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ABSTRACT. Mycobacterium tuberculosis-prA is a NADPH-ferredoxin reductase, functionally and
structurally similar to the mammalian adrenodoxin reductase. It is presumably involved in supplying
electrons to one or more of the pathogen’s cytochrome P450s through reduced ferredoxins. It has been
proposed on the basis of crystallographic data (Bossi, R. T., et al. (Bi62hemistry 418807-8818)

that the highly conserved His57 and Glu214 whose side chains are H-bonded are involved in catalysis.
Both residues were individually changed to nonionizable amino acyl residues through site-directed
mutagenesis. Steady-state kinetics showed that the role of Glu214 in catalysis is negligible. On the contrary,
the substitutions of His57 markedly impaired the catalytic efficiency of FprA for ferredoxin in the
physiological reaction. Furthemore, they decreasedkthé<,, value for NADPH in the ferricyanide
reduction. Rapid-reaction (stopped-flow) kinetic analysis of the isolated reductive half-reaction of wild-
type and His57GIn forms of FprA with NADPH and NADH allowed a detailed description of the
mechanism of enzyme-bound FAD reduction, with the identification of the intermediates involved. The
His57GIn mutation caused a 6-fold decrease in the rate of hydride transfer from either NADPH or NADH
to the enzyme-bound FAD cofactor. The 3D structure of FpH57Q, obtained at 1.8 A resolution,
explains the inefficient hydride transfer of the mutant in terms of a suboptimal geometry of the
nicotinamide-isoalloxazine interaction in the active site. These data demonstrate the role of His57 in the
correct binding of NADPH to FprA for the subsequent steps of the catalytic cycle to proceed at a high
rate.

Ferredoxin-NADP reductases (FNREC 1.18.1.2) are a  participates in steroid hormone biosynthesis in adrenal glands
large family of FAD-containing oxidoreductases that catalyze by forming a short electron transport chain that conveys the
the reversible electron transfer between NADP(H) and reducing power from NADPH to cytochrome P450s via
ferredoxins {, 2). They can be classified in two evolutionary adrenodoxin4, 5). In addition, AdR and adrenodoxin have
unrelated subgroups: the plant-type FNRs, whose prototypea general role in iropsulfur cluster biogenesiss). The
is the chloroplast enzyme);, and the glutathione reductase Saccharomyces cersiae Arhl and Yahl homologues of
(GR)-type FNRs. The best known member of GR-type FNRs AdR and adrenodoxin have been shown to be esseidtial (
is the mammalian adrenodoxin reductase (AdR), which g8). Mycobacteria are among the few prokaryotes that possess
AdR-like enzymes, which are encoded fprA and fprB
T This work was supported by grants from Ministero dell'Istruzione, genes®). FprA, which displays 41% sequence identity with

dell'Universitae della Ricerca of Italy (Prin 2003) and Fondazione AdR, shares several functional properties with the mam-
Cariplo, Milano, Italy. '

* The coordinates of the FprA-H57Q structure have been deposited malian homologuel(0).

in Ehceol?rfgé%ignlg%tg Egﬂ]ﬁrvi%?i%%S%gnS%OSd& §9C776|£ax-+39 02 Structure-function relationships in plant-type FNRs have

50314895, E-mail: alessandro.aliverti@unimi.it. ) bgen extensively stugﬂed by the combined approaches qf _S|te—
$ Universitadegli Studi di Milano. directed mutagenesis and X-ray crystallography, providing
"Universitadegli Studi di Pavia. a comprehensive picture of their catalytic mechanidt (

! Abbreviations: FNR, ferredoxin-NADPreductase; GR, glutathione _ ;
reductase; AdR, adrenodoxin reductase; NADPO, 3-carboxamide-4- 12). The X-ray structures of the complexes\df tuberculosis

piridone adenine dinucleotide phosphate; Fd I, spinach leaf ferredoxin FPrA with either NADP" or NADPH have been recently
I; IPTG, isopropylg-D-thiogalactopyranoside; DTT, dithiothreitd;,, obtained at up to 1.05 A resolutioh3), complementing and

midpoint redox potential; CT1, charge-transfer complex between ; i ; ; ;
enzyme-bound FAD and NADPH or NADH: CT2, charge-transfer extending the structural information available for mammalian

complex bewteen enzyme-bound FADHind NADP; SQ, semi-  AdR (14—16). As found for plant-type FNRs, the active site
quinone species of FprA-bound FAD. of AdR and FprA is located at the interface between the two
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ersham, and factor xXfrom Pierce.Mycobacterium smeg-
matis FdxA and recombinant spinach leaf ferredoxin | (Fd
I) were purified as described previousi( 18). All other
chemicals were of the highest grade.

Site-Directed Mutagenesis and Plasmid Constructidre
amino acyl replacements were introduced in the gene-
encoding FprA, using the QuikChange site-directed mu-
tagenesis kit (Stratagene) and the plasmid fpEX (10) as
the template. The following couples of complementary
oligonucleotides were used (base changes are underlined):
Glu214Ala, 3-CGTTGGAGTTGCGCGCGCTGGCCGAC-
CTCG-3 and 3-CGAGGTCGGCCAGCGCGCGCAACTC-
CAACG-3; His57Ala, 3-GTCGCGCCGGATGCGCCCAA-
GATCAAGTCG-3 and B-CGACTTGATCTTGGGCGCA-
TCCGGCGCGAC-3 His57GIn, B-GTCGCGCCGGAT-
CAGCCCAAGATCAAGTCG-3 and 3-CGACTTGATCT-
FicUre 1: Ordered water molecules in the active site of FprA. Ball TGGGCTGATCCGGCGCGAC-3The entirefprA insert of
and stick representation of the active-site region of the complex all of the plasmids thus obtained was sequenced and then
between FprA and NADPH (pdb entry 1LQUNJ). Water recloned in theNdd site of pET28b (Novagen) to yield

molecules are indicated as W1, W2, and W3. H bonds are : : : _ . _
represented as green dashed lines. The model has been drawn usi jasmids pETHiforA, pETHIdprA-E214A, pETHiprA

Swiss-PDBViewer 3.7 (http:/mww.expasy.org/spdbv) and POV- T197A, an_d pE'_I'HIf:prA—HS?_Q, respectlvely, which express
Ray 3.6 (Persistence of Vision Raytracer Pty., Ltd.). the proteins with arN-terminal His-tag.

) ) ) o Recombinant Gene Expression and Protein Purification
domains of the protein. However, the interdomain interac- Escherichia coliHMS174(DE3) transformed cells were
tions are much looser, and the two domains are more mobilegyown to mid-exponential phase at 25 under agitation in
in GR-type FNRs with respect to plant-type FNR2,(15, 2, YT medium supplemented with 30 mg/L of kanamycin.
16). Various proposals on the involvement of specific The expression of thiprA forms was induced with 0.1 mM
residues in the catalytic mechanism of GR-type FNRs have |pTG for 15-17 h at 16°C. TheE. colicells were disrupted
been made on the basis of crystallographic data. However,;,y sonjcation in 50 mM sodium phosphate at pH 8.0,
such hypotheses have never been tested by mutagenesigontaining 300 mM NacCl, 10% glycerol, 10 mM imidazole,
studies, with the exception of a study on the involvement of 44 1 mMgB-mercaptoethanol (buffer A) supplemented with
AdR basic residues in adrenodoxin bindirig 1 mM phenylmethylsulfonyl fluoride. After centrifugation,

In this article, we report the properties of mutant FprA  the sypernatant was loaded on a Ni-NTA Agarose (Qiagen)
forms where His57 and Glu214, which correspond t0 HiSS5 ¢olymn equilibrated in buffer A. The FprA forms were eluted
and Glu212 of bovine AdR, respectively, were individually \yijth 250 mM imidazole in buffer A. Both FprA mutants at
changed to uncharged residues. His57 and Glu214 are locatedpsition 57 that still contained significant amounts of
in the active center of FprA with their side chains at NADPO at this stage were further purified by affinity
H-bonding distance and presumably forming an ion pair. chromatography on'ZADP Sepharose 4B (Amersham),
His57, together with other residues such as Asp161, couldsing a pulse of 200 mM NaCl in 50 mM HEPESIaOH
play a role in catalysis in this class of enzymes by holding at pH 7.0, containing 10% glycerol and 1 mM DTT. After
water molecules in place (Figure 1). These molecules (W1 concentration and desalting, the enzymes were store@@t
and w3) in turn may favor the hydride transfer between oc iy 50 mM HEPES-NaOH at pH 7.0, containing 100 mM
NADPH and FAD by polarizing the C4 position of the NacI, 10% glycerol, and 1 mM DTT
nicotinamide and the NS position of the isoalloxazine  gpectral Analyses, Thermal Inagition, and Steady-State
moieties. His57 and Glu214 have been proposed to bekinetics Absorption spectra were recorded on an Agilent
implicated in the activation of water 1, which initiates the g453 diode-array spectrophotometer. The extinction coef-
oxidation of NADP" to 3-carboxamide-4-piridone adenine ficient of the protein-bound flavin was determined by
dinucleotide phosphate (NADPO) in an unusual side reaction 4 antitating the FAD released from the apoprotein following
catalyzed by FprAX3). Furthermore, the side chain of His55 gpg treatment9). To study thermal unfolding, the FprA
of AdR has been proposed to stabilize the neutral (blue) FAD goutions (104M) in 10 mM HEPES-NaOH at pH 7.0
semiquinone (SQ)1¥) and to favor the proton transfer from  ¢ontaining 100 mM NaCl and 10% glycerol were incubated
the FAD semiquinone to the active-site central water gt gjfferent temperatures in the 350 °C range. At particular
mole_cule during the enzyme Cata!ytIC CyC_JfSX- The altered time intervals, the residual NADPHerricyanide reductase
functional properties of the most interesting mutant, FBrA  activity was measured. The steady-state kinetic parameters
H57Q, were interpreted on the basis of its 3D structure, of the FprA forms were determined for both theA€(CN)
which was determined by X-ray crystallography. reductase and the ferredoxin-dependent cytochrome-

ductase activities using either NADPH or NADH as the
MATERIALS AND METHODS reductant in 100 mM Tris-HCI at pH 8.2, as previously

Materials NADPt and NADPH were purchased from described10). Initial velocity data were fitted to the equation
Sigma. Horse heart cytochrome (Sigma) was further  for a ping—pong bi-bi mechanism by nonlinear regression.
purified by cation-exchange chromatography on SP-Sepharose Active-Site Titrations and Analysis of the Redox Properties
(Amersham). Restriction enzymes were obtained from Am- of FprA-Bound FAD Titrations of the FprA forms (ca. 15
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uM) with either NADP" or NAD* were performed spec-
trophotometrically at 16C in 20 mM HEPES NaOH at

pH 7.0, containing 10% glycerol using a Cary 100 (Varian)
double-beam spectrophotometer. In the case of titrations with
NADP, the mixtures also included 300 mM NaCl. TKg
values were obtained by fitting data sets by nonlinear
regression to the theoretical equation for a 1:1 bind2).(

A spectral analysis of the FprA forms in different redox states
was performed by stepwise anaerobic reduction of the
enzymes by the light/EDTA systen21) at 16 °C. The
enzyme forms were diluted to 22 M in 10 mM
HEPES-NaOH at pH 7.0, containing 100 mM NacCl, 10%
glycerol, 15 mM EDTA, and 1.4«M 5-deazariboflavin.
When present, NADPwas in a 1.2 molar ratio with respect
to the enzyme. The redox potential of FprA and FpiA67Q
was determined at 18C by stepwise anaerobic photoreduc-
tion of 10—15uM enzyme solutions in 100 mM phosphate
NaOH at pH 7.0, containing 10% glycerol, 15 mM EDTA,
and 1.4uM 5-carba-5-deazariboflavin. Both benzyl viologen
(Em = —359 mV,n = 1) and methyl viologenE, = —440
mV, n = 1) (22) (0.5-1.0 uM each) were included as
electron mediators and either-130 uM antraquinone-2,6-
disulfonate E, = —184 mV, n = 2) or antraquinone-2-
sulfonate E,, = —225 mV,n = 2) (22) as redox indicators.

Pennati et al.

Table 1: Data Collection and Refinement Statistics

resolution (A) 1.8
space group P2,2,2
cell axesa, b, c(A) 146,8, 81.0, 41.1
nr of observations 142835
nr unique reflections 45118
completeness (%) 97.6 (99.1)
Reym (%0)2° 13.4(27.3)
nr of protein atoms 3453
nr of water 631
nr of FAD atoms 53
nr of ligand atoms 49
Reactor (%0)° 18.0
Reree 21.9
rmsd bond lengths (&) 0.010
Rmsd bond angles)¢ 1.3
Ramachandran analysis
most favored (%) 93
additionally allowed (%) 7

2The values for the highest resolution shell are in parenth&&&g,
= SuXilli(h)-1(h)|/ 3h3i li(h), where I(h) and I() are theit" and mean
measurements, respectively, of reflectiori R-factor= ) p||Fol-|Fc||/
> nlFo|, whereFo andFc are observed and calculated structure factors,
respectively, of reflectiorh. ¢ The rmsd from the ideal values were
calculated with the program Refma25]. ¢ Calculated with Procheck
(32.

Structure Solution and Refinemehe crystals of FprA

The absorbance values at either 354 nm (isosbestic point forH57Q were soaked in a cryoprotectant solution consisting

the reduction of antraquinone-2,6-disulfonate) or 355 nm
(isosbestic point for the reduction of antraquinone-2-sul-
fonate) were used to monitor the reduction FAD. The

of 30% (w/v) poly(ethylene glycol) 4000, 0.1 M sodium
citrate at pH 5.6, 0.2 M ammonium acetate, 20% (v/v)
glycerol, and 0.65 mM NADP and flash-cooled in liquid

absorbance values at 338 or 336 nm (isosbestic points fornitrogen. Data were collected at the ID14-EH1 beamline of

the FAD,/FADeq couple of FprA and FprAH57Q, respec-
tively) were used to monitor the reduction of the indicator
dye. Data were fitted to the Nernst equation to obtain the
En value of the FAD bound to the FprA forms.

Rapid Kinetics Rapid-reaction studies of the enzyme
reductive half-reaction were performed under anaerobic
conditions using a Hi-Tech Scientific SF-61 DX2 stopped-
flow spectrophotometer equipped with a diode-array detector
(300-700 nm). The enzyme forms (ca. 3tM, before
mixing) were reacted with various concentrations of either
NADH or NADPH at 25°C in 50 mM HEPES-NaOH at
pH 7.0, containing 100 mM NaCl, 10% glycerol. The

ESRF (Grenoble), using a MarCCD detector. Data integration
was performed by MOSFLM23), whereas merging and
scaling were made using the CCP4 program s@i. (The
structure was determined by molecular replacement with
CCP4 programs, via the graphic interface CCP4i. Monomer
A of wild-type FprA structure (pdb code 1LQT) was used
as a search model. After rigid body fitting, the final solution
had a correlation coefficient of 71% and Bsfactor of 35%.

The model was subjected to cycles of restrained refinement
by REFMAC (25) against all the data up to 1.8 A and solvent
building by the ARP/WARP packag@®). Electron density
maps were inspected and the model manually corrected by

absorbance traces at individual wavelengths were analyzedhe program OZ7). Refinement and map calculations were

using KinetAsyst 3 software (Hi-Tech Scientific). A global
analysis of multiwavelength kinetic data sets was performed
with Specfit/32 version 3.0 (Spectrum Software Associates,
Chapel Hill, NC).

Crystallization Recombinant FprAH57Q was crystal-
lized by vapor diffusion in sitting drops. The enzyme solution
was mixed in a 1:1 ratio with well solutions. The enzyme
(25 mg/mL) was in 50 mM HEPESNaOH at pH 7.0,
containing 100 mM NacCl, 10% glycerol, 5 mM DTT, and
0.65 mM NADP". The well solutions consisted of 30% (w/
v) poly(ethylene glycol) 4000, 0.1 M sodium citrate at pH

carried out against 95% of the data, and 5% randomly
omitted reflections were used for the calculationRaf. to
monitor the refinement protocol (Table 1).

RESULTS

Protein Querproduction and PurificationAll FprA forms
were produced al-terminal poly-His fusions to obtain the
enzyme variants, which are less stable than the wild-type
protein, in quantities sufficient for these studies. The
recombinant proteins were purified by nickel-chelate chro-
matography to greater than 90% purity with a yield of about

5.6, and 0.2 M ammonium acetate. Crystals grow under these30%. The spectral and catalytic properties of (kkpyA or

conditions in approximately-34 weeks. They are very small
cubes of 0.05x 0.05 x 0.05 mn3. They belong to space
groupP2;2;2 with unit cell axesa = 146.8 A,b = 81.0 A,
andc = 41.1 A and one protein monomer in the asymmetric
unit. These crystals differ from those obtained with the wild-
type protein 13) in both space group and unit cell content,
although the crystallization conditions are essentially the
same.

(His)sFprA—H57Q were indistinguishable from those of their
counterparts lacking the His-tag. Thus, all functional and
structural studies were performed without removing the
N-terminal extension. Studies on the His57 mutants were
performed on 25ADP Sepharose-purified preparations,
which lack any trace of the NADPO-bound enzyme. In this
article, the term FprA will be used to indicate the His-tagged
form of the enzyme.
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Table 2: Steady-State Kinetic Parameters of the FprA Forms in the
NADPH—-Cytochromec Reductase Reaction, Using Eithdr
smegmatig-dxA or Spinach Leaf Fd | as the Electron Acceptor

Table 3: Steady-State Kinetic Parameters of the FprA Forms in the
NADPH—-K3Fe(CN)} Reductase Reactidn

kcatb KmNADPH kca{KmNADPH
M. smegmatisdxA FprA form st uM stuM—?t

kcalb KmNADPH kca[KmNADPH KmFdxA kca{KmFdXA Wlld type 48 0.60 80
FprAform st uM stuM—1t uM stuM—t Glu214Ala 26 0.30 87
widtype 56 045 12 0.014 400 Hiss Al 4 Py 2
Glu214Ala 13 0.5 26 0.017 765 ’
His57Ala 7.3 0.15 49 0.49 15 aThe activity was assayed at 26 in 100 mM Tris-HCl at pH 8.2.
His57GIn 5.2 0.12 43 0.62 8.4 All reported values were obtained with a relative standard deviation

inacia ol lower than 10%?° The ke, values are expressed as moles of electrons
Spinacia olerace#d | transferred per mole of enzyme (based on FAD content) per second.

kcatb KmNADPH kca{KmNADPH KmFd | kca{KmFd |
FprAform st uM stuM1t uM stuM1t . . .

T T o T 053 e the NADPH-ferricyanide reductase activity of the enzyme
Gt 10 528 26 038 o8 forms was investigated. In this assay, initial velocities should
His57Ala 2.4 0.07 34 2.6 0.92 be fully limited by the rate of the reductive half-reaction.
His57GIn 2.3 0.06 41 3.6 0.64 As shown in Table 3, all mutations mainly affected thg

@ The activity was assayed at 26 in 100 mM Tris-HCl at pH 8.2,
using 50uM cytochromec. All reported values were obtained with a
relative standard deviation lower than 10%he k. values are
expressed as moles of electrons transferred per mole of enzyme (base
on FAD content) per second.

Spectral Properties and Thermal Stabiliil three FprA
variants were isolated in the holoenzyme form. The His57Ala
and His57GIn mutants displayed small but significant dif-
ferences in the visible region of their absorption spectra with
respect to that of the wild-type FprA, indicating subtle
alterations of the FAD environment. Extinction coefficients
(as mM?* cm™!) at the wavelength of absorption maxima
(in parentheses) were 11.3 (451 nm), 11.3 (451 nm), 11.0
(449 nm), and 10.9 (448 nm) for wild-type FprA, FptA
E214A, FprA-H57A, and FprA-H57Q, respectively. First-
order rate constants for the unfolding of wild-type and mutant

value. The effect of the Glu214Ala mutation was moderate,
whereas both amino acid changes at position 57 decreased
thek.svValue by about 5-fold. The kinetic parameters of FprA
dnd FprA-H57Q for the ferricyanide reductase reaction were
also determined by substituting NADH for NADPH. The the
Keat Value of FprA-H57Q in the NADH-dependent reaction
(7.5 £ 0.3 eeg/s) was decreased in comparison to that of
the wild-type enzyme (42 0.9 e eq/s) to the same extent
as that observed for the NADPH-dependent reaction. The
KnNAPH value was only slightly affected by the mutation (29
+ 4 and 68+ 4 uM for the mutant and wild-type FprA,
respectively). Because FprA has a very low affinity for
NAD* (10) (see below), these results suggest that the
replacement of His57 impaired the hydride transfer between
NAD(P)H and FAD rather than the NAD(P)elease, which
might also cause a slower reductive half-reaction.

enzymes at different temperatures were analyzed using the Binding of NADPand NAD", and Redox Properties of

Eyring plot (Supporting Information, Figure 1). The differ-
ences in the activation free energy for the thermal unfolding
(AAG*untoiding @t 40°C between the mutant forms and the
wild-type enzyme were-6.4, —7.9 and—5.4 kJ/mol for
FprA—E214A, FprA-H57A, FprA—H57Q, respectively.
Steady-State Kinetic3he kinetic parameters of the wild-

FprA-Bound FAD The effect of the mutations on th&,
value of FprA for NADPH (and to a lower extent on tKg
value for NADH) prompted us to study the binding of these
ligands spectrophotometrically (Supporting Information,
Figure 2). For the wild-type and Glu214Ala FprA forms,
very similarKqy values were obtained (6& 4 and 67+ 4

type FprA and its mutant forms have been determined for M, respectively). On the contrary, th& values obtained

the ferredoxin-dependent NADPH-cytochromeeductase
reaction usingM. smegmatig=dxA (28) as the substrate.
Initial velocity data yielded parallel lines in double reciprocal
plots. As shown in Table 2, the Glu214Ala mutation
increased the catalytic efficiencl.{/Kn) of the enzyme for
both substrates, mainly because of a doublind.ip The
mutations of His57 increased the catalytic efficiency for
NADPH but greatly decreased it for FdxA because of a
3-fold decrease in th,N\APPH value and a 40-fold increase
in the K7™ value, respectively. With the aim to better
understand the large effect of the His57 mutation& g4,

for the complexes of FprAH57A and FprA-H57Q with
NADP* were 24+ 1 and 16+ 2 uM, respectively. The
binding of NADP' to His57 mutants also yielded spectral
changes significantly more intense than those observed with
the wild-type FprA. Similar results were obtained by titrating
FprA—H57Q with NAD" (not shown). The observed spectral
perturbations indicate that the His57GIn and His57Ala
substitutions alter the positioning of the NAD({R)icotina-
mide ring in the active site, thereby increasing its affinity.
Anaerobic photoreduction experiments have been carried
out to define the spectral properties of the flavin prosthetic

the enzyme forms were also assayed using spinach leaf Fdyroup in its various redox states for the subsequent inter-

I (a 2Fe ferredoxin) as the electron acceptor. The trend pretation of the rapid-kinetic studies. The photoreduction of
observed with FdxA was confirmed, but tig, " ' of the wild-type FprA proceeded from oxidized to fully reduced
His57 mutants was increased only 6-fold with respect to that FAD without the transient accumulation of any intermediate
of the wild-type enzyme. Interestingly, the,/Kn value for species, as already reported for untagged Fp@ (not
ferredoxin of these mutants was decreased to about 3% ofshown). All FprA mutants behaved in a manner similar to
the value of the wild-type enzyme, leading to the conclusion that of the wild-type protein. As previously reportetl),

that the oxidative half-reaction is hampered in the FprA the presence of NADP(H) during the photoreduction of the
His57 mutants (Discussion). To determine the effect of amino wild-type enzyme (Figure 2A) stabilized the SQ and an
acyl substitutions on the reaction between FprA and NADPH, intermediate species characterized by an absorbance band
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AN Table 4: Comparison of Rate Constants for the Hydride Transfer
between NADPH or NADH and Enzyme-Bound FAD wikBat
Values in the NADPH-Ferricyanide Reactién

>

Rapid-Reaction Studies of the ReduetHalf-Reaction
To test the hypothesis that the substitution of His57 with
neutral residues lowers the rate of hydride transfer, flavin
reduction by either NADPH or NADH in the His57GIn
mutant and in the wild-type FprA was studied by stopped-
flow spectrophotometry. To avoid FAD loss from FprA
H57Q, fast kinetics were performed under conditions that
differed from those used in steady-state studies. To allow
for comparison, thé&., values for the NADPH-ferricyanide
reaction were also determined at pH 7 (Table 4). The reaction
of the wild-type FprA with 1 mM NADPH is shown in
centered at 550 nm, identified as a charge-transfer complexFigures 3A and 4A. The spectrum recorded immediately after

0.15 .
- ] kHTNADPH kHTNADH kcatb
o1 E B FprA form st st st
- . wild type 36 36 43
0.05 | 3 His57GIn 9.4 7.4 7
r b a All rate constants are expressed as moles of electrons transferred
o G SEE S S per mole of enzyme (based on FAD content) per second. Both rapid-
400 500 600 700 800 900 reaction and steady-state kinetic measurements were performed at 25
A LA LI N N B Y N O B B L B °C in 50 mM HEPES-NaOH at pH 7.0, containing 100 mM NacCl
0.2 ] and 10% glycerol® The k..: values were obtained with a relative
B I standard deviation lower than 10%.
® ]
g 0.15 C 7]
© - ] Scheme 1
! C ]
o 01 | m step 2 A
2 - . NADPH
< - ] step 1
0.05 - E-FAD-NADPH (CT1) === E-FADH"-NADP* (CT2) S~ EFADH-NADPH
C ] \
S N NADP*
0 Dl 17 = step 3
400 500 600 700 800 900 E-FAD-NADPH (CT1) + E-FADH-NADPH === 2 FADH-NADPH (5Q)
LI N L N N I O ) O B B I
0.2 .
C E step 1 step 2 B
0.15 — K k.
r ] E-FAD + NADH s=—=—= E-FAD-NADH (CT) ——2 = E-FADH-NAD*
- — -1
01 F - o
C ] has a small but significant effect on tkg value of the FprA-
005 L E bound FAD, making it more negative by ca. 10 mV.

Wavelength, nm

Ficure 2: Photoreduction of FprA forms in the presence of
NADP*. Absorbance spectra of anaerobic FprA solutions (ca. 18
uM), in the presence of a slight excess of NADIPecorded before
(thin lines) and after successive periods of illumination. The
solutions included 10 mM HEPESNaOH at pH 7.0, 100 mM
NaCl, 10% glycerol, 1.4M 5-deazariboflavin, and 15 mM EDTA.
(A) FprA; (B) FprA—H57Q; (C) FprA-E214A.

between NADPH and the oxidized enzyme (CT1()( The
photoreduction of FprAH57A or FprA-H75Q in the pres-
ence of NADP(H) also led to the formation of the SQ.

mixing displayed an absorbance at 450 nm, lower than that
expected for oxidized FprA, even when taking into account
the instrument dead-time and a broad absorbance band

However, the spectrum of the charge-transfer species, whicharound 530 nm. Then, a further bleaching of the 450-nm
accumulated during the early phases of reduction, wasband occurred, with a parallel decrease of thenAAbsor-
markedly different from that of the wild-type enzyme, bance traces at different wavelengths fitted well to a single-
showing low absorbance at 550 nm and a very broad bandexponential decay equation yielding essentially the same
with a maximum at about 850 nm (Figure 2B). This species apparent rate constark,f) of 18 & 0.4 s1. Therefore, the
could be attributed to a charge-transfer complex involving formation of a substantial amount of CT1 took place within
fully reduced FAD and NADP (CT2) (10). The behavior  the instrument dead time, and the observable part of the
of the Glu214Ala mutant was intermediate between those reaction corresponded to the conversion of CT1 to CT2 via
of the wild-type enzyme and the His57 mutant forms, hydride transfer followed by the rapid exchange of NADPH
displaying a mixture of CT1 and CT2 (Figure 2C). The redox for NADP" to yield the reduced FprA/NADPH complex,
titrations performed at pH 7.0 using antraquinone-2,6- until an equilibrium state was reached (Scheme 1A, steps 1
disulfonate as the redox indicator yielded values of—192 and 2). Because the latter exchange reaction is thermody-
+ 0.2 and—203+ 1.2 mV for the oxidized/dihydroquinone  namically favored and is faster than hydride transfer, no CT2
FAD couple of FprA and FprAH57Q, respectively (Sup-  species was observed during the process. On a longer time-
porting Information, Figure 3). Thes&, values were scale (not shown), the SQ species accumulated (Scheme 1A,
confirmed using a more negative indicator (antraquinone- step 3). Lowering the NADPH concentration resulted in a
2-sulfonate). The value we obtained for the of wild-type progressive increase &, as already reported?9), and
FprA (both tagged and untagged) is significantly less negative rationalized on the basis of the NADPH/NADRxchange
than that determined by McLean and co-work&9) (—230 reaction 80). The reduction of FprAH57Q by NADPH

+ 12 mV). We can conclude that the His57GIn mutation differed from that of the wild-type FprA in three aspects
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Ficure 3: Selected spectra recorded by stopped-flow spectrophotometry during the anaerobic reduction of FprA arnd5FQrAy

NADPH and NADH. All reactions were carried out at 26 in 50 mM HEPES-NaOH at pH 7.0, containing 100 mM NaCl and 10%
glycerol. (A) Reaction of FprA (ca. 14M, after mixing) with NADPH (ca. 1 mM, after mixing): thin line, spectrum recorded immediately
after mixing; thick line, spectrum recorded at 0.5 s; dagbt line, spectrum of oxidized enzyme. (B) Reaction of FpH67Q (ca. 14M,

after mixing) with NADPH (ca. 1 mM, after mixing): thin line, spectrum recorded immediately after mixing; dotted line, spectrum recorded
at 150 ms; thick line, spectrum recorded at 1.9 s; daiit line, spectrum of oxidized enzyme. (C) Reaction of FprA (caulR0) after

mixing) with NADH (ca. 0.2 mM, after mixing): thin line, spectrum recorded immediately after mixing; dotted line, spectrum recorded at
47 ms; thick line, spectrum recorded at 1 s. (D) Reaction of FA7Q (ca. 20uM, after mixing) with NADH (ca. 0.2 mM, after
mixing): thin line, spectrum recorded immediately after mixing; dotted line, spectrum recorded at 47 ms; thick line, spectrum recorded at
1 s; dashed line, spectrum recorded at 100 s. The spectra of oxidized enzyme forms were omitted in the lower panels because they were
superimposable on those recorded immediately after mixing.
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Ficure 4: Time courses of the anaerobic reduction of FprA and FddA7Q by NADPH and NADH, monitored by stopped-flow
spectrophotometry. The experimental conditions are reported in the legend for Figure 4. Thick lines, the absorbance at 450 nm; thin lines,
the traces at 530 nm; dashed lines, traces at 700 nm. The traces recorded from different shots over different time intervdlsa(@002
1-100 s) were combined in the same plot. (A) Reaction of FprA with NADPH. The arrow indicates the expected igitizlde. (B)

Reaction of FprA-H57Q with NADPH. (C) Reaction of FprA with NADH. (D) Reaction of FptA57Q with NADH.

(Figures 3B and 4B). First, the reaction of FprA57Q with time points during the reaction (Figure 3B) indicated that
NADPH was much slower, leading to some overlap between the fast phase corresponded to enzyme reduction (Scheme
reduction and SQ formation. Second, the amount of CT1 1A, steps 1 and 2), whereas the slower one to SQ formation
observed immediately after mixing was smaller. Third, a (Scheme 1A, step 3).

transient increase of A was observed and interpreted as Because no SQ was detected during the titration of FprA
the build up of CT2. The global fitting of the data set with NADH (10), thus simplifying the reaction, the FprA
recorded over the entire absorbance range allowed theforms were also reacted with NADH. The absorbance traces
deconvolution of the process in two exponential decays, with of wild-type FprA were biphasic at all wavelengths (Figure
apparent rate constantgps; andkopss 0f 4.7+ 0.1 and 0.3 4C) with the fast phase corresponding to CT1 formation
+ 0.09 s, respectively. The spectra recorded at selected (Scheme 1B, step 1) and the slower phase associated with
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Ficure 6: Comparison of the active-site structures of FpiA67Q

and wild-type FprA. A stereo plot of the structure of FpfA57Q
(open bonds) overlaid on that of the wild-type enzyme (closed
bonds), showing the 4-oxo derivative of NADENADPO) bound

to the active site of both enzyme forms. The H bonds are depicted

FiGURE5: Concentration dependence of the apparent rate constants2s dashed lines. The structure of the FpiADPO complex (pdb

for the reduction of FprA and FprAH57Q by NADH. The reaction
conditions are reported in the legend of Figure@), (kobsz (®),
kosz The fitted curves are a straight line and a rectangular
hyperbola, respectively. (A) FprA; (B) FprAH57Q.

flavin reduction (Scheme 1B, step 2). As expect&d),(no

SQ species was detected even at very long reaction time
(Figure 3C). The apparent rate constants of the fast phas
(Kobsp increased linearly with NADH concentration, whereas
the NADH dependence of the slower phadg,f) was
hyperbolic (Figure 5A). This behavior agrees well with that
previously reported for AdR and can thus be analyzed with
the same model3():

Kobst = Ki[NADH] +k_; +k, 1)

Kops2= (Kiko[NADH])/(k;[NADH] +k_; + k) (2)

The slope of the linear plot okg,si versus the NADH
concentration (eq 1) yielded a value of X410° + 7 x 10°
M~1s 1 for the second-order rate constantThe upper limit
of the hyperbolic plot ok.ps2versus the NADH concentration
(eq 2) yielded a value of 1& 0.7 s for the hydride-transfer
rate constank,, identical to that obtained with NADPH. The
reaction of FprA-H57Q with NADH occurred in three

entry 1LQT) has been described elsewhdr®).(

H57Q differed from that of the wild-type FprA in two
aspects. First, the hydride-transfer reaction was not irrevers-
ible, leading to an equilibrium mixture containing a sub-
stantial amount of the CT1 species even at NADH concen-

Ztration up to 50Q«M. Second, the partially reduced mutant

enzyme was slowly converted to the SQ species. In conclu-
sion, NADH seemed to act on FprAd57Q in an NADPH-

like manner, resulting in only a partial FAD reduction and
in the stabilization of the SQ of the enzyme-bound flavin.
We propose that this behavior is the result of a stronger
interaction of the mutant with NAD(H).

As summarized in Table 4, the rate constants for hydride
transfer from either NADPH or NADH to FAD in FprA and
in FprA—H57Q are very close to their corresponding
turnover numbers, determined under steady-state conditions.
This demonstrates that (i) hydride transfer is the rate-limiting
step of the ferricyanide reductase reaction both in wild-type
FprA and mutant species and (ii) the lower ferricyanide
reductase activity of FprAH57Q is the result of the
impairment of the hydride transfer step of the catalytic cycle.

Three-Dimensional Structure of FptAd57Q. The
His57GIn mutant protein crystallizes under the same condi-

phases (Figures 3D and 4D). The first observable phasetions as the wild-type form but in a different crystal form.

consisted of CT1 formation. The plot &f,s1 versus NADH
concentration was linear (Figure 5B). Equation 1 yielded a
value of 1.1x 1®® + 7 x 10® M~1 s for the second-order
rate constank; for CT1 formation, which is similar to that

Therefore, molecular replacement had to be employed for
structure solution (Table 1). The overall structure of FprA
H57Q is very similar to that of the wild-typd8) as indicated

by a rms deviation of 0.54 A for 452 equivalent.@toms

observed for the wild-type FprA. The subsequent hydride- (Supporting Information, Figure 4). The enzyme crystallizes

transfer step was slower than that in the case of the wild- in the same dimeric form as the wild-type species with the

type enzyme and did not lead to complete enzyme reductiononly difference that the two monomers are related by a

(Figures 3D and 4D). The apparent rate constant of the crystallographic (rather than noncrystallographic) 2-fold axis.

second phasek{,sy) was poorly dependent on NADH The His57GIn mutation does not cause any large changes
concentration (Figure 5B). The application of eq 2 yielded in the active site geometry (Figure 6). Thg,&6, and Ne2

an upper limit of 3.7 0.02 s* for kops2 This value matched
well that obtained with NADPH (4.2 0.1 s'%). At longer

atoms of the GIn57 side chain superimpose on the@?2,
and N:2 atoms of the wild-type His57 side chain. ThelO

times, the formation of SQ was observed (Figures 3D and atom of GIn57 is engaged in H bonds with two ordered water

4D). Thus, the mechanism of the NADH reduction of FprA

molecules. An inspection of the electron density unambigu-
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ously indicates that the nicotinamide ring of the bound nicotinamide moiety of enzyme-bound NADRs well as
NADP™ is modified by the addition of an oxygen atom bound with the active-site geometry differences observed in the
to the C4 carbon. This finding also shows that the mutant, crystal structure of the NADPO complex of the His57GIn
like the wild-type, catalyzes the formation of NADPO. In variant in comparison to those of the wild-type FprA.
the mutant structure, the nicotinamide ring is shifted by about Titration studies also showed that the His57 mutants
0.7 A. This movement does not affect the distance betweenexhibited a significantly increased affinity for the NAD(P)
flavin N5 and nicotinamide C4 atoms (which remains 3.3 product. Thus, His57 has a role in modulating the enzyme
A), but it slightly alters the geometry of the nicotinamide  affinity for NAD(P)* and in the precise positioning of the
flavin interactions. The flavin N10-flavin N5-nicotinamide nicotinamide ring in the active site. As a result of the
C4 angle changes from 10dkbserved in the wild-type increased affinity for NADP, the His57 substitutions also
enzyme to 9%5in the mutant form. Also, the solvent structure caused an increased stability of the CT2 species as observed
is remarkably well-conserved, including an ordered water in photoreduction and stopped-flow experiments. It is likely
molecule that is H bonded to the flavin N5 atom and a water that the side chain of His57 favors NAD(Pjeplacement
molecule that interacts (3.5 A distance) with the oxygen atom by NAD(P)H during the catalytic cycle (Scheme 1), presum-
of the modified nicotinamide ring. With respect to the wild- ably because of the electrostatic repulsion between the
type FprA, there is an additional well-defined electron density positively charged His57 side chain and the (also positively
peak located between GIn57 and the nicotinamide ring. The charged) nicotinamide ring of the oxidized pyridine nucle-
peak is located at 2.2 and 2.3 A distance from the NADPO otide. Finally, rapid kinetic experiments showed that the
oxygen and the Asp161d) atoms, respectively; it has been His57 replacements increased the SQ stability. Indeed,
interpreted as a tightly bound sodium ion (Figure 6), the NADH was found to induce SQ formation in FprAd57Q
B-factor of which has a value of 142An the refined model. but not in wild-type FprA. This finding correlates with the
increased affinity for NAD of the His57GIn variant in
DISCUSSION comparison to that of the wild-type FprA, which also makes
Mutations targeting residues His57 and Glu214 of FprA NADH unable to fully reduce the mutant enzyme. Thus, the
had only moderate effects on the catalytic properties of the His57GIn mutation makes NAD(H) mimic NADP(H). In
enzyme, allowing an extensive survey of the altered featuresconclusion, the previous hypothesis that His57 is required
of the protein variants. Thus, we could provide a detailed for the thermodynamic stabilization of the FAD semiquinone
picture of the reductive half-reaction of the enzyme, describ- in FprA can be rejected. Moreover, although we could not
ing the mechanism of bound-FAD reduction by either rule out the role of His57 in favoring proton exchanges
NADPH or NADH and identifying the reaction intermediates between flavin and the solvent during ferredoxin reduction,
involved. These results provide a framework for interpreting His57 does not seem to be involved in FAD reoxidation by
the properties of other enzymes of the GR-type FNR family. ferricyanide. Given the critical role established here for the
All mutations resulted in a mild destabilization of the precise geometry of the nicotinamidesoalloxazine interac-
protein, which can be explained by the removal of the His57/ tion in the FprA catalytic mechanism, a function more crucial
Glu214 ion pair at the interface between the protein domains than that played by His57 in the catalysis of hydride transfer
where the active-site crevice is located. The impact of the may be foreseen for residues Glu211 and Aspl161 (Figure
Glu214Ala mutation on the kinetic properties of FprA is 1).
negligible. Thus, the following discussion will focus on the
analysis of the properties of the wild-type FprA compared SUPPORTING INFORMATION AVAILABLE
to those of the His57 variants. The catalytic mechanism of
FprA in the reduction of ferredoxin by NADPH is quite
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