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ABSTRACT: The NADP-binding site of Plasmodium falciparum ferredoxin-NADP™ reductase contains two
basic residues, His286 and Lys249, conserved within the Plasmodium genus, but not in other plant-type
homologues. Previous crystal studies indicated that His286 interacts with the adenine ring and with the 5'-
phosphate of 2’-P-AMP, a ligand that mimics the adenylate moiety of NADP(H). Here we show that
replacement of His286 with aliphatic residues results both in a decrease in the affinity of the enzyme for
NADPH and in a decrease in k¢, due to a lowered hydride-transfer rate. Unexpectedly, the mutation to GIn
produces an enzyme more active than the wild-type one, whereas the change to Lys destabilizes the
nicotinamide—isoalloxazine interaction, decreasing k... On the basis of the crystal structure of selected
mutants complexed with 2'-P-AMP, we conclude that the His286 side chain plays a dual role in catalysis both
by providing binding energy for NADPH and by favoring the catalytically competent orientation of its
nicotinamide ring. For the latter function, the H-bonding potential rather than the positively charged state of
the His286 imidazole seems sufficient. Furthermore, we show that the Lys249Ala mutation decreases
K NMPPH and Ky for NADP' or 2-P-AMP by a factor of 10. We propose that the Lys249 side chain
participates in substrate recognition by interacting with the 2'-phosphate of NADP(H) and that this
interaction was not observed in the crystal form of the enzyme—2'-P-AMP complex due to a conformational

perturbation of the substrate-binding loop induced by dimerization.

Plasmodium falciparum and Toxoplasma gondii, as well as most
apicomplexan parasites, possess a plastidic-type ferredoxin-
NADP" reductase (FNR,' EC 1.18.1.2) (/-5), located in the
apicoplast, a peculiar organelle evolutionarily related to plant
plastids. As in nonphotosynthetic plant tissues, apicomplexan
FNR transfers reducing equivalents from NADPH to ferredox-
in (2) to fuel ferredoxin-dependent reductive apicoplast path-
ways. This function was experimentally shown for the
mevalonate-independent production of isoprenoid precursors
in P. falciparum (6). Some properties of P. falciparum FNR
(PfFNR) are quite unusual among plastidic-type FNRs: a low
turnover number, a peculiar NADP-binding site, and the ability
to undergo a redox-dependent dimerization process that rever-
sibly inactivates the enzyme (4, 7).

We have previously described the NADP(H) binding by
plastidic-type FNRs as a bipartite process, in which the 2'-P-
AMP and the nicotinamide-ribose 5'-phosphate (NMN) moieties
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of the substrate interact with the enzyme in partially independent
fashions (8). The 2'-P-AMP moiety plays a leading role in
enzyme—substrate interaction: it remains bound to its subsite,
while the NMN portion is essentially disordered, with the
nicotinamide ring approaching the isoalloxazine moiety only
for a fraction of time, sufficient to provide an adequate hydride-
transfer (HT) rate (9). When this model is taken into account, the
contacts that plastidic-type FNRs establish with NADP(H)
during the catalytic cycle can be classified into two types: those
that stabilize the FNR—NADP(H) complex, without affecting
the conformation of the NMN moiety, and those that favor HT
by orienting the nicotinamide ring toward the flavin. Protein
residues interacting with the pyrophosphate group of NADP(H)
are expected to play both roles, since, in addition to stabilizing the
enzyme—substrate complex, they could affect the positioning of
NMN. This is confirmed by the observation that Lys116 of
spinach leaf FNR [corresponding to Argl00 of Anabaena
FNR (/0) and to Lys119 of PfFNR (4)] plays an essential role
in catalysis by dramatically affecting kea/Kn 27 and signifi-
cantly decreasing ko (11).

Whereas T. gondii FNR has a typical NADP-binding site,
PfFNR displays a different distribution of basic groups in the
region that binds the adenylate moiety of NADP(H). Plastidic-
type FNRs primarily recognize NADP(H) through interactions
with its 2'-phosphate group, which include two highly conserved
hydrogen bonds provided by protein hydroxyls [Ser247 and
Tyr258 in PfFNR (4)], and two salt bridges [involving Arg235
and Lys244 in spinach leaf FNR (12, 13) and Arg224 and Arg233
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in Anabaena FNR (14)]. These basic residues are not conserved in
PfFNR (4). On the other hand, in typical plastidic-type FNRs,
the interaction with the NADP(H) adenosine involves an alipha-
tic side chain [Leu274 in spinach leaf FNR (/3) and Leu263 in
Anabaena FNR (14)], which belongs to a surface loop that has
been proposed to contribute to pyridine nucleotide specificity
(12, 14—16). In PfFNR, this Leu residue is replaced with His286,
which both engages a m— stacking interaction with the adenine
and makes a contact with the 5'-phosphate of the substrate
analogue 2'-P-AMP (4). This suggests that the function of His286
in catalysis could be more important than that played by the
corresponding residue in other FNRs. To test this hypothesis, we
have now generated and characterized a series of mutant enzymes
in which His286 was changed to Gln, Lys, Ala, or Leu.

Another surprising feature of PfFNR is that no interaction
between positively charged groups of the protein subunit and the
2'-phosphate of the ligand (4) was observed in the crystal
structure of the dimeric enzyme in complex with 2/-P-AMP.
However, conclusions about 2'-P-AMP binding by PfFNR
should be drawn with caution from available crystallographic
data since the NADP-binding site partially overlaps with the
dimerization interface of the protein, implying that the confor-
mation of this part of the macromolecule might be perturbed by
intersubunit contacts. In particular, the side chain of Lys249,
which in the crystal structure points away from the ligand, could
adopt a different conformation in monomeric PfFNR in solu-
tion, playing a role in NADP(H) binding similar to that of
Arg235 in spinach FNR. To test this hypothesis, we have
produced and characterized a PfFNR mutant in which Lys249
was replaced with Ala.

The extensive characterization of the five PfFNR mutants
reported here, which includes rapid kinetic studies and the
determination of the crystal structures of two of them, allows
us to conclude that, while both Lys249 and His286 play a role in
NADP(H) binding, the interaction established by His286 with
the pyrophosphate group of the substrate is critical for orienting
the nicotinamide ring, thus favoring HT to FAD.

MATERIALS AND METHODS

Materials. NADP", NADPH, and 2'-P-AMP were pur-
chased from Sigma-Aldrich. All other chemicals were of the
highest commercially available grade.

Site-Directed Mutagenesis. The base changes required to
make the amino acid replacements of His286 and Lys249 in
PfENR reported in this work were introduced into pET-
PfFNR (7) using the QuikChange site-directed mutagenesis kit
(Stratagene). The following couples of complementary oligonu-
cleotides were used (base changes underlined): His286Gln, 5'-
GAATTATATATATGTGGTCAGAAATCAATAAGATAT-
AAAGTTATG-3 and 5-CATAACTTTATATCTTATTGAT-
TTCTGACCACATATATATAATTC-3; His286Lys, 5-GAA-
TTATATATATGTGGTAAAAAATCAATAAGATATAAA-
GTTATG-3 and 5-CATAACTTTATATCTTATTGATTTT-
TTACCACATATATATAATTC-3'; His286Ala, 5¥-GAATTA-
TATATATGTGGTGCCAAATCAATAAGATATAAAGTT-
ATG-3 and 5-CATAACTTTATATCTTATTGATTTGGCA-
CCACATATATATAATTC-3; His286Leu, 5-GAATTATA-
TATATGTGGTCTGAAATCAATAAGATATAAAGTTAT-
G-3 and 5-CATAACTTTATATCTTATTGATTTCAGAC-
CACATATATATAATTC-3; Lys249Ala, 5-TATACATTAT-
GTTTTCTCTTATGCACAAAATTCAGATGCAACAAG-3
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and 5-CTTGTTGCATCTGAATTTTGTGCATAAGAGAA-
AACATAATGTATA-3'. The plasmids carrying the mutations
mentioned above were named pET-PfFNR-H286Q, pET-
PfFNR-H286K, pET-PfFNR-H286A, pET-PfFNR-H286L,
and pET-PfFNR-K249A, respectively. Each insert was fully
sequenced to verify the presence of the desired base changes
and rule out unwanted mutations.

Protein Overproduction and Purification. Escherichia coli
Rosetta(DE3) cells, transformed with each one of the plasmids
mentioned above, were grown as reported elsewhere (7). Wild-
type and mutant PfENR forms were purified according to the
same procedure (7), which included metal chelate chromatogra-
phy on Ni Sepharose (GE Healthcare) and hydrophobic inter-
action chromatography on Phenyl Sepharose (GE Healthcare).
After treatment with factor Xa (Pierce) to cleave the N-terminal
extension containing the poly-His tag, the mature PfFNR forms
were isolated from the protease and residual uncleaved proteins
by a second run on the Ni Sepharose column, to which they
weakly bound because of the intrinsic affinity of PfFNR for
Ni** (4).

Spectral Analyses. All absorption spectra were recorded on
an 8453 diode-array (Agilent) or double-beam Cary 100 (Varian)
spectrophotometer. The extinction coefficients of the mutant
PfFNRs in the visible region of the spectrum were determined by
measuring the amount of FAD released by each protein follow-
ing sodium dodecyl sulfate treatment (/7). Spectrophotometric
active-site titrations with NADP" were conducted at 15 °C in
50 mM Tris-HCI (pH 7.6) as described previously (4). Anaerobic
stepwise photoreduction of the FAD prosthetic group of PFFNR
forms was performed by the light/EDTA system (18) at 15 °C.
The enzymes were diluted to ~15 uM in 50 mM HEPES-NaOH
(pH 7.0) containing 10% glycerol, 13 mM EDTA, and 1.3 uM
5-carba-5-deazariboflavin. NADP™ was at a 1.2 molar ratio with
respect to the enzyme. The solution was made anaerobic by
successive cycles of equilibration with O,-free nitrogen and
evacuation.

Steady-State Kinetics. Both NADPH-dependent K;Fe-
(CN)g and 2,6-dichlorophenolindophenol (DCPIP) activity as-
says were performed at 25 °C in 100 mM Tris-HCI (pH 8.2) in the
presence of a NADPH-regenerating system formed by glucose
6-phosphate and glucose-6-phosphate dehydrogenase. The
NADH-K;Fe(CN)¢ reductase activity of the PfFNR-K249A
form was measured as described above, but the NADPH-
regenerating system was omitted. To estimate the steady-state
kinetic parameters of the enzyme forms, the concentrations of
NAD(P)H and the electron acceptor were independently varied.
The inhibitory effect of 2/-P-AMP on the NADPH—DCPIP
reductase reaction catalyzed by the PFFNR forms was studied by
independently varying the concentration of NADPH and that of
the inhibitor at a fixed concentration of DCPIP (20 uM).

Rapid Kinetics. Wild-type or mutant PfFNRs (17—20 uM)
were reacted with NADPH (0.025—2 mM) at 25 °C in 50 mM
HEPES-NaOH (pH 7.0) under anaerobic conditions, using an
SF-61 DX2 diode-array stopped-flow spectrophotometer (Hi-
Tech Scientific, Bradford-upon-Avon, U.K.). A set of 300 spectra
within the 300—700 nm wavelength range was recorded from
each shot over total reaction times ranging from 0.5 to 7 s.
Absorbance traces at different wavelengths were fitted to ex-
ponential decay equations using KinetAsyst version 3.0 (Hi-Tech
Scientific).

Crystallization and X-ray Diffraction Data Collection.
Both PfFNR-H286L and PfFNR-H286K were crystallized in
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Table 1: Data Collection and Refinement Statistics for the PFFNR Mutants

PfFNR-H286L

PfFNR-H286L—2'-P-AMP

PfFNR-H286K —2'-P-AMP

Data Collection

resolution (A) 40.0—2.3 61.3—-3.0 83.9-2.2
space group 2 P3, P3,
mosaicity (deg) 0.8 0.8 0.8
Rierge (%) 14.5 (71.0)¢ 15.7 (77.5)¢ 11.4 (56.4)¢
total no. of observations 79430 (11721) 175963 (24091) 361295 (53358)
no. of unique observations 14346 (2072) 44994 (6554) 111739 (17208)
mean / (standard deviation) 10.9 (2.2) 9.5(1.7) 9.9(1.8)
completeness (%) 99.9 (99.9) 100 (99.9) 100 (100)
multiplicity 5.5(5.7) 3.9(3.7) 3.1(3.1)
Refinement

R/Riree (%) 22.7/29.0 24.41/31.66 25.6/30.8
root-mean-square deviation for bond lengths (A) 0.005 0.012 0.006
root-mean-square deviation for angles (deg) 0.88 1.33 1.01
Ramachandran plot

residues in most favored region (%) 90.4 85.5 89.3

residues in additional allowed region (%) 9.6 14.5 10.7

“Outer shell limits: 2.42—2.30 A for PFFNR-H286L, 3.16—3 A for PFFNR-H286L—2'-P-AMP, and 2.32—2.2 A for PfFNR-H286K —2'-P-AMP.

batch setup under a 1:1 mixture of paraffin and silicon oils, using
an Oryx 8 robot (Douglas Instruments Ltd.). We cocrystallized
PfFNR-H286K with the substrate analogue 2'-P-AMP by mixing
a 0.2 uL drop of protein solution (25 mg/mL PfFNR-H286K,
containing 2 mM 2-P-AMP and | mM DTT) with a 0.1 uL drop
of precipitant [20% 2-propanol, 20% PEG 4000, and 0.1 M
citrate-NaOH (pH 5.4)]. The 400 um x 100 um x 50 um crystal
used for data collection grew at 293 K in ~2 weeks. PfFNR-
H286L was crystallized both in its free form and in a complex
with 2'-P-AMP. We obtained the PfFNR-H286L crystals by
mixing a 0.2 uL drop of protein solution (35 mg/mL PfFNR-
H286L, containing | mM DTT) with a 0.1 L drop of precipitat-
ing solution [1.6 M citrate-NaOH (pH 6.5)], while we obtained
the PfENR-H286L—2'-P-AMP crystals by soaking a crystal
[grown in 12% PEG 6000, 5% glycerol, and 0.1 M cacodylate-
NaOH (pH 6.5)] in a stabilizing solution containing the ligand
[18% PEG 6000, 5% glycerol, 0.1 M cacodylate-NaOH (pH 6.5),
and 3 mM 2-P-AMP]. The PfFNR-H286L and PfFNR-
H286L—2'-P-AMP crystals grew at 293 K in ~3 weeks, and
their final dimensions were approximately 50 um x 50 um x
50 um and 50 um x 250 um x 25 um, respectively. All the crystals
were soaked for ~30 s in cryoprotectant solutions (obtained via
addition of up to 25% glycerol to the respective precipitating
solution) prior to being cryocooled in liquid nitrogen. X-ray
diffraction data were collected at 100 K at ESRF, Grenoble, ID
23-1 (PfFNR-H286K—2'-P-AMP and PfFNR-H286L) and at
Elettra, Trieste, XRD1 (PfENR-H286L—2'-P-AMP). The data
were indexed [MOSFLM (19)] and scaled [SCALA (20)], show-
ing that, in the presence of 2'-P-AMP, the crystals of PfFNR-
H286K and PfFNR-H286L belong to a primitive trigonal space
group. The unit cell parameters are similar to those displayed by
wild-type PfFNR—2'-P-AMP crystals (4), belonging to space
group P3;. As observed for the wild-type enzyme, the crystals of
both PfFNR mutants complexed with 2'-P-AMP host six mole-
cules in the asymmetric unit, arranged in three dimers, each dimer
being stabilized by a disulfide bridge between Cys99 residues of
adjacent molecules. The ligand-free PFFNR-H286L crystallized
in monoclinic space group C2 with one molecule in the asym-
metric unit and the following unit cell parameters: ¢ = 82.1 A,

b=967A,c=468A,a=y=90°andf = 118°. Phasing was
performed by molecular replacement using, as search models, the
structure of the PEFNR—2'-P-AMP complex (PDB entry 20K7)
for the ligand-bound form of both enzyme mutants, and chain A
of PfFNR (PDB entry 20KS8) for ligand-free PFFNR-H286L.
The searches were conducted using MOLREP (2/). The models
were successively refined using REFMAC 5 (22) and optimized
by manual rebuilding (23). Data collection and refinement
statistics are reported in Table 1.

RESULTS

Overproduction and Purification of Mutant PfFNRs.
Replacement of His286 with Gln, Lys, Ala, and Leu, as well as
the Lys249Ala substitution, resulted in PFFNR mutants that were
produced by E. coliin soluble form at levels very similar to that of
the wild-type protein. They were purified to homogeneity with an
overall yield comparable to that of wild-type PfFNR. These
observations indicate that His286 and Lys249 have no relevant
role in protein folding and stability. Notably, after removal of the
His tag, all PfFNR mutants maintain the same ability to weakly
bind to the metal chelate resin as the wild-type enzyme, ruling out
a role for His286 or Lys249 in determining the affinity of PFFNR
for Ni** (6). All mutant PfFNRs display extinction coefficients
and spectral features indistinguishable from those of the wild-
type enzyme, indicating that the engineered mutations do not
perturb the conformation of the protein.

Catalytic Properties of the His286 Mutants of PfFNR.
We have studied the NADPH-dependent diaphorase activities of
four enzyme mutants carrying different replacements of His286.
The effect of the mutations on the steady-state kinetic parameters
for the NADPH—K;Fe(CN)g reaction is highly dependent on the
residue replacing His286 (Table 2). With the exception of the
His286Gln replacement, which slightly increases k., all the other
mutations significantly decrease both key/Kin P70 and key.
Since the interpretation of these data is complicated by the fact
that the ferricyanide ion, besides being a substrate, behaves as a
competitive inhibitor of PfFNR with respect to NADPH (4), we
have also determined the kinetic parameters of most mutants
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Table 2: Kinetic Parameters of PFENR Forms in the NADPH-Dependent Diaphorase Reactions with Different Artificial Electron Acceptors

NADPH—K;Fe(CN); reductase reaction

NADPH-DCPIP reductase reaction

k . K NADPH k /K NADPH K.Fe(CN)(,Sf k . K NADPH k t/K NADPH

ca m cat, m 1 ca’ m cal m

PENR (¢ equivs ') (%) (uM) (¢ equivs' uM ™) (%) (uM) (¢ equivs™") (%) (uM) (¢ equivs ' uM ™) (%)
wild type 250 + 8 (100) 36+6 7.0+ 1(100) 230+ 40 110+ 3(100) 7144 1.5+0.1(100)
H286Q 370+ 6 (150) 5745 6.540.6(93) 110+ 11 140 + 11(130) 243 6.3 40.9(420)
H286K 7.6+0.4(3) nd® nd” nd” 12.0+0.7(11) 140 + 14 0.09 +0.01(5.8)
H286A 89+2(36) 520+ 55 0.17+0.01 (2.4) 91411 350 £1.7(32) 400 & 40 0.098 £ 0.009 (6.5)
H286L 154 0.6 (6) 370 + 46 0.04 +0.005 (0.6) 91415 nd” nd® nd®

“Not determinable. A reliable estimate of K,,"*PPH was not possible because of the apparently very low value of K7™~ for the PFENR-H286K
mutant. *Not determinable. The kinetic parameters were not measured because of an anomalous reactivity of PFFNR-H286L with DCPIP.

Table 3: Parameters for the Inhibition by 2’-P-AMP of the PFFNR Forms
in the NADPH—DCPIP Reductase Reaction and Ky Values of the Com-
plexes between PfFNR and NADP*

PIFNR K2PAMP (01 KPP (M)
wild type 2442 60+9
H286Q NEY 130 £ 10
H286K 29402 30+5
H286A 230+25 280490

“The K2 PAMP of PFFNR-H286L was not determined because of an
anomalous reactivity of this enzyme mutant with DCPIP. Moreover, the
very small spectral changes induced by binding of NADP" to PfFNR-
H286L prevented a reliable estimate of the Ky value of the resulting
complex.

using the electron acceptor DCPIP, which does not inhibit
PfFNR. As shown in Table 2, the kinetic properties of the
PfENR forms measured with DCPIP are in good agreement with
those observed using ferricyanide. In the NADPH—DCPIP
reductase reaction, the His286GIn mutation, besides slightly
increasing key, strongly increases ey /K 2P, Again, all the
other amino acid replacements negatively affect both
Keae/ K ““PPH and ke, (Table 2). Unexpectedly, steady-state
kinetics indicated that the His286Leu mutation determines the
largest decrease in kc.dt/KmNAD PHwhile mutation to Lys yields
the mutant with the lowest k., when ferricyanide is the electron
acceptor (Table 2). This demonstrates that Leu, which is com-
monly found at this site in other plastidic-type FNRs, and Lys,
carrying a positive charge suitable for interaction with the
NADP(H) pyrophosphate, are not substitutes for His286 in
PfFNR. To evaluate the role of the His286 side chain in binding
the adenylate moiety of the substrate, we measured the inhibition
constant displayed by 2-P-AMP (K> *-*MP), which acts as an
inhibitor of the PfFNR forms, competitive with NADPH, in the
DCPIP reductase reaction. Ki2/'P'AMP values can be taken as a
rough estimate of the dissociation constant of the complexes
between the PFFNR forms and the inhibitor. As shown in Table 3,
the values of K> *-*MP of the mutant PFENRs compare well with
those of Ky, PP in the diaphorase reactions (Table 2). PFFNR-
H286A shows the lowest affinity for the ligand, while PFFNR-
H286Q is the mutant most similar to the wild-type protein.
Interestingly, PFFNR-H286K displays an affinity for 2’-P-AMP
8-fold higher than that of wild-type PfFNR.

NADP" Binding to His286 Mutants of PfFNR. To
further investigate the role of His286 in the stabilization of the
enzyme—substrate complex, we studied the interaction of the
PfFNR forms with NADP* by differential spectrophotometry. It
is known that NADP* binding to plastidic-type FNRs perturbs
the visible absorption spectrum of the protein-bound FAD (8).
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FIGURE 1: Interaction with NADP*" of the His286 mutants of
PfFNR. (A) Difference spectra of the enzyme—NADP™ complexes.
Difference spectra of the complexes of PfFNR (black), PFFNR-
H286Q (magenta), PfFNR-H286K (red), and PfFNR-H286A
(green) were computed by extrapolation to an infinite NADP™
concentration. The difference spectrum of the PfFNR-H286L—
NADP" complex (blue) was determined at 2 mM NADP™, where
no further spectral change was observed with an increase in the ligand
concentration. (B) Spectrophotometric titration of PFFNR, PfFNR-
H286Q, PfFNR-H286K, and PFFNR-H286A with NADP* at 15 °C
in 50 mM Tris-HCI (pH 7.6) plotted using the same colors as in panel
A. The fraction of bound enzyme was calculated from the spectral
change observed after each NADP™ addition. Each curve is the best
fit of the data with the theoretical equation for 1:1 binding. Note the
logarithmic scale of the horizontal axis.

Furthermore, it has been shown that the positive peak around
500 nm in the difference spectrum (Figure 1A) is due to the
stacking interaction between the nicotinamide of NADP™ and
the FAD isoalloxazine ring (24). Thus, this experiment provides
information about both the K4 for NADP™ and the position of its
nicotinamide ring within the complex. Figure 1B shows the
titration curves of the PfFNR forms with NADP™. In Table 3,
the Ky values of the NADP™ complexes are compared with the K;
values of 2'-P-AMP, showing similar trends. The difference
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spectra of the mutant PfFNRs obtained at a saturating concen-
tration of NADP™ are markedly different from that of the wild-
type enzyme (Figure 1A). In PfFNR-H286Q, the positive peak
centered at 504 nm is much more intense than that observed with
PfFNR. On the other hand, the spectra of the NADP™ complex
with either PIFNR-H286A or PFFNR-H286K display negative
peaks at this wavelength. In terms of the bipartite binding mode
of NADP(H) proposed for plant-type FNRs (8), the latter results
indicate that, under NADP™ saturating conditions, in PfFNR-
H286Q the HT-competent position of the nicotinamide moiety of
NADP™ near the flavin re face is more populated than in PFFNR.
On the other hand, the active site would be very poorly occupied
by the nicotinamide moiety in the NADP™ complex of the Ala,
Leu, and Lys mutants. This conclusion provides a rationale for
the effect of the mutations on the k,, of the enzyme. Indeed, since
NADP" and NADPH are expected to behave similarly as
PfFNR ligands, the degree of access to the flavin by the
nicotinamide ring of NADP" in the PfFNR forms is expected
to correlate with the HT rate and, thus, with kg,

Charge-Transfer Complex Stabilization in PfFNR-
H286Q and PfFNR-H286K. During redox titrations of
FNRs, nicotinamide—flavin stacking interactions can be easily
detected by the appearance of absorption bands above 600 nm,
which are due to the formation of charge-transfer complexes
between NADPH and FAD (CT1) and between NADP™ and
FADH™ (CT2) (24, 25). Thus, to verify that the change of His286
to Ala, Leu, or Lys hampers the HT-competent position of the
nicotinamide, while the His286GIn mutation does not, we
performed stepwise anaerobic photoreductions of PfFNR-
H286Q and PfFNR-H286K in the presence of NADP™
(Figure 2). As in the case of wild-type PfFNR, the peak at
454 nm of bound FAD becomes almost completely bleached in
mutant PFFNRs before NADPH starts to accumulate, as eval-
uated by the increase in the absorbance at 340 nm. This
observation suggests that the His286 mutations do not signifi-
cantly affect the E, of the flavin prosthetic group of PfFNR
[previously measured to be —280 £ 2 mV at pH 7 (7)]. Interest-
ingly, the amount of CT complex (most probably CT2), which in
PfENR was clearly observed in the late stages of the photoreduc-
tion (Figure 2A), was slightly but significantly higher in the case
of PfFNR-H286Q (Figure 2B). Conversely, CT absorption
bands were not detected in PfFNR-H286K (Figure 2C). These
results, obtained under conditions similar to those of the rapid
reaction studies (see below), confirm that the His286GIn muta-
tion stabilizes the interaction between the redox-active moieties
of bound NADP(H) and FAD, which is, instead, impaired by the
His286Lys mutation.

Stopped-Flow Study of the Reaction of PfFNR-H286Q
and PfFNR-H286 L with NADPH. To evaluate the extent to
which the His286 replacements affected HT from NADPH to
FAD, two selected mutants, i.e., PFFNR-H286Q and PfFNR-
H286L, were reacted with NADPH in a stopped-flow spectro-
photometer. The composition of the reaction medium [S0 mM
HEPES-NaOH (pH 7.0)] was chosen to allow direct comparison
with the data recently obtained for wild-type PfFNR (7) as well as
other plastidic-type FNRs. Rapid reaction conditions are thus
different from those under which the steady-state parameters
were determined. The reaction of PfFNR with NADPH was
previously described as a single-phase process, the rate constant
of which is essentially independent of NADPH concentration (7).
Here we performed a more extensive analysis of absorbance
traces, which was extended to reaction times of >100 ms,
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FIGURE 2: Anaerobic photoreduction of selected His286 mutants of
PfFNR in the presence of NADP". Spectra of anaerobic mixtures of
~15 uM PfFNR (A), PfFNR-H286Q (B), and PfFNR-H268K (C)
with 18 uM NADP" in 50 mM HEPES-NaOH (pH 7.0) containing
10% glycerol, recorded before (thin solid line) and after increasing
irradiation times (1, 3, 5, and 12 min) with visible light. Arrows
indicate the direction of the spectral changes.

allowing for observation of two phases. A first phase occurs
with a kgpg of ~150 s~ ', in which most of the absorption at
454 nm was lost. The second phase is much slower (kop = 857")
and accounts for ~10% of the total 4454 change (Figures 3A and
4A,B). As previously reported, the reaction of the wild-type
enzyme with NADPH involves the formation of a CT complex
between NADPH and protein-bound FAD (CT1), which takes
place within the dead time of the instrument (2 ms), followed by
FAD reduction that can be observed as bleaching of the flavin
absorbance bands (7). The fast observable phase was shown to
correspond to the HT step of the catalytic cycle. The slow phase
occurs at a rate that is too low to be compatible with catalysis and
possibly represents a rearrangement of the reaction product (see
below). As expected on the basis of its higher &, values, PFFNR-
H286Q was found to react with NADPH considerably faster
than the wild-type enzyme (Figures 3B and 4A,B). While the
amplitude and the rate constant of the slow phase are essentially
unchanged with respect to those of the wild-type enzyme, the
kops1 was found to be 240 s~ ', a value 1.7-fold higher than that of
PfFNR (Figure 4C). It should be noted that, although more than
half of the first phase occurred in the dead time, the first recorded
spectrum shows a broad absorbance band extending above
550 nm, which can be attributed to CT complexes, which is
slightly more intense than that recorded in the case of the wild-
type enzyme (Figure 3A,B). Moreover, backward extrapolation
of the absorbance to zero reaction time leads to an absorbance at
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FIGURE 3: Spectra recorded during the reaction of selected His286
mutants of PfFNR with NADPH by stopped-flow spectrophoto-
metry. PfFNR forms (17—18 uM) were reacted at 25 °C under
anaerobiosis in 50 mM HEPES-NaOH (pH 7.0) with 500 M
NADPH (after mixing). (A) Spectra of oxidized PfFNR (black)
and those recorded 1 ms (dark green), 2 ms (red), 5 ms (light green),
7 ms (blue), 11 ms (magenta), 17 ms (brown), 61 ms (aqua), and 1 s
(olive) after mixing. (B) Spectra of oxidized PFFNR-H286Q (black)
and those recorded 0.7 (dark green), 2.2 (red), 3.7 (light green), 6.7
(blue), 11 (magenta), 32 (brown), 110 (aqua), and 450 ms (olive) after
mixing. (C) Spectra of oxidized PFFNR-H286L (black) and those
recorded 2.2 ms (dark green), 6.7 ms (red), 14 ms (light green), 29 ms
(blue), 76 ms (magenta), 320 ms (brown), 1 s (aqua), and 2.9 s (olive)
after mixing.

454 nm very close to that of the oxidized protein in the case of the
PfFNR, but to a lower value (by ~0.03 unit) in the case of
PfFNR-H286Q. These observations suggest that the initial
enzyme—NADPH complex has a higher CT character in the
mutant than in the wild-type enzyme, which most probably
represents the cause of the higher HT rate observed with the
mutant PfFNR form. The reactivity of PFFNR-H286L toward
NADPH differs from that of PfFNR in three main aspects. First,
the fast phase of FAD bleaching occurs with a rate constant ks
of 44 s~ at saturating NADPH concentrations, a value sig-
nificantly lower than that measured with PfFNR (Figure 4C).
Consistently with this low HT rate, very little absorbance change
attributable to CT interactions can be observed in the reaction of
this mutant with NADPH (Figure 3C). Second, the slower phase
of the reaction of PfFNR-H286L, while occurring with a rate
similar to that observed with the other PfFNR forms, corre-
sponds to a much larger spectral change (Figures 3C and 4C),
accounting for ~50% of the total absorbance change at 454 nm
for NADPH concentrations of <100 uM. The amplitude of the
slow phase was found to decrease as the NADPH concentration
increased, while that of the first phase was found to increase. To
provide a rationale for this behavior, we propose that the
equilibrium between CT1 and CT?2 is altered in PFFNR-H286L
with respect to the wild-type enzyme (possibly as a result of a
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FIGURE 4: Absorbance traces and NADPH concentration depen-
dence of the reductive half-reaction of selected His286 mutants of
PfFENR, as studied by stopped-flow spectrophotometry. The PFFNR
forms were reacted with NADPH at concentrations ranging from
25 uM to 1 mM (after mixing) as reported in the legend of Figure 3.
(A) Absorbance at 454 nm recorded during the reaction of PfFNR
(black), PFFNR-H286Q (magenta), and PFENR-H286L (blue) with
500 uM NADPH. (B) Absorbance at 700 nm of the same reactions
displayed in panel A. (C) Plot of the value of the rate constant of the
fast phase of the reaction as a function of NADPH concentration
(after mixing). Data from the three enzyme forms are identified by the
same colors as those used in panels A and B. Fitting curves are
rectangular hyperbolae. Limiting k,ps; values are 148 4 2, 240 + 4,
and 44 £ 0.9 s~ ! for PFENR, PfFNR-H286Q, and PFFNR-H286L,
respectively.

slight change in its redox potential), leaving a significant fraction
of bound FAD in the oxidized form at the end of the first
observable phase. The spectral features of the species accumulat-
ing during the subsequent slow phase suggest the presence of the
blue semiquinone form of the flavin (Figure 3C). Therefore, we
hypothesize that in this part of the process a reaction takes place
between oxidized and reduced enzyme forms to yield the semi-
quinone species of bound FAD. Finally, as shown in Figure 4C,
the value of kgp for the reaction of PfFNR-H286L with
NADPH displays a dependence on the reductant concentration
that is more marked than that observed with the two other
enzyme forms, consistent with the higher values of K,,NPPH of
this mutant.

Structural Characterization of PfFNR-H286K and
PfFNR-H286L. The overall crystal structures of PfFNR-
H286L, the PfFNR-H286L—2-P-AMP complex, and the
PfFNR-H286K—2'-P-AMP complex bear very close resem-
blance to their wild-type analogues (PDB entries 20K8 and
20K7, in the absence and presence of 2'-P-AMP, respectively),
thoroughly described elsewhere (4). As a matter of fact, root-
mean-square deviations (rmsds) between corresponding mutant
and wild-type forms, calculated for the Ca atoms of residues
5-316, excluding disordered surface loop regions, are compar-
able with those exhibited by different PFFNR molecules belong-
ing to the same asymmetric unit. PFFNR, like other plastidic-type
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FiGure 5: Binding of 2'-P-AMP to wild-type and mutant PFFNR forms. Stereoview of the crystal structures of the 2'-P-AMP complexes of
PfFNR-H286K (red) and PfFNR-H286L (blue), superposed with that of wild-type PfFNR (yellow). The residues at position 286 and the 2'-P-
AMP ligand are depicted as sticks in the context of the yellow cartoon of the wild-type protein. Also, part of the FAD prosthetic group, Lys249,
Tyr258, and the C-terminal Tyr316 are shown. The two arrows indicate the direction of sliding of the adenine ring in the Leu mutant (blue) and
displacement of 5'-phosphate in the Lys mutant (red). This figure was drawn using Pymol (DeLano Scientific, Palo Alto, CA).

FNRs, consists of an N-terminal FAD binding domain (residues
1—160) and a C-terminal NADP" binding domain (residues
166—316). The FAD domain hosts a f-barrel built of two
perpendicular three-stranded antiparallel 5-sheets (815265 and
B3p466) and a single a-helix (aA), nestled between 45 and S6.
The C-terminal domain consists of a five-stranded parallel
B-sheet (594867410p11), surrounded by seven o-helices (aB—
aH). There are five disordered surface regions, corresponding to
the N-terminus and the f3—p4, f5—oA, aB—£9, and aH—al
loops (residues 1—4, 63—97, 126—133, 96—205, and 299—305,
respectively).

As previously mentioned (4), PfFNR undergoes a helix—coil
transition upon 2'-P-AMP binding. In particular, helix oF is
shortened by two turns at its N-terminus, while the 59—aF loop
is correspondingly elongated by seven residues. The same beha-
vior has been observed in PfFNR-H286L. Interestingly, in the
case of PFFNR-H286L, ligand binding was obtained only after
addition of a concentration of 2’-P-AMP 3-fold higher than that
needed for the wild-type enzyme. This behavior is consistent with
the decreased affinity of this mutant for the NADP" analogue
(Table 3). On the other hand, in a manner consistent with its high
affinity for the ligand (Table 3), PfFNR-H286K was easily
crystallized in the presence of 2'-P-AMP.

Since the affinity of PfENR for 2'-P-AMP is affected by the
mutations of His286, we focused our attention on the 2'-P-AMP-
binding site to explain the possible correlations between func-
tional and structural aspects. In the PFFNR-H286L—2'-P-AMP
crystal structure (3.0 A resolution), the mutation affects mainly
the binding mode of 2'-P-AMP, causing a displacement [A =
0.7+0.1 A (averaged over six molecules in the crystal asymmetric
unit)] of its adenine end toward Tyr258, which in turn adjusts its
position (Figure 5). The presence of the Leu286 residue, in fact,
causes the loss of a stacking interaction between 2'-P-AMP and

the protein, promoting a small sliding of the ligand toward the
protein surface. In the case of PIFNR-H286K, a displacement
(A = 0.5+0.1 A) of the 5'-phosphate occurs, likely due to the
longer Lys side chain compared to His (Figure 5). Although
small, this displacement can contribute to the destabilization of
the nicotinamide—flavin interaction and thus be partly respon-
sible for the low k., values of this mutant form (Table 2).
Moreover, Lys286 can establish an electrostatic interaction with
the carboxy terminus of Tyr316 (distance of 5.1 A) that could
restrict its mobility. Since displacement of the C-terminal Tyr is
fundamental for the accessibility of the NADPH nicotinamide
ring to the isoalloxazine moiety of FAD, this interaction might
concur to hamper the catalytic activity of PFFNR-H286K.
Functional Properties of PFFNR-K249A4. To evaluate the
possible role of the the PfFNR Lys249 residue in NADPH
recognition, we characterized the PFFNR-K249A mutant. While
the ke, values of this mutant in both NADPH-K;Fe(CN)g and
NADPH—-DCPIP reductase reactions are not significantly af-
fected (220 + 5 and 110 & 6 ¢~ equiv s ', respectively), the
l’ch/KmNAD PH ratio in the ferricyanide reductase reaction (0.73 &
0.07 ¢ equivs~ ' M~ ') was found to be 10-fold lower compared
to that of the wild-type enzyme. On the other hand, the k.,/
K, "APPH ratio measured with DCPIP as the substrate is only
slightly affected by the Lys249Ala mutation (1.0 & 0.13 ¢ equiv
s~'M™!). To probe the affinity of the NADP(H)-binding site for
its ligands, the interaction of PFFNR-K249A with 2'-P-AMP and
NADP™ was investigated by inhibition and titration studies,
under the same conditions that were described for the His286
mutants. The K; for 2-P-AMP and the Ky for the NADP™"
complex were found to be 5.4- and 8.3-fold higher in the mutant
than in the wild-type enzyme, respectively. The difference ab-
sorption spectrum of the PAFNR-K249A—NADP* complex was
found to be very similar to that of the complex involving PFFNR.
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Notably, the kcat/KmNADH ratio of the mutant enzyme in the
ferricyanide reductase reaction (0.13 £ 0.02¢” equivs ' M~ ") is
indistinguishable from that of the wild-type enzyme, ruling out
the possibility that the Lys249 side chain interacts with groups
other than the 2’-phosphate of the substrate nucleotide.

DISCUSSION

We have explored the possible role in catalysis of two basic
residues located in the NADP(H)-binding site of PfFNR, i.e.,
Lys249 and His286. In a discussion of the steady-state kinetic
properties of the mutant enzymes, it is useful to adopt the view
originally proposed by Fersht (26), according to which the effect
on catalysis of removal of a chemical group of the enzyme allows
one to infer the step(s) of the catalytic cycle in which that group in
the wild-type enzyme interacts with the substrate. The effect of a
mutation on just the value of k., /K, results from a uniform
alteration of the binding energy of the enzyme for the substrate,
both in the Michaelis complex and in the transition state of the
chemical step of the catalyzed reaction, while the effect on kg,
results from the alteration of the binding energy for the substrate
in the transition state only. Catalysis of HT in plant-type FNRs
requires the conversion of the ground state of NADPH in the
Michaelis complex, where the NMN portion of the substrate is
disordered, to a transition state where the nicotinamide stacks
onto the flavin ring according to a precise geometry. Since here
we consider residues that are involved in NADP(H) binding but
are located far from the site where HT occurs, their replacement
cannot directly affect HT. Rather, they can influence the
reductive half-reaction in two possible ways: (i) by altering the
affinity for NADP(H) (thus affecting keo/Ks "2 1) or (ii) by
altering the orientation of the NMN moiety of bound NADP(H)
(thus affecting k).

Lys249 is located within the NADP(H) adenylate-binding
loop of PfFNR. No interaction was detected between this residue
and the ligand in the crystal structure of the dimeric form of the
PfFNR—2'-P-AMP complex (4). However, we argued that
Lys249 would be sufficiently flexible in solution to let its side
chain reach the 2’-phosphate of the bound substrate. Indeed, the
Lys249Ala replacement results in a 10-fold decrease in ke,
K, NAPPH with no effect on the ke, of the ferricyanide reductase
reaction. The role of Lys249 in substrate binding was confirmed
by 2-P-AMP inhibition and NADP* binding studies. The
meaning of the mild effect of the mutation on the DCPIP
reductase reaction is unclear, although it could be due to the
fact that the rate of this reaction is limited by the enzyme
oxidative half-reaction. Finally, the Lys249Ala mutation has
no effect on the NADH-dependent activity of PfFNR, confirm-
ing that the group of NADP(H) interacting with the Lys249 side
chain is indeed the 2'-phosphate. As a whole, these results
indicate that the positively charged side chain of Lys249 provides
a small contribution to the substrate binding energy (4—5.7
kJ/mol) and has no role in the stabilization of the HT-competent
conformation of bound NADPH.

The replacement of PfFNR His286 resulted in more complex
effects, which depend on the replacement residue. Deletion of the
imidazole group by the His286Ala mutation markedly decreases
Keae/ K “PPH (by 15—40-fold, depending on the electron ac-
ceptor) and has a significant effect on k,, which is lowered to
approximately one-third of that of the wild-type enzyme. Thus,
His286 seems to have a critical role not only in NADP(H)
binding but also in orienting the NMN moiety of the bound
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substrate to favor HT to FAD. This conclusion was confirmed by
2'-P-AMP inhibition and NADP™ binding studies, where an
affinity decrease by a factor of 5—10 was observed. Unexpect-
edly, replacement of His286 with Leu, which is present at this site
in most plastidic-type FNRs, impaired the catalytic activity of
PfFNR to an even greater extent than the mutation to Ala. The
crystal structure of the PfFNR-H286L—2'-P-AMP complex
showed that the mutation determines a significant shift in the
position of the bound substrate analogue, which could explain
the destabilization of the ordered HT-competent conformation
of the NMN moiety of bound NADP(H). These conclusions are
substantiated by the rapid kinetic studies, which showed that in
this enzyme form the CT complexes are destabilized and HT
proceeds at a rate 3.4-fold lower than in the wild-type enzyme.
Such results underscore the notion that the imidazole ring of
PfFNR His286 establishes with NADP(H) critical contacts for
catalysis, which an aliphatic group cannot form. Surprisingly,
PfFNR-H286K was the mutant with the lowest k. Since this
enzyme form binds 2’-P-AMP and NADP" with high affinity, we
concluded that the His289Lys mutation specifically destabilized
the HT-competent conformation that NADPH adopts in the
transition state. The crystal structure of the complex of this
protein mutant with 2'-P-AMP suggests that this effect can be
due to either a slight displacement of the pyrophosphate group of
bound NADP(H), which can be transmitted to the NMN moiety,
or the salt bridge between the Lys289 e-NH;" group and the
C-terminal carboxylate, which could compete with nicotinami-
de—isoalloxazine stacking. Finally, replacement of His286 with
Gln resulted in an enzyme form that was highly active as a
diaphorase and maintained ligand binding properties similar to
those of the wild-type enzyme. PFFNR-H286Q displays a ke,
significantly higher than that of PfFNR, due to a 1.6-fold
increase in the HT rate, as shown by stopped-flow studies.
NADP™" induced more intense spectral perturbations when
bound to PfFNR-H286Q than to PfFNR, and greater amounts
of CT species were observed in the case of this mutant form with
respect to PFENR during enzyme photoreduction in the presence
of NADP" and as a transient during enzyme reaction with
NADPH, as studied by rapid mixing. These observations indicate
that the higher k., values of PfFNR-H286Q are due to a better
stabilization provided by Gln, compared to His, of the HT-
competent conformation of NADPH.

In summary, the two basic residues located in the adenylate-
binding subsite of PfENR, i.e., Lys249 and His286, both play a
significant, although not essential, role in NADP(H) binding.
The contributions provided by the two side chains to the binding
energy of the HT-competent conformation of NADP(H) can be
estimated to be ~5 and ~9 kJ/mol, respectively. However, while
Lys249 contributes uniformly to binding of the ground- and
transition-state conformations of the substrate by interacting
with its 2'-phosphate, His286 also plays a role in favoring the HT-
competent conformation of NADP(H), by interacting with its
pyrophosphate group. Thus, as far as specific interactions with
the adenylate moiety of NADP(H) are concerned, two major
conclusions about PfFNR can be drawn. First, it is worth
pointing out that protein engineering has allowed us to identify
a cryptic enzyme—substrate interaction not detectable in crystal
structures. The energetics of the ionic bond that the side chain of
PfFNR Lys249 establishes with the 2'-phosphate of the substrate
seems very similar to that formed by Arg224 of Anabaena FNR.
Indeed, replacement of Arg224 of Anabaena FNR with Gln
resulted in a 13-fold decrease in kcm/KmNADPH without any effect
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on key (27). Thus, PfENR Lys249 can be considered to be
functionally equivalent to the conserved Arg located in the
NADP-binding loop of other plastidic-type FNRs (Arg224 and
Arg235 in Anabaena and spinach, respectively), although its
location in sequence is shifted by one position. Second, PFFNR
His286 plays an important role in catalysis, which is unprece-
dented in other plant-type FNRs. His286 of PfFNR is particu-
larly important in favoring the HT-competent conformation of
the bound substrate, a function that the corresponding Leu263 of
Anabaena FNR does not play. Replacement of the corresponding
Leu with Ala in Anabaena FNR was shown to have a minor effect
on NADP(H) binding and essentially no consequence on
HT (15). Here we propose that the interaction of His286 with
the pyrophosphate group of NADP(H) is critical in orienting the
NMN moiety of the substrate toward the flavin ring. The
hydrogen bonding potential of the His286 side chain, rather than
its possible ionic character, seems to be essential for this function,
since the His286GIn mutation does not impair the catalytic
properties of the enzyme, and even favors CT interactions and
HT, while the His286Lys replacement dramatically slows turn-
over.
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