppm occurring in a determined from the crystal structure. Nearby residues, Lys22
fast exchange mode, we estimated the average dissociatiomnd GIn23, exhibited small perturbations suggesting that the



10650 Biochemistry, Vol. 44, No. 31, 2005 Maeda et al.

A P
Ha,
06 =Y
by +
. NADP
_—
£
Q
o
- 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
j= .
S 6 o Residue number
o5 Inhibitor
< «_(Adenosine 2',5'-diphosphate)
04 o
0.2 L ﬁ
ko
b
a_n_ 1 L il Ls A
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

B Free-FNR NADP*-FNR Inhibitor-FNR C |
8.15 7.85 E312

13

115
N 425

(ppm}

245
\ K275 GITN

NADP* inhibitor

FiIGURE 4. Comparison between the binding effects of NAD&d an analogue inhibitor. (A) Plots of tAel and 1N chemical shift

changes of FNR at pH 8.0 upon binding to NADRop) and to an analogue inhibitor, adenosih& aliphosphate (bottom), calculated as

a function ofAdigand = [(Ad14)? + 0.17(A05y)3 Y2 The chemical structures of NADRand the inhibitor are drawn on the left. Since the

addition of NADP" did not significantly perturb the chemical shifts of FNR around pH 6, the experiment was carried out at pH 8.0. The
relatively high pH value consequently made the amide signals from the flexible N-terminal region unobservable. Red bars indicate broadened
resonances beyond detection because of an intermediate rate exchange between ligand binding and dissociation. (B) Comparison of parts
of TH—15N HSQC spectra in the free and ligand-bound states of FNR at pH 8.0. The disappearance of the peaks was most likely caused
by the dynamic processes on microsecond to millisecond time scales. (C) Mapping of the residues for which the resonances were broadened
upon binding to the ligands on the X-ray structure (PDB entry 1GAW). The FAD-binding domain is colored cyan and th&e-biA8iRg

domain green. The bound FAD cofactor is displayed as an orange ball-and-stick model. Red spheres show amide protons that disappeared,
indicating that they are closest to the NADReft) or inhibitor (right) binding sites. (D) Close-up view of the C-terminal electron transfer

center of FNR oriented as in panel C. The residues that exhibited large chemical shift perturbations uponbitaidig but small ones

upon inhibitor binding (Ser96, Gly173, Gly273, Glu312, and Tyr314) are shown as a ball-and-stick model.

joint region of the N-terminal tail does not change their siface of the isoalloxazine ring of FAD. Therefore, when
conformations drastically. Therefore, the large perturbation Fd binds, a slight conformational change may occur around
observed in Glul9 and Ser20 may be caused by another=AD, and the propagation of the conformational change from
reason; for example, Fd might contact Glul19 through electric the active site t@4 (Arg93—Ser96),63 (Ser75-1le79), and
interaction to make an initial nonproductive complex. In (6 (Asnl44-Vall51) strands in the FAD binding domain
another species with the reported X-ray crystallographic may perturb the chemical shifts of GIn74, lle147, and
structure,AnabaenaFd also binds to the N-terminal FAD  Thr148.

binding domain and to the C-terminus AhabaenaFNR We identified the binding region of FNR and NADP
(15). The intermolecular hydrogen-bonding residues of the The position that the aromatic side chain of Tyr314 takes in
Anabaend=NR—Fd complex, Asnl13, Lys75, Vall36, Arg264, the free form of FNR corresponds to the position that the
Glu267, Lys293, Val300, Glu301, and Thr302Anabaena nicotinamide group of NADP takes in the complex form,
FNR, correspond to Asn30, Lys91, Vall151, Lys275, Glu278, being close and parallel to thre face of FAD (Figure 4D)
K304, Val311, Glu312, and Val313, respectively, in maize (11). For the electron transfer step following NADBinding,
leaf FNR, which is consistent with NMR analysis. Despite the nicotinamide group is expected to occupy the place of
being located on the inside of the FNR molecule, GIn74, the aromatic side chain of Tyr314 in the free fort {4).
lle147, and Thr148 exhibited chemical shift perturbations Therefore, the nicotinamide group should interact with the
as large as those for residues on the ferredoxin-binding bulky tyrosine residue, and thermal fluctuation may cause
surface (Figure 2B). Interestingly, the perturbation pattern some structural rearrangements by flipping out the side chain
upon Fd binding may indicate an alteration of the atomic of Tyr314 or the C-terminal backbone in solution. Many
environment on the periphery of FAD. The residue for which FNR-like flavoproteins take advantage of the flavin-shielding
the chemical shift is most largely perturbed was Leu94, and system 45—50). In the titration experiments with NADR

it is adjacent to Tyr95 whose aromatic ring lies against the the nicotinamide mononucleotide (NMN) binding region
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Ficure 5: Broadening effect of FNR in NADP titration. (A)
Examples offH—15N HSQC spectra of 0.9 mMYN]FNR during
titration with NADP*™ at pH 8.0. From left to right, NADP was

added so that its concentration reached 0, 0.2, 0.39, and 0.95 mM,
respectively. GIn248 and Glu312 are in intermediate rate exchange

on the NMR time scale, which made the peaks unobservable at
higher concentrations of NADP (B) Changes in peak intensity

of the broadened signals by titration with NADFBlue symbols

and lines for Gly171, Thrl72, GIn248, and Lys275 indicate the

drastically weakened signals during the titration, while red symbols
and lines for Gly273, Glu312, and Tyr314 are the gradually
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kex, and chemical shift changAg, determination of whether
the two-step binding is correct requires further detailed
analyses takind\d into consideration. We did not find any
new peaks appearing when NADR/as added at a concen-
tration as high as 12.4 mM to 0.9 mNPN]FNR. Therefore,
even at a high concentration of NADPthe binding of
NADP* to FNR was still in an intermediate rate exchange
mode. This may be because of the relatively high temperature
of 40 °C. Although some new peaks were expected to be
observed at lower temperatures, the peak broadening in the
spectra prevented analysis. Alternatively, there may be an
additional intermediate rate exchange in the binding between
FNR and NADP.

In conclusion, we have assigned almost all the NMR
backbone resonances of a 314-residue maize leaf FNR. The
chemical shift perturbation upon formation of the complex
with a maize ferredoxin indicated that a flexible N-terminal
region of FNR was involved in the interaction with ferre-
doxin, and the interaction was further confirmed by analysis
using N-terminally truncated mutants of FNR. By comparing
the spectra of FNR in the NADP and inhibitor-bound states,
we found that the nicotinamide moiety of NADPis
accessible to the C-terminal Tyr314. We propose that the
interactions of the N- and C-terminal segments with ferre-
doxin and NADP, respectively, lead to the formation of
the catalytic competent complex of FNR and its substrates.
Since the ends of the polypeptide chain act as flexible regions
of proteins, they may contribute to the search for a larger
space for a binding partnebl) and to the opening of the
active sites.

weakened signals. The signal intensities were normalized so that
the intensities of three peaks derived from residues Leu31, GIu72,ACKNOWLEDGMENT

and Ala80, which resonated apart from each other in the spectrum
and were clearly irrelevant to the interaction with NAQDBecame
uniform. (C) Mapping of the amide protons that had different
broadening effects upon NADminding. Broadened amide groups

We thank Drs. H. Akutsu and H. Yagi (Institute for Protein
Research) for assistance in the NMR facility and K. Teshima
(Hiroshima University, Hiroshima, Japan) and T. Endo

are mapped onto the structure of FNR, colored as in panel B. PeakS(Nagoya University, Nagoya, Japan) for helpful discussions.

that were difficult to analyze because of overlapping (Gly173,
Met245, and lle281) and an intrinsically weak resonance (1le247)
are shown as gray spheres.

exhibited more moderate broadening effects than tf&-2
diphosphate binding region. This phenomenon suggests
bipartite mechanism of the binding of NADRo FNR as
shown in eq 1:

FNR + NADP" —
FNR—[2',5-diphosphates]-[NMN}> FNR—NADP™ (1)

where FNR-[2',5'-diphosphates]-[NMN] represents the in-
termediate in which the'Z'-diphosphates of NADP are
adjacent to the polypeptide; however, the nicotinamide

moiety does not yet reach the C-terminal region, and as more 3.

NADP* is added, more of the final complex accumulates.
A similar bipartite mechanism has been also proposed by
Carrillo and Ceccarelli4). Although we have proposed a
two-step binding mechanism from the two kinds of line
broadening effects, an alternative interpretation is also
possible where the binding affinity is uniform and the region-

dependent line broadening effects are observed only because

of the different chemical shift changesd) in the interaction
sites upon binding of NADP. Since the apparent transverse
relaxation rate, namely, the line broadening effect, is
generally a function of both the associated exchange rate,

SUPPORTING INFORMATION AVAILABLE

SuperimposedH—N HSQC spectra of WT-FNR (blue)
and A13-FNR (Figure S1) and chemical shifts for FNR at

%H 6.5 (Table S1). This material is available free of charge

via the Internet at http://pubs.acs.org.
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