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ABSTRACT: FprA is a mycobacterial oxidoreductase that catalyzes the transfer of reducing equivalents
from NADPH to a protein acceptor. We determined the atomic resolution structure of FprA in the oxidized
(1.05 Å resolution) and NADPH-reduced (1.25 Å resolution) forms. The comparison of these FprA
structures with that of bovine adrenodoxin reductase showed no significant overall differences. Hence,
these enzymes, which belong to the structural family of the disulfide oxidoreductases, are structurally
conserved in very distant organisms such as mycobacteria and mammals. Despite the conservation of the
overall fold, the details of the active site of FprA show some peculiar features. In the oxidized enzyme
complex, the bound NADP+ exhibits a covalent modification, which has been identified as an oxygen
atom linked through a carbonylic bond to the reactive C4 atom of the nicotinamide ring. Mass spectrometry
has confirmed this assignment. This NADP+ derivative is likely to form by oxidation of the NADP+

adduct resulting from nucleophilic attack by an active-site water molecule. A Glu-His pair is well positioned
to activate the attacking water through a mechanism analogous to that of the catalytic triad in serine
proteases. The NADP+ nicotinamide ring exhibits the unusual cis conformation, which may favor derivative
formation. The physiological significance of this reaction is presently unknown. However, it could assist
with drug-design studies in that the modified NADP+ could serve as a lead compound for the development
of specific inhibitors.

Tuberculosis is still a major cause of mortality in both
developing and industrialized countries. It kills about 3
million people every year, and its rate is increasing (1).
Among the main factors involved are the high resilience of
mycobacteria, poor compliance of patients to treatments,
which can result in drug resistant strains, and the HIV
epidemic. The picture emerges that, despite a vaccine and
effective drugs are available, new antitubercular agents and
therapies are needed. With this in mind, a structural genomics
project targetingMycobacterium tuberculosisproteins has

been undertaken through a worldwide consortium approach
(2).

We have investigated FprA, aM. tuberculosisflavoenzyme
encoded by gene Rv3106 of the H37Rv strain of the pathogen
(3). This 50 kDa enzyme is able to take two reducing
equivalents from NADPH and transfer them to a yet-
unidentified protein acceptor, via the protein-bound FAD
cofactor (4). Plant ferredoxin, bovine adrenodoxin, and
Mycobacterium smegmatis7Fe ferredoxin can all function
as in vitro electron acceptors. Although the physiological
role of FprA is still unclear, insights can be derived from its
primary structure. A BLAST search (5) of FprA sequence
against the database retrieves, among the highest score
proteins, mammalian adrenodoxin reductase (AR)1 and the
yeast protein Arh1p, displaying 41% and 30% sequence
identity, respectively (Figure 1). The yeast homologue Arh1p
acts via a ferredoxin and is crucial for iron homeostasis and
in vivo assembly of Fe/S proteins (6). Inactivation of the
gene coding Arh1p has been shown to be lethal (7).
Mammalian AR is part of steroid and vitamin D biosynthesis.
It is a mitochondrial flavoenzyme, which transfers electrons
from NADPH to cytochrome P450 through the [2Fe-2S]-
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protein adrenodoxin (8-10). All these data suggest a relevant
role of FprA, possibly in Fe metabolism or in cytochrome
P450-dependent reactions. While the former process is
known to be crucial for mycobacterial infection (11), the
latter should also be important, sinceM. tuberculosisgenome
contains 22 genes coding putative cytochrome P450 proteins
(3).

Recently, the structure of bovine AR in complex with
NADP+, NADPH and adrenodoxin has been solved (12-
14). These structures revealed the binding mode of NADP-
(H) and FAD and the mainly polar interaction between AR
and adrenodoxin. Here, we present the crystal structure of
FprA in two redox states, obtained by cocrystallization of
the oxidized enzyme with NADP+ (FprA:NADPO) and by
soaking the crystals in a NADPH-containing solution, which
yielded the complex between the reduced enzyme and

NADPH (FprAred:NADPH). The very high resolution of the
diffraction data allowed us to analyze in detail these
structures. In the oxidized enzyme, a novel covalent deriva-
tive of the pyridine nucleotide has been found (abbreviated
as NADPO; Figure 2) and characterized by mass spectrom-
etry.

EXPERIMENTAL PROCEDURES

Sample Preparation and Crystallization.Recombinant
FprA was overexpressed and purified as described (4). FprA
was crystallized at 4°C by the vapor diffusion method in
both hanging and sitting drops. Before crystallization, the
enzyme was incubated for about 1 hour in a solution
containing NADP+. The enzyme solution contained 25 mg
FprA/ml, 10 mM Hepes/KOH pH 7.0, 10% (v/v) glycerol,
5 mM dithiothreitol, and 0.65 mM NADP+. The well solution

FIGURE 1: Sequence alignment ofM. tuberculosisFprA, bovine AR, and yeast Arh1p as calculated with CLUSTALW (40). The secondary
structure elements are for the structure of FprA.
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consisted of 30% (w/v) poly(ethylene glycol) 4000, 0.1 M
sodium citrate pH 5.6, and 0.2 M ammonium acetate.
Crystals grow in approximately 1 week, reaching a maximum
size of 0.1× 0.1 × 1.0 mm3. They belong to space group
P212121 with unit cell axesa ) 69.3 Å, b ) 89.2 Å, andc
) 160.9 Å.

Single-Crystal Microspectrophotometry and NADPH Soak-
ing. UV-visible spectra on FprA were recorded on single
crystals at room temperature, using a Zeiss MpM800
microspectrophotometer (15). Crystals were harvested in a
stabilizing solution containing 32% (w/v) poly(ethylene
glycol) 4000, 0.1 M sodium citrate pH 5.6, 0.2 M ammonium
acetate, and 0.65 mM NADP+ and then placed in a quartz
cell with a crystal face orthogonal to the incident light beam.
Spectra were measured at different times before and after
soaking under aerobic conditions in a stabilizing solution
containing 10 mM NADPH instead of NADP+. The mi-
crospectrophotometric analysis indicated that FprA crystals
are reduced after about 30 min of soaking in NADPH. This
soaking protocol was used for the structure determination
of the FprAred:NADPH complex.

Data Collection and Processing.For data collection, FprA
crystals were cryoprotected in a solution consisting of 30%
(w/v) poly(ethylene glycol) 4000, 0.1 M sodium citrate pH
5.6, 0.2 M ammonium acetate, 20% (v/v) glycerol and 0.65
mM NADP+, and then flash-cooled in a 100 K nitrogen
stream. For the NADPH-soaked structure, the cryoprotecting
solution contained 10 mM NADPH instead of 0.65 mM
NADP+. Data were collected at the BW7B beamline of the
EMBL/DESY Outstation (Hamburg) using a MAR image
plate detector. Data integration was performed by MOSFLM
(16), whereas merging and scaling were made using the
CCP4 program suite (17). A summary of the data collection
statistics is reported in Table 1.

Structure Determination and Refinement.For structure
determination, data of the FprA:NADPO complex obtained

FIGURE 2: Crystallographic data for identification of the modified NADP+. (A) The final 2Fo-Fc electron density map of the covalently
modified NADP+ found in the FprA:NADPO complex. The resolution is 1.05 Å. The contour level is 2σ. Carbon atoms are in black,
oxygen in red, nitrogen in blue, and phosphorus in yellow. (B) Atomic numbering and crystallographic bond distances of the nicotinamide
ring of the NADP+ derivative.

Table 1: Data Collection and Refinement Statistics

FprA:NADPO FprAred:NADPH

space group P212121 P212121

a,b,c(Å) 69.3, 89.2, 160.9 69.5, 89.5, 161.6
resolution limit (Å) 1.05 1.25
total observations 1 170 509 877 990
unique reflections 440 216 275 836
overall completeness (%) 95.8 98.1
completeness outermost

shell (%)
95.4 98.1

overall I/σ(I) 5.1 9.1
I/σ(I) outermost shell 1.6 2.5
Rsym (%)a 7.1 5.3
R-factor (%)b 13.4 12.5
R-free (%)b 15.3 14.2
rmsd bond length (Å)c 0.015 0.014
rmsd bond angle (deg)c 1.747 1.666
Ramachandran plot (%)d most

favored/additional
93.9/5.6 93.8/5.6

asymmetric unite

protein 7104 7006
FAD 106 106
NADP 98 96
water 1864 1422
acetate 44 44

a Rsym ) Σhkl,i|Ihkl,i - 〈Ihkl〉|/Σhkl,i Ihkl,i. b R-factor ) ∑|Fo| - |Fc||/
∑|Fo|, where the working and freeR-factors are calculated using the
working and free reflection sets, respectively. The free reflections (0.5%
of the unique reflections) were held aside throughout the refinement
and included in the last cycle only.c Calculated with Refmac5 (22).
d As classified by PROCHECK (24). e Number of atoms in the
asymmetric unit. Hydrogen atoms are not included. The FprA subunit
consists of 456 amino acids. The only missing amino acids are, in FprA:
NADPO, Pro260, Pro399, and Glu400 in monomer A and Glu400 in
monomer B, and, in FprAred:NADPH, Pro260 and Glu400 in monomer
A and Glu400 in monomer B. Alternate conformations were modeled
for 35 residues in FprA:NADPO and 16 residues in FprAred:NADPH.
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by cocrystallization with NADP+ were used. The structure
was solved through molecular replacement using the structure
of bovine adrenodoxin reductase (PDB entry 1E1L;13) as
the search model and the program BEAST (18). Employment
of this program improved the clarity of the solutions found
in the molecular replacement calculations, indicating the
presence of a FprA dimer in the asymmetric unit. The 2-fold
noncrystallographic symmetry was exploited to improve the
model phases by density modification through the program
DM (19). Native data up to 1.9 Å resolution and DM phases
were used to automatically build the model by the ARP/
wARP package (20). For the success of the autobuilding
procedure, it was essential to down-weight the model phases
in the phase combination steps of the DM density modifica-
tion calculations (for a description of the protocol, see ref
21). A total of 900 residues (out of 912) were automatically
positioned in the electron density using ARP/wARP (20).
This structure was further refined by Refmac5 using standard
protocols (22). All measured reflections up to 1.05 Å
resolution were used. Individual anisotropic displacement
parameters and hydrogen atoms at their idealized positions
have been introduced. Model building was performed with
O (23). No restraints were applied to both FAD and NADP+

to allow detection of any unusual stereochemical feature in
these ligands. Ordered water molecules were generated with
the program ARP (20) using the criteria that the peaks in
2Fo-Fc and Fo-Fc maps had to be higher than 1.25 and
3.0 σ, respectively, and that the water molecules had to be
within H-bond distances from a protein or solvent atom.
Except for the last refinement cycle, 0.5% of unique
reflections were excluded from calculations to perform R-free
validation. The model of FprA:NADPO provided the starting
coordinates for refinement of the FprAred:NADPH structure,
performed at 1.25 Å resolution. Also for this structure,
individual anisotropic displacement parameters and hydrogen
atoms at their idealized positions have been introduced.
Refinement statistics are summarized in Table 1.

Structure analysis was done using O (23), PROCHECK
(24), ACONIO (25), and programs from the CCP4 package
(17). Figures were produced by MOLSCRIPT (26), BOB-
SCRIPT (27), and LIGPLOT (28).

Mass Spectrometry.All mass spectrometry experiments
were performed in the positive ion mode. The mass analyses
were carried out on a LC-T orthogonal time-of-flight (ToF)
instrument equipped with a Z-spray nanoelectrospray ion
source (Micromass, Manchester, UK). Gold-coated borosili-
cate glass capillaries were used for sample introduction and
prepared as described previously (29). The capillary and cone
voltages were optimized for stable spraying conditions. The
source temperature was set to 60°C. For optimal detection
of the noncovalently associated species, collisional cooling
conditions were employed as described previously (29).
Deconvolution of conventional ESI mass spectra of protein
samples was performed by maximum entropy processing
using the MaxEnt program incorporated in the Micromass
MassLynx software.

For mass spectrometry analysis, the protein stock solution
(25 mg FprA/ml, 10 mM Hepes/KOH pH 7.0, 10% glycerol
and 0.65 mM NADP+) was diluted directly into 50 mM
ammonium acetate solution (pH 6.8). For determining the
molecular mass of the apoprotein, denaturing conditions were
used by diluting the protein stock solution into 0.7% formic

acid. Sample concentrations were adjusted to 3-25 µM
monomer concentration.

A Q-ToF mass spectrometer also fitted with a Z-spray
nanoelectrospray ion source (Micromass, Manchester, U.K.)
was used for CIS MS/MS experiments. After optimizing
capillary voltage and cone voltage settings, the resolution
of the mass-analyzing quadrupole was set so that the full
isotopic envelope of the selected precursor ion was transmit-
ted. Argon was used as collision gas. The collision offset
potentials were typically set to 20-75 V. The calculated
monoisotopic massesMth based on the respective chemical
formulas are 744.08 u for NADP+ (C21H29O17N7P3), 759.08
u for the NADP+ derivative (C21H28O18N7P3), and 785.56 u
for FAD (C27H33 O15N9P2).

RESULTS AND DISCUSSION

Crystallographic Analysis.Growth of FprA crystals was
possible only by cocrystallization with NADP+, while
crystals of the free enzyme were never obtained. The
structure of oxidized FprA has been solved at 1.05 Å
resolution in complex with NADP+ (FprA:NADPO). Struc-
ture determination has been performed through molecular
replacement, using bovine AR (12) as search model.
Employment of a maximum likelihood scoring function (18)
in molecular replacement greatly facilitated structure solution.
Soaking in a NADPH-containing mother liquor led to
reduction of the crystalline protein (FprAred:NADPH com-
plex). We have collected data up to 1.25 Å resolution on a
NADPH-soaked crystal and solved this second structure
using the atomic coordinates of FprA:NADPO. The asym-
metric unit of FprA crystals contains a protein dimer (2×
50 kDa) with the two subunits related by a noncrystallo-
graphic 2-fold axis (Figure 3a). The electron density (Figure
2a) allowed the positioning of the FAD cofactor, of the
NADP ligand, and of nearly all 456 residues of each FprA
monomer (Table 1). The refined models have anR-factor of
13.4% (R-free 15.3%) for FprA:NADPO and 12.5% (R-free
14.2%) for FprAred:NADPH (Table 1).

OVerall Structure.The FprA monomer consists of twoR/â
domains with similar topologies (Figure 3b). The FAD-
binding domain consists of the N- and C-terminal regions
of the enzyme (residues 2-106 and 327-456), whereas the
central part of the polypeptide chain (residues 110-323)
forms the NADP-binding domain; a small two-stranded
â-sheet (residues 107-109 and 324-326) links the two
domains. This overall architecture is common to the proteins
belonging to the structural family of glutathione reductase
(30, 31), of which FprA is a member. Both domains of FprA
exibit a Rossmann fold topology (32), but some variations
are present in this scaffold. The FAD-binding domain has a
central five-stranded parallelâ-sheet surrounded on both
sides byR-helices. Although within this family of proteins
the crossover between strand 3 and strand 4 is typically an
antiparallelâ-sheet (the so-calledâ-meander) (30), in FprA
this is replaced by anR-helix (helix 89-96). A six-stranded
central â-sheet is present in the NADP-binding domain,
flanked on one side byR-helices and on the other side by
the â-meander.

In the X-ray structure, FprA is present as a dimer (Figure
3a). The intersubunit interactions are not extensive involving
only 5.6% (1138 Å2) of the monomer surface area, suggesting

8810 Biochemistry, Vol. 41, No. 28, 2002 Bossi et al.



that dimerization is probably a result of crystal packing. This
notion is supported by gel-filtration studies, which indicate
that the enzyme in solution is mainly monomeric (4). The
two crystallographically independent monomers are virtually
identical, with a root-mean-square deviation (rmsd) of 0.83
Å for 3447 atom pairs in FprA:NADPO and 0.89 Å for 3454
pairs in FprAred:NADPH.

The interactions between FprA and the prosthetic group
(Figure 4a) resemble those typically found for FAD binding

within the structural family of glutathione reductase (32),
with the characteristic N-terminalâRâ unit (residues 3-43)
involved in the binding of the cofactor ADP moiety. The
isoalloxazine is bound in a planar conformation. The angle
between pyrimidine and dimethylbenzene rings is 4°, imply-
ing a very small tilting of the flavin. The cofactor pyrimidine
ring is partly exposed to the solvent while the dimethylben-
zene ring is buried in the flavin-binding site. The N-terminus
of R-helix 367-393 interacts with the electronegative N1-

FIGURE 3: Three-dimensional structure of FprA. (A) Stereoview of the FprA dimer. The noncrystallographic 2-fold axis is perpendicular
to the plane of the drawing. The FAD-binding domain is in red, while the NADP-binding domain is in green. The FAD cofactor is yellow,
and the modified NADP+ ligand is black. The dashed lines connect residues at the borders of disordered regions of the protein. (B) The
FprA monomer. Secondary structures are labeled as in Figure 1. The letters “N” and “C” indicate the N-terminal and C-terminal residues,
respectively. The putative binding site for the protein partner is labeled as “PBS”. It is located in a cleft between the FAD-binding and
NADP-binding domains.

M. tuberculosisFprA Biochemistry, Vol. 41, No. 28, 20028811



O2 locus of the flavin and directly binds to O2 with Ile368
N atom. Loop 358-366 covers the active site as a cap,
interacting with both the flavin and the NADP ligand.

Comparison with Adrenodoxin Reductase.The structure
of AR has been solved in different states (12-14), namely,
in the native form (PDB code 1CJC), cocrystallized with
NADP+ (1E1L), soaked with NADP+ or NADPH (1E1K
and 1E1M), and in complex with adrenodoxin (1E6E). The
overall structures of FprA and AR are highly similar,
especially in the FAD-binding domain. Superposition of the
FAD-binding domain of FprA (monomer A of FprA:
NADPO) onto the equivalent domain of AR results in rmsds
below 0.85 Å (164 CR pairs) for all AR structures, while
superposition of the NADP-binding domain produces rmsds
below 1.8 Å (212 CR pairs). However, some differences exist
in the domain orientations. This aspect was investigated by
calculating the rotation angle required to optimally super-
impose the NADP-binding domain of FprA onto that of AR,
starting with the FAD-binding domains superimposed. The
smallest value (4.5°) resulted from the superposition between
FprA and AR cocrystallized with NADP+. The corresponding
angle was 6° for AR soaked in NADP(H) and 8.3° for AR
in complex with adrenodoxin. This analysis indicated that
FprA and AR differ in that FprA domains adopt a slightly
more “open” orientation relative to the AR structures.

The binding site for adrenodoxin in AR is formed by a
shallow cleft (Figure 3b), which is located between the FAD-
binding and NADP-binding domains (14). Several charged

residues on the cleft surface take part in the interaction with
the protein partner. It is noticeable that many of these amino
acids are conserved in FprA (Lys24, Arg213, Lys246,
Arg362, and Asp374), consistent with the observation that
FprA binds bovine adrenodoxin and possesses NADPH-
adrenodoxin oxidoreductase activity (4). A search of theM.
tuberculosisgenome reveals no genes coding proteins that
have clear homology to adrenodoxin. Thus, the similarity
between AR and FprA in the binding site is likely to reflect
conservation in the electrostatic nature of the interaction with
their respective protein partners, which, however, may be
structurally dissimilar.

NADP+ DeriVatiVe. The NADP ligand binds in an
extended conformation in a solvent-accessible position, being
in contact with many ordered water molecules (Figures 3
and 4b). As usual for this kind of nucleotide-binding fold
(32-34), the substrate ADP moiety is accommodated within
the NADP-binding domain. The nicotinamide ring is bound
at the domain interface between the FAD isoalloxazine ring
and Asn157 with the substrate amide group H-bonded to the
side chain of Glu211. The nicotinamide is essentially parallel
to the flavin (Figure 5a) with an angle between the two rings
of 9°. The reactive C4 atom of NADP+ is at 3.27 Å from
N5 of FAD in monomer A and at 3.31 Å in monomer B.
An unexpected feature emerged during refinement was an
additional electron density present on the nicotinamide ring
of both monomers of FprA:NADPO (Figure 2a). The detailed
investigation of the electron density and the environment of

FIGURE 4: Schematic representation of the binding of FAD (A) and modified NADP+ (B) to monomer A of FprA:NADPO. H-bonds are
shown as black-broken lines. Distances are in Å. Shading around atoms and residue labels indicates involvement in van der Waals contacts.
Atoms are color coded as follows: black, carbon; dark gray, oxygen and phosphorus; light gray, nitrogen.

8812 Biochemistry, Vol. 41, No. 28, 2002 Bossi et al.



the ligand led us to the conclusion that the additional density
represents an extra oxygen atom linked through a carbonylic

bond to the C4 atom of NADP+ (Figure 2b). There are many
data in support of this interpretation.

FIGURE 5: Active site of FprA (monomer A). The orientation is the same as that in Figure 3. H-bonds are outlined by dashed lines, and
water molecules are labeled by “W”.B-factor values of the water molecules are W2) 16.2 Å2 and W3) 9.9 Å2 for FprA:NADPO; W1
) 24.1 Å2, W2 ) 22.0 Å2 and W3) 13.4 Å2 for FprAred:NADPH. (A) Stereo diagram of the electron density (contoured at 1σ) of the
modified nicotinamide ring and neighboring residues in the FprA:NADPO complex. (B) Stereo diagram of the active site of FprAred:
NADPH structure. His57 and Glu214 have alternate conformations (see text). (C) Superposition of the active site residues of FprA:NADPO
(black) and FprAred:NADPH (light gray) structures.

M. tuberculosisFprA Biochemistry, Vol. 41, No. 28, 20028813



(i) The planarity of the nicotinamide ring was assessed by
calculating the angleRN between the planes N1-C2-C6
and C2-C3-C6 and the angleRC between the planes C2-
C3-C6 and C3-C4-C5. These parameters are useful to
quantitatively assess the “out-of-plane” position of the N1
and C4 atoms of the ring, respectively (35). The resulted
values wereRN ) 2.6° andRC ) 0.6° for monomer A and
RN ) 0.3° and RC ) 1.5° for monomer B. These values
indicate that the nicotinamide ring is almost perfectly planar
and support the notion that the C4 atom has trigonal planar
configuration.
(ii) The position of the extra atom was defined by refining
without setting any restraint on distances and angles on
NADP+. The result of these calculations was the placement
of this atom at 1.27 Å from C4 in monomer A and 1.23 Å
in monomer B (Figure 2b). These values are in perfect
agreement with the presence of a carbonylic oxygen bound
to C4.
(iii) The extra atom is within H-bond distance from two water
molecules and the nitrogen atom of the amide moiety of
nicotinamide. The latter H-bond is made possible by the cis
conformation of the amide of the FprA-bound NADP+ (i.e.,
the oxygen points toward the ribose, see Figures 2a and 4b).
(iv) The shape of the electron density for the extra atom,
contoured at different levels, is in good agreement with it
being an oxygen. This assignment could be made thanks to
the atomic resolution of the X-ray analysis, which allowed
us to distinguish between oxygen and nitrogen atoms for all
Asn and Gln amide moieties of the protein. TheB-factor of
the oxygen atom is 16.6 Å2 in monomer A and 11.7 Å2 in
monomer B. These values do not differ from theB-factors
of the other atoms of the nicotinamide ring, implying that
the NADP+ derivative is bound with full occupancy to both
subunits of the crystalline enzyme.

Taken together, these data strongly indicate that the
modified NADP+ is a quinonic compound, as depicted in
Figure 2b (this compound has been named NADPO).

The active site of FprA is a highly polar environment, with
basic and acidic residues as well as several water molecules.
All these elements have ordered conformations and set up
an intricate network of hydrogen bonds. In this milieu, a
central role is fulfilled by two water molecules, which, in
monomer A, have been designated water 2 and water 3
(Figure 5a). They are both H-bonded to the oxygen atom of
NADPO, being on different sides of the nicotinamide plane
(Figure 5a). They also interact with several active site
residues, and water 3 is bound to the N5 and O4 atoms of
FAD (Figs. 4a, 5a and 5b).

Characterization by Mass Spectrometry.In electrospray
ionization mass spectrometry (ESI-MS), protein molecules
are detected as multiply protonated species. Initial mass
spectrometry experiments on FprA incubated with NADP+

were performed under pseudophysiological conditions, i.e.,
in 50 mM ammonium acetate solutions (pH 6.8,) allowing
direct observation of functional multicomponent protein
complexes (36). The mass spectrum displayed an intensive
charge state distribution comprising four abundant ions
carrying 16-13 protons with the 15-fold protonated ion at
m/z 3405 predominating. To facilitate interpretation, we
deconvoluted the conventional ESI mass spectrum to the so-
called “zero-charge” mass spectrum, allowing the direct
extraction of the molecular mass of the ion species analyzed

(Figure 6a). Centroiding of the mass peak of the transformed
mass spectrum gave an average mass of 51 040( 10 Da,
corresponding to the ternary complex consisting of the FprA
monomer, FAD, and the NADP+ substrate. Unfortunately,
the mass determination was not sufficient to distinguish if
NADP+ or its derivative was present.

To obtain the molecular masses of the apoprotein and the
individual ligands, we transferred the protein stock solution
into 0.7% formic acid. Under these conditions, the protein
should denature, and the ligands should be released. The mass
spectrum obtained under these denaturing conditions was
dramatically different compared to that obtained in near-
physiological solutions. ESI mass spectra acquired from
denaturing solutions exhibited a broad charge state distribu-
tion of highly protonated protein ions located belowm/z
1600. The “zero-charge” mass spectrum obtained after
deconvolution is depicted in Figure 6a. The molecular mass
of the apo-FprA monomer was 49 477( 5 Da, in good
agreement with the expected average mass of FprA derived
from the gene sequence after adding the residue mass for
the initiation methionine (averageMth ) 49 472.3 Da).

Besides the apoprotein ions, molecular ions atm/z 744.1,
760.3, and 786.1 were present in the lowerm/z range,
indicating the presence of NADP+, the proposed NADP+

derivative, and FAD, respectively. Interestingly, NADP+ is
detected as an M+ ion because of its fixed positive charge
in the nicotinamide moiety, whereas the other two cofactors
are detected as the commonly observed [M+ H]+ ions.
Collisionally induced dissociation (CID MS/MS) experiments
yield structure-specific fragment ions that allow assessing
the compound identity. For example, the CID MS/MS
experiments on the selected [M+ H]+ ion of FAD at m/z
786 resulted in three fragment ions atm/z136, 348, and 439,
representing the adenine, the adenosine 5′-monophosphate,
and the riboflavin 5-monophosphate moiety, respectively.
Thus, these structure-specific fragment ions unequivocally
confirmed the original assignment of them/z 786 ion as the
molecular ion of FAD. In a similar fashion, we used CID
MS/MS to identify the ion atm/z760, the proposed molecular
ion of NADPO. For this purpose, we compared the fragment
ions of the parent ion atm/z 760 with the fragment ions that
resulted from CID MSMS of the parent ion atm/z 744, the
M+ ion of NADP+. Several structure-specific fragment ions
were observed beside fragment ions that originated from low-
energy fragmentation pathways, such as the loss of H3PO4

(∆m 98 u), HPO3 (∆m 80 u) and H2O (∆m 18 u). The
structure-specific fragment ions of NADPO are depicted in
Figure 6b. The fragment ions atm/z 136, 330, 508, and 622
were also observed for NADP+, while the fragment ions at
m/z 139, 351, 431, and 625 were specific for the NADP+

derivative. The observation of the fragment ions atm/z 351
and 139 allowed the assignment of the derivative to the
nicotinamide moiety. It is noteworthy that them/z values of
all observed derivative specific fragment ions were consistent
with the covalent modification being due to a carbonylic
oxygen. Most importantly, the mass spectrometry analysis
unambiguously showed that formation of the covalent adduct
occurs in solution and, therefore, it is not an artifact of the
crystallization process.

NADPH-Soaked FprA.Soaking of the crystals in a
NADPH-containing solution resulted in the reduction of the
crystalline enzyme, as indicated by the loss of the crystal
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yellow color. To investigate the reactivity of the crystalline
enzyme, we subjected the crystals to microspectrophotometry
analysis (15). UV-visible absorption spectra of a FprA
crystal are shown in Figure 7. Upon soaking in NADPH
under aerobic conditions, the height of the typical absorption
peak at 452 nm of the enzyme-bound oxidized cofactor (4)
decreases, coupled to increased absorption at longer wave-
lengths. These features suggest that NADPH soaking leads
to cofactor reduction, with FAD mainly in the semiquinone
one-electron reduced form. In the NADPH-soaked structure,
the conformation of the nicotinamide ring deviates from
planarity (RN ) 4.8° andRC ) 7.8° for monomer A andRN

) 5.1° and RC ) 4.8° for monomer B). This geometry
supports the presence in the crystals of the reduced form of
the ligand (35), which, therefore, has been modeled as
NADPH. This interpretation is in agreement with solution
studies, which have shown that aerobic incubation of FprA
with excess NADPH leads to accumulation of the neutral
semiquinone form of FAD and formation of a stable complex
between the protein and the reduced substrate (4).

The overall structures of FprA:NADPO and FprAred:
NADPH are essentially identical, with a rmsd of 0.29 Å for
6894 atoms. However, enzyme reduction is associated to a

few differences in the active site. A first observation concerns
the flavin conformation. The angle between pyrimidine and
dimethylbenzene rings in FprAred:NADPH is 7.9°. This value,
although small, is twice the corresponding angle observed

FIGURE 6: (A) Comparison of the deconvoluted mass spectrum obtained for the apoform of FprA (gray line,Mr ) 49 477( 5 Da) and the
FprA:NADPO holoprotein (black line,Mr ) 51 040( 10 Da). (B) Fragment ion spectrum and fragmentation scheme of the NADP+

derivative (MH+ 760.3). The underlined fragment ions are indicative of the NADP+ derivative. Fragment ions marked with *, x, and o
originate from low-energy fragmentation pathways and refer to the loss of H3PO4 (∆m ) 98 u), HPO3 (∆m ) 80 u), and H2O (∆m ) 18
u), respectively.

FIGURE 7: Microspectrophotometric analysis of FprA crystals.
Polarized absorption spectra were recorded on an oriented crystal
with the electric vector of the linearly polarized light parallel to
the a crystal axis. The spectrum of the oxidized crystal is shown
in solid line, while the dashed line is the spectrum recorded on the
same crystal after 30 min of soaking in 10 mM NADPH under
aerobic conditions.
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in the oxidized enzyme and indicates a slight bent in the
reduced cofactor conformation. A more significant difference
with respect to FprA:NADPO was found in the NADP
ligand. Namely, the additional electron density on the C4
atom was not present in the FprAred:NADPH structure (Figure
5b). Rather, a peak of electron density was found in
proximity of the C4 atom, but not continuos with its density.
This peak was identified as a water molecule, located at 3.39
Å from the C4 atom of NADPH and involved in several
bifurcated H-bonds with active site residues. This water
molecule has been found in monomer A but not in chain B
of FprAred:NADPH, although the extra oxygen covalently
bound to C4 was absent also in monomer B. This unique
water molecule of FprAred:NADPH has been named water
1. The absence of the NADP covalent modification does not
alter the conformation of the ligand, which is indistinguish-
able from that found in the oxidized enzyme.

Some interesting differences between FprA:NADPO and
FprAred:NADPH concern two active site residues, His57 and
Glu214. These side chains are positioned above FAD and
NADP+ with their side chains H-bonded to each other
(Figure 5). In subunit A of the FprAred:NADPH structure,
these residues display an electron density consistent with a
double conformation. In both these alternate conformations,
His57 and Glu214 are displaced by about 1 Å away from
the nicotinamide ring, relative to the conformation found in
FprA:NADPO (Figure 5c). This displacement creates a space
that is filled by water 1. In one of the alternate conformations
of His57, the Nδ atom is within H-bond distance from this
water molecule, while the Nε atom is H-bonded to the side
chain of Glu214.

The shifted conformations of His57 and Glu214 are not
present in subunit B of FprAred:NADPH, where they adopt
the same conformation present in the oxidized protein. This
is likely due to the different crystal contacts. In subunit A,
these two active site residues are far from a symmetry related
protein molecule. They have the freedom to move and adopt
double conformations, allowing water 1 to place itself in the
active site. On the contrary, in monomer B, a symmetry-
related molecule is in contact with these residues, being at
about 4.5 Å from them. Therefore, in monomer B, crystal
packing interactions seem to prevent the conformational
changes observed in monomer A. However, the presence of
unmodified NADPH in both subunits of the FprAred:NADPH
complex indicates that the exchange of NADPO for NADPH
in the crystal lattice can occur.

The relative positioning of the nicotinamide and flavin
rings observed in the two FprA complexes is perfectly suited
for the hydride transfer reaction thought to underlie the
NADPH-dependent oxidation of FAD (4). Such a steric
relation between the substrate and the cofactor is very similar
to that found in the structures of AR and several other NAD-
(P)H-dependent flavoproteins (13, 34) in which a hydride
transfer mechanism is known to occur.

Mechanism of NADP+ Modification.The geometry of the
active site observed in the FprAred:NADPH structure suggests
a possible mechanism for formation of the NADPO com-
pound found in the oxidized enzyme (Figure 8). With
reference to monomer A of FprAred:NADPH, Glu214, His57,
and water 1 appear to form a sort of catalytic triad (37). In
one of the alternate conformations, the side-chain oxygens
of Glu214 are H-bonded to the Nε atom of His57, while the
Nδ atom of the histidine is within H-bond distance from
water 1 (Figure 5b). This geometry is reminiscent of the
catalytic triad of serine proteases (37), with water 1 fulfilling
the role of the serine Oγ atom in proteases. Thus, the
interaction of Glu214 with the imidazole group should
increase the basicity of His57, which in turn would become
more prone to accept a proton from water 1. The final result
would be a transient salt bridge between Glu214 and the
positively charged His57, and a hydroxyl ion in place of
water 1. This ion can carry out a nucleophilic attack on the
C4 atom of NADP+, yielding a covalent adduct with a
hydroxyl group introduced on the substrate. The subsequent
step would be hydride transfer from C4 of the hydroxylated
NADPH to N5 of FAD, coupled to proton release from the
-C4-OH group of the hydroxylated NADPH. The ultimate
result of these reactions is the modified NADP+, as seen in
the FprA:NADPO structure.

Several observations support the proposed mechanism.
Water 1 lays slightly out of the nicotinamide plane, on the
side opposite to that facing the flavin. Thus, the hydroxyl
group resulting from the nucleophilic attack by the water
would point away from the cofactor. Conversely, the C4-
bound hydrogen atom of the hydroxylated NADPH would
point toward the flavin, as required for the postulated hydride
transfer reaction (Figure 8). Another point is the geometry
of the “FprA triad”. It is known that in the classical triads
the carboxylate-imidazole interaction has usually a favorable
geometry, while the H-bond between imidazole and the Ser
Oγ is often strained (37). This decreases the energy of this
bond and favors the proton-relay process. In FprA, this is

FIGURE 8: Proposed mechanism for NADP+ derivative formation. The water molecule performing the nucleophilic attack is proposed to
correspond to water 1, found in the FprAred:NADPH structure (see Figure 5b).
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actually the observed situation. The interaction between
Glu214 and His57 is well in agreement with ideal H-bond
geometry, whereas the pair His57-water 1 is interacting
through a much more distorted H-bond (distance Nδ-water
1 ) 3.28 Å, angle Câ-Nδ-water 1) 59°)

For NADP+ modification to occur, the C4 atom of the
FprA-bound NADP+ must have an electrophilic character.
The neighboring electron-deficient oxidized flavin should
exert a polarizing effect on the reactive carbon atom of
NADP+, making it more prone to a nucleophilic attack. An
additional effect might be due to the cis conformation of
the nicotinamide ring, which places the amide nitrogen at
2.65 Å from the extra oxygen atom of NADPO. The presence
of this intramolecular H-bond interaction may stabilize the
derivative, thus facilitating its formation. The cis conforma-
tion of the FprA-bound NADP+ is unusual, since in most
NADP-binding proteins, the trans conformation is found (38).
To our knowledge, the NADP+ derivative of FprA has not
been found in other enzyme structures. The crystallographic
and mass spectrometry data show that the derivative forms
upon incubation of the oxidized protein with NADP+.
Whether derivative formation can occur in the cellular
environment and whether it has any physiological role are
subjects for future studies.
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