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INTRODUCTION

Many proteins are noncovalent, spontaneously assembled

complexes between a polypeptide moiety, the apoprotein,

and a small ligand, that is: a metal ion or a small organic

molecule, that recognize one another. Understanding pro-

tein/ligand recognition is one of the challenges in Struc-

tural Biology and bears on many important fields such as

protein folding, drug design, and catalysis. Among the

proteins carrying noncovalently bound cofactors, flavo-

doxins have attracted much interest.1–3 They are electron

transfer proteins and contain one molecule of flavin nu-

cleotide (FMN). Their relatively small size (between 14

and 18 kDa), ease of purification, and reversibility

towards FMN removal, together with the early availability

of the X-ray structures of several flavodoxins4,5 have

made them widely used to investigate protein–protein

electron transfer,6–8 the kinetics and thermodynamics of

protein ligand recognition,9,10 and protein folding, and

stability issues.11–17 Recently, flavodoxins from several

pathogenic organisms have been identified as essential for

their survival18,19 and it has been pointed out that those

flavodoxins could be used as targets for drug design.19,20
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ABSTRACT

Flavodoxins, noncovalent complexes between apoflavodoxins

and flavin mononucleotide (FMN), are useful models to inves-

tigate the mechanism of protein/flavin recognition. In this

respect, the only available crystal structure of an apoflavo-

doxin (that from Anabaena) showed a closed isoalloxazine

pocket and the presence of a bound phosphate ion, which

posed many questions on the recognition mechanism and on

the potential physiological role exerted by phosphate ions. To

address these issues we report here the X-ray structure of the

apoflavodoxin from the pathogen Helicobacter pylori. The

protein naturally lacks one of the conserved aromatic residues

that close the isoalloxazine pocket in Anabaena, and the struc-

ture has been determined in a medium lacking phosphate. In

spite of these significant differences, the isoallozaxine pocket

in H. pylori apoflavodoxin appears also closed and a chloride

ion is bound at a native-like FMN phosphate site. It seems

thus that it is a general characteristic of apoflavodoxins to dis-

play closed, non-native, isoalloxazine binding sites together

with native-like, rather promiscuous, phosphate binding sites

that can bear other available small anions present in solution.

In this respect, both binding energy hot spots of the apoflavo-

doxin/FMN complex are initially unavailable to FMN binding

and the specific spot for FMN recognition may depend on the

dynamics of the two candidate regions. Molecular dynamics

simulations show that the isoalloxazine binding loops are

intrinsically flexible at physiological temperatures, thus facili-

tating the intercalation of the cofactor, and that their mobility

is modulated by the anion bound at the phosphate site.
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One difficulty to investigate the apoflavodoxin/FMN

interaction is that, while many structures of the func-

tional complexes are available,2,19,21–25 it has been dif-

ficult to experimentally obtain three-dimensional struc-

tures of apoflavodoxins. NMR studies on A. vinelandii26

and Anabaena PCC 711927 have provided valuable infor-

mation, suggestive of conformational flexibility at the

FMN binding site, but have not produced an apoflavo-

doxin structure yet. The only apoflavodoxin structure

available until now is that of Anabaena PCC 7119 that

was solved by X-ray diffraction using ammonium sul-

phate as precipitant.28 The structure indicates that the

overall fold of the protein is already present in the apo

form, which is consistent with the spectroscopic and

thermodynamic information.13–27 When compared with

the X-ray structure of its corresponding holo form,24 the

more significant differences are confined to one of the

three short loops involved in FMN recognition: the loop

bearing a conserved tryptophan residue (Trp57), that

packs against the protruding methyl groups of FMN in

most flavodoxins. In contrast, the loop containing Tyr94,

a most conserved residue in flavodoxins that lies parallel

on the isoalloxazine ring of FMN, is hardly affected. As

for the third binding loop, the one extending from the

N-terminus of helix 1 and providing hydrogen bonding

groups for the FMN phosphate, its conformation is

almost identical to that observed in the functional holo-

flavodoxin complex and, in fact, a sulphate or a phos-

phate ion is found in the crystal mimicking the FMN

phosphate of the holoprotein (see Fig. 2 in Ref. 28). In

the apoflavodoxin structure, a conformational change in

the Trp loop brings this residue into contact with the

side chain of Tyr94 so that an aromatic/aromatic interac-

tion is formed that closes the isoalloxazine binding site.

The high ionic strength of the buffer used to crystallise

the protein could strengthen such interaction. Based on

the native conformation of the phosphate binding site

observed in the Anabaena apoflavodoxin structure, and

on the closure of the isoalloxazine binding site, it was

proposed that the binding of the FMN molecule to apo-

flavodoxin could start by interaction of the phosphate at

the preformed binding site and then the interacting aro-

matic residues at the isoalloxazine site would open apart

so that the FMN would finally achieve its functional con-

formation within the complex.28 However, a mutational

study of the transition state of complex formation10 has

shown that FMN first binds to apoflavodoxin by interac-

tion of the isoalloxazine with the two aromatic residues,

chiefly with Tyr 94, and that the interaction at the phos-

phate binding site takes place after the rate limiting step.

Whether the reported X-ray structure of Anabaena

apoflavodoxin reflects faithfully the conformation of the

protein in solution is not clear. The observed closure of

the FMN binding site could be a consequence of the

interaction between the two aromatic residues, which

could be driven by the high ionic strength conditions,

and the native-like conformation of the phosphate bind-

ing site could be induced by the high concentration of

sulphate in the crystallization buffer, as noted in the orig-

inal work.28 In fact, the available NMR evidence on both

the Anabaena and Azotobacter apoflavodoxins suggest

that the binding site loops could be more flexible than

seen in the X-ray structure.26,27

To address these issues, the X-ray structure of apoflavo-

doxin from the pathogen Helicobacter pylori has been solved.

Although it shares significant sequence identity with the

apoflavodoxin from Anabaena (43%), the Helicobacter pro-

tein lacks an FMN-binding Trp residue, and bears an Ala

residue at the structurally equivalent position.19 Care has

been taken so that the crystallisation conditions were of a

much lower ionic strength and that no sulphate or phos-

phate ions were present in the solution. Interestingly, and in

spite of the differences in protein sequence and in crystalli-

zation conditions, the H. pylori apoflavodoxin also shows a

closed isoalloxazine binding site and a well-folded phosphate

binding site where a chloride ion appears bound. The impli-

cations of these findings for the mechanism of FMN recog-

nition by apoflavodoxin and the potential role of anions

bound at the phosphate site on the dynamics of the binding

loops will be discussed.

MATERIALS AND METHODS

Recombinant expression of flavodoxin
from H. pylori

DNA isolation and PCR amplification of the fldA gene

have been reported.20 Shortly, the flavodoxin gene fldA

was amplified by PCR from total genomic Helicobacter

pylori DNA (isolated form antigen-positive stool sam-

ples). The amplified sequence was gel-purified and

cloned into pET28a (Novagen) using standard techniques.

The translated protein sequence (the gene product of H.

pylori cells isolated from a patient) shows four differences

(S44, E124, S153, and K160) with that of the holoprotein

(G44, A124, A153, and R160) whose X-ray structure has

been reported19 and that corresponds to H. pylori strain

69A. The four positions are solvent exposed and the resi-

dues involved are not related to FMN binding.

E. coli BL21 cells containing the pET28a-fldA plasmid

were grown in Luria-Bertani medium containing 20 lg/
mL of kanamycine and flavodoxin expression was induced

with 1 mM isopropyl b-D-thiogalactoside. Flavodoxin was

purified by precipitating bulk proteins in 65% ammonium

sulphate, loading the supernatant in a DE-52 DEAE-cellu-

lose column, eluting the protein with a reverse linear

gradient of (NH4)2SO4 (from 65 to 0%) and finally per-

forming an additional DE-52 DEAE-cellulose chromatog-

raphy, in the absence of ammonium sulphate, eluting with

a linear NaCl gradient (from 0 to 0.5 M).20 The recovered

holoprotein was pure according to SDS-PAGE and to the

ratio of its UV and visible absorbances.
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Preparation and quantitation
of apoflavodoxin

The flavin mononucleotide group was removed from

the purified holoprotein by several cycles of apoprotein

precipitation in 3% trichloroacetic acid.29 In each cycle,

the supernatant is removed and the pellet resuspended in

3% trichloroacetic acid. The FMN is considered to be

removed when the supernatant is colorless and the pellet,

dissolved in an appropriate buffer, shows no absorbance

in the visible region. The concentration of the apoflavo-

doxin samples in the crystallization trials was calculated

using an extinction coefficient of 15.9 mM�1 cm�1 at

280 nm determined in MOPS 50 mM, pH 7.0.30

Crystal growth, data collection, and
structure refinement

The initial crystallization screening was done using a

grid of PEG4K (28–32%) at different pHs (from 6.5 to

9.0) and 0.2 M MgCl2. The condition containing 30%

PEG 4K, 0.1 M HEPES/Na, pH 7.5 and 0.2 MgCl2 mixed

in 1:1 ratio with a 5 mg mL�1 protein solution produced

some crystals, not good enough, that were improved

using additive Screens I, II, and III from Hampton. Addi-

tive 20 from Screen I (benzamidine) was selected. Crys-

tals of the apoflavodoxin from Helicobacter pylori where

thus obtained by the hanging drop method, using drop-

lets of 5 lL containing 2.25 lL of 5 mg mL�1 of protein

solution buffered with 10 mM MOPS, pH 7.0, 2.25 lL of

reservoir solution containing 30% PEG 4K, 0.1 M

HEPES/Na, pH 7.5, 0.2 M MgCl2 and 0.5 lL of 0.1 M

benzamidine. Drops were equilibrated against 1 mL of

reservoir solution at 48C. The crystals grew within 1–7

days up to a maximum size of 0.1 3 0.1 3 0.2 mm3. A

single crystal was mounted in a cryoloop of 0.2 mm di-

ameter. The cryobuffer consisted in the mother liquid

supplemented with 20% glycerol. The diffraction data

were collected at 120 K on a CCD detector using graph-

ite-monochromated CuKa radiation generated by a

Bruker-Nonius rotating anode generator. The crystals

belong to the P212121 orthorhombic space group with

unit cell dimensions of a ¼ 36.61 Å, b ¼ 45.71 Å, and c

¼ 86.65 Å. The VM is 2.13 Å3/Da with one protein mole-

cule in the asymmetric unit and 42.3% of solvent con-

tent. Collected data with a resolution limit of 2.1 Å were

reduced with Denzo/Scalepack.31

The structure of apoflavodoxin was solved by molecu-

lar replacement using the program MOLREP32 and tak-

ing as a model the structure of oxidized H. pylori holofla-

vodoxin19 (PDB code 1FUE). A correlation of 0.52 was

obtained, with an R-factor of 0.44. The generated single

solution for the rotation and translation functions was

refined with REFMAC 5.0.33 The model was subjected to

rigid body refinement and the coordinate parameters

were minimized to satisfy Maximum Likelihood. This

process was alternated with manual model building with

the software package O.34 Crystallographic data and sta-

tistics of the model are summarized in Table I. The final

model contains 163 residues, one chloride anion, one

benzamidine molecule, and 111 water molecules. The B-

factors of the chloride anion and coordinating residues

are Cl: 8.55, Thr10 (OG1): 12.34, Ser12 (OG): 19.85 and

Ala15 (N): 14.11. The final values for R and Rfree factors

were 0.20 and 0.28, respectively. All residues in the Ram-

achandran plot fall within the allowed regions.

Normal mode calculation and molecular
dynamics simulations

Normal mode calculations35 at atomic resolution were

performed using the Vibran module and Hessian diago-

nalization routines implemented in the CHARMM pro-

gram and c27b2 force field.36,37 Initially, the protein was

analyzed in vaccuo using extended electrostatics with no

cut-offs criteria. To get insight into the minima land-

scape, different exploration routines were used combin-

ing steepest descent steps with adopted basis Newton

Raphson, beginning with some harmonic constraints to

leave at the end the system free. Chloride effects in the

structure where introduced in two ways. Implicitly, via

an increment in the rigidity of the neighboring residues,

through soft harmonic mass constraints (typically 0.1–

1 kcal mol�1 Å�2), or explicitly, introducing the chloride

atom with a soft positional constraint in order to avoid

further diffusion from the specific site.

Table I
Data Collection and Refinement Statistics for Helicobacter pylori

Apoflavodoxina

Data collection statistics
Space group P212121
Unit cell parameters

a (�) 36.61
b (�) 45.71
c (�) 86.65

Wavelength (�) 1.5418
Resolution (�) 20.3–2.1
No. of unique reflections 9402
Redundancy 5.1 (1.8)
Completeness (%) 98.9 (90.4)
I/r 11.8 (1.3)
Rsym

b 0.17 (0.56)
Refinement statistics
Resolution range, � 20.3–2.1
Protein nonhydrogen atoms 1228
Ligand nonhydrogen atoms 10
Solvent nonhydrogen atoms 111
Rwork 0.20
Rfree

c 0.28
rmsd bond length (�) 0.014
rmsd bond angles (8) 1.464
Average B-factor (�2) 19.55

aValues in parentheses correspond to the highest resolution shell.
bRsym ¼ SjI � Iavj/SI, where the summation is over symmetry equivalent reflec-

tions.
cR calculated for 7% of data excluded from the refinement.
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Normal modes analysis (NMA) at a coarse-grained

scale was performed using the method developed by

Tirion,38 based on the so-called Gaussian Network

Model (GNM)39 and widely used in recent years.40–42

After reaching a minimum energy configuration a con-

tact map was calculated by considering the distance

between Ca atoms, so that the atoms of any Ca pair with

a distance below a given cutoff (Rc) were linked by a har-

monic force building an elastic network. A cut-off crite-

rion of 10 Å was chosen by fitting the experimental B-

factors to the theoretical calculation. Normal modes and

correlations of fluctuations can be obtained from eigen-

values and eigenvectors of this contact matrix.39

BGNM
i ¼ 8p2hDRi � DRji=3 ¼ ð8p2KBT=3gÞC�1

i;j

This calculation is less time consuming than the all-atom

approach (see below) and provides useful information on

the backbone mobility of the protein, the elasticity prop-

erties, and how the movement of different regions are

correlated. The effect of the chloride ion has been imple-

mented in a similar way to that described above using a

harmonic constraint to the position of residues linked to

the ion.

On the other hand, molecular dynamics trajectories

were generated using Langevin dynamics and implicit

solvent with a friction coefficient43 of 10–30 ps�1 and

Eef1,31 a force field with implicit solvation implemented

in CHARMM. Trajectories were generated at different

temperatures ranging from 50 to 330 K, in order to

explore the temperature dependence of the behavior of

critical structural regions of the protein. The production

phase for each trajectory was of 10 ns, and began after a

deep minimization of the crystal structure followed by a

pre-equilibration run of 1 ns. Analysis of the trajectories

and low frequency modes involving residues related to

FMN binding, were done using principal component

analysis (PCA)44,45 along the last stable 4 ns of each

run, coupling the Quasiharmonics routine implemented

in CHARMM to a set of home made programs.

Binding assays

The dissociation constant of the holoflavodoxin-benza-

midine complex was determined by titration of FMN

emission fluorescence (excitation at 464 nm, and emis-

sion at 525 nm) in an Aminco-Bowman Series 2 Spec-

trometer at (25 � 0.1)8C (in darkness). Protein samples

were prepared by mixing 900-lL ligand solutions of dif-

ferent concentrations with 100-lL aliquots of 40 lM
holoprotein, in 10 mM sodium phosphate, pH 7.0 and

were allowed to equilibrate for 14 h. The dissociation

constants were calculated by fitting the emission fluores-

cence data, as previously described.20

RESULTS AND DISCUSSION

Structure of H. pylori apoflavodoxin:
conformational changes at the FMN
binding site

The structure of the apoflavodoxin from H. pylori has

been solved at 2.1 Å resolution. The protein displays the

typical a/b-fold of the family [Fig. 1(A)]. The apoflavo-

doxin model contains also one chloride anion whose

binding mimics that of the FMN phosphate in the holo-

protein, one molecule of benzamidine (a crystallisation

additive) bound far away from the FMN binding loops,

and 111 water molecules.

The apo and holo forms are globally very similar

(rmsd of 0.53 Å for all Ca atoms) [see Fig. 1(B)], indi-

cating that the native folding of the protein is already

achieved in the absence of the FMN cofactor. Significant

differences between the structures of the apo and holo

forms are concentrated in the FMN binding-site and in

strand b5. This strand appears typically split in long-

chain flavodoxins by an insertion of about 20 residues

whose role in protein structure, stability, and function

has been recently investigated.46,47 The highest deviation

in this region between the apo and holo flavodoxins cor-

responds to Gly131 (rmsd of 1.1 Å). In the FMN-binding

site, deviations are concentrated in the regions that bind

the isoalloxazine ring and the phosphate group of FMN

[Fig. 1(C)]. The largest deviation is located in the 55–57

isoalloxazine binding loop, where flavodoxins usually dis-

play a tryptophan residue that in the H. pylori protein is

replaced by an alanine. Large changes in the dihedral

angles of residues 55–57 take place upon FMN binding

[Fig. 1(B)] so that the rms deviation of all atoms of the

55–57 tripeptide in the apo and holo structures is 1.87 Å

and that of Gly56 2.60 Å. The second largest deviation

between the two structures is observed for residues 94–95

(rmsd of 0.96 Å), located in the additional loop involved

in isoalloxazine binding (loop 88–98). This loop bears a

conserved tyrosine residue (Tyr92) that packs against the

re-face of the FMN ring in H. pylori holoflavodoxin. The

changes in the dihedral angles of residues 94 and 95 are

much smaller than those observed for the 55–60 loop

but enough to allow the Tyr92 side chain to get closer

and contact Gly56. The distance between the Gly56 car-

bonyl oxygen and the CZ atom of Tyr92 is of just 3.23 Å

in apoflavodoxin, compared to 8.20 Å in the holoprotein.

A concerted conformational change thus approximates

the Tyr92 side chain and the 55–57 residues of the adja-

cent loop so that the space left by the missing FMN is

partly filled. The rest of the cavity contains three ordered

water molecules at positions close to those of the O2,

N10, and O4 FMN atoms and one with coordinates in-

termediate between those of the CM7 and CM8 FMN

atoms [Fig. 1(C)]. These solvent molecules are hydrogen

bonded to protein residues and seem to contribute to

the stability of the binding pocket. The water molecule

M. MartÍnez-Júlvez et al.
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mimicking the O4 atom of FMN in the holo protein,

appears bonded to the O atom of Gly56 (2.64 Å) and to

the N atom of Gly58 (2.82 Å). In the holo protein, the

O4 atom is bound to the N atom of Gly58 (3.27 Å) and

to the O atom of Ala55 (2.98 Å). The water molecule

mimicking O2 makes hydrogen bonds with the N atoms

of Asp88 and Ala97, exactly like the O2 atom in the

holoprotein. The water mimicking the N10 atom forms a

hydrogen bond with the N and O atoms of Gly56, help-

ing to anchor this residue in its new conformation in the

apo form.

Another region implicated in FMN binding in the hol-

oprotein involves the 9–13 loop together with the N-ter-

minus of helix 1 (spanning residues 14–26). More specifi-

cally, the interaction takes place between the Thr10-Ala15

segment and the FMN phosphate. Mutational studies in

the Anabaena complex have shown that this interaction

is the major contributor to the stability of the complex.9

Figure 1
(A) Ribbon diagram of H. pylori apoflavodoxin. The bound chloride is represented as a green sphere and the benzamidine molecule as blue sticks. (B) Stereo picture of

the superposition of H. pylori holoflavodoxin (orange) and apoflavodoxin (green) main chains structures. FMN is represented in sticks and coloured by atom type while

the chloride ion is shown as a green sphere. The benzamidine additive of the apoflavodoxin structure is represented in sticks, and it is coloured in blue. Superposition of

residues located at the FMN binding site of H. pylori holoflavodoxin (orange) and apoflavodoxin (green). FMN is coloured by atom type and the chloride ion is

represented as a green sphere. Several water molecules found in the apoflavodoxin structure are shown in red. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

3D Structure of APO Flavodoxin from H. Pylori

DOI 10.1002/prot PROTEINS 585



Somewhat surprisingly, the rms deviation of all backbone

atoms in this region between the holo and apo structures

is of just 0.51 Å, similar to the overall one [Fig. 1(B)]. A

strong density peak in apoflavodoxin appeared at the site

where the phosphate group of FMN is located in the holo-

flavodoxin structure. This globular density was compati-

ble with a chloride anion, present in the crystallization

medium, while refinement trials using a water molecule

as model failed. The ion is at hydrogen bonding distances

(Table II) of the OG of Thr10 and Ser 12, the N of Ala15

and two solvent molecules. Table II shows how the inter-

actions established by the FMN phosphate group in

holoflavodoxin have been replaced by equivalent or new

ones formed by the chloride ion in apoflavodoxin. The

side chain of Ser12 that is bound to the O1P atom of

FMN in the holo structure changes its conformation to

form a new hydrogen bond with the chloride ion. The

Thr10 side chain is also bound to the ion, and the N

atom of Ala15 is close enough to form an additional H-

bond. However, Asp11, that appeared H-bonded to the

FMN phosphate, establishes an H-bond with the side

chain of Thr10, and Gly13 and Asn14 replace their inter-

actions with OP1 of FMN by new interactions with the

side chain of Ser12. The interaction of the chloride ion

with Helicobacter pylori apoflavodoxin resembles those

described in the CLC chloride channel from S. Typhimu-

rium and from E. coli,48 with chloride ions bound to N

termini of a-helices where the helix dipole provides a

favourable electrostatic environment for anion bind-

ing.49,50 It has been postulated48 that the absence of a

full positive charge prevents the ion from binding too

tightly to chloride channels and therefore permits rapid

ionic diffusion rates. In H. pylori apoflavodoxin, the

chloride ion present in the crystallisation solution binds

in a similar way near the N-terminus of helix a1 and it

is thus possible that the binding is also not too tight.

As for the interaction between the FMN ribityl and the

apoprotein, a mutational study performed on the Ana-

baena complex has shown that the ribityl hardly contrib-

utes to the affinity (9). In the H. pylori flavodoxin, the ri-

bityl O3* atom is bound to Asp142 and the O4* to

Asn14. In the apoprotein, both Asp142 and Asn14 bind

water molecules. The overall change in apoflavodoxin

upon cofactor binding is displayed in Figure 2. Whereas

the polypeptide conformation in the holoflavodoxin

shows a cavity that is perfectly shaped to accommodate

the bound FMN cofactor, in apoflavodoxin the isoalloxa-

zine site is partly filled by the approximation of the isoal-

loxazine binding loops, while the phosphate binding site,

although in a native conformation, is also filled by a

bound chloride ion. Finally, at the region were a benza-

midine molecule appears bound in apoflavodoxin, there

are three interacting residues. The OE2 atom of Glu30 is

bound to the N2 atom of benzamidine (2.95 Å) and to

the N atom of Gly2 (3.00 Å). The aromatic ring of

Phe45 is at 3.77 Å to that of benzamidine allowing for a

stacking interaction. The apo and holo structures show

for these three residues an r.m.s. deviation of 0.73 Å.

Structural comparison between the H. pylori
and Anabaena apoflavodoxins

The only apoflavodoxin structure available until now

was that of Anabaena PCC 7119.26 A superposition of

the structures of the Anabaena and H. pylori apoflavo-

doxins shows that both are quite similar (rmsd 1.04 Å).

In the isoalloxazine binding site of Anabaena apoflavo-

doxin,28 large changes in dihedral angles relative to those

in the holoprotein allow the side chain of Trp57 (equiva-

lent to Ala55 in H. pylori flavodoxin) to penetrate into

the depression previously occupied by the pyrimidine

portion of the isoalloxazine (Fig. 2) where it contacts

Tyr94 (which moves towards the Trp) establishing a

stacking interaction that leaves the two aromatic residues

Figure 1
(Continued)
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at 3.8 Å. In H. pylori apoflavodoxin, Ala55 does not ex-

perience such a large conformational change. However,

the neighboring Gly56 flips so that its carbonyl oxygen

points towards the depression. This is accompanied by a

concerted approaching movement of Tyr92 (Fig. 2),

which brings its CZ to 3.23 Å of the Gly oxygen. In this

way the entrance to the isoalloxazine site is closed.

Although the stabilization in H. pylori apoflavodoxin of

the empty FMN binding site is thus not reached by an

aromatic–aromatic interaction as in Anabaena, the mech-

anism is nevertheless very similar as it involves extensive

rearrangements of the 55–60 loop, which fills the site by

interaction with an approaching Tyr side chain located in

the other binding loop.

The residues of Anabaena apoflavodoxin interacting with

the phosphate and ribityl moieties of FMN and those

occupying similar structural positions in the apo protein

from H. pylori are shown in Table II and Figure 3. All resi-

dues in the 10–15 region, with the exception of Gly13, are

forming hydrogen bonds with the sulphate group in Ana-

baena apoflavodoxin. However, in the H. pylori apoprotein,

neither Gly13 nor Asp11 and Asn14 make H-bonds with

the chloride ion that replaces the missing FMN phosphate.

On the other hand, whereas Lys14 in Anabaena apoflavo-

doxin is bound by its NZ to the OD1 of Asp146, no equiv-

alent interaction between Asn14 and Asp142 is observed in

H. pylori apoflavodoxin.

H. pylori flavodoxin as a drug target:
Binding of small charged molecules in the
pocket near FMN

Flavodoxin is an essential protein for the survival of

H. pylori.19 A recent study aimed at identifying inhibi-

tors of the protein20 has shown that a small organic

molecule, benzylamine, is able to bind the holoprotein in

the pocket near FMN that appears as a consequence of

the lack of a Trp residue in the 55–60 loop. Since the

crystallization buffer of H. pylori apoflavodoxin contains

benzamidine as an additive, which is quite similar to

benzylamine, there was a chance that the additive

appeared bound at the pocket near the empty FMN

binding site. However, no electron density that could be

assigned to the presence of benzamidine near the pocket

was observed. Instead, one molecule of benzamidine was

located near the N-terminus of the protein, far away

from the FMN binding site; Figure 1(A). This fact could

be related with the partly closed conformation of the

FMN binding pocket, however careful inspection of the

molecular surfaces of the holo and apo forms (Fig. 2)

suggests that the pocket itself is still present in apoflavo-

doxin. Alternatively, the presence of FMN could be

required for benzamidine binding if the complex were

stabilised by cation-p interactions51–53 with the isoallox-

azine moiety of FMN. To determine whether benzami-

dine can actually bind holoflavodoxin at the FMN neigh-

bouring pocket, a spectroscopic titration of FMN fluores-

cence has been performed. Indeed, the charged

benzamidine binds to holoflavodoxin markedly quench-

ing FMN fluorescence (Fig. 3), and the dissociation con-

stant of the holoflavodoxin-benzamidine complex at

258C is calculated at 10 mM, which is the same value,

within error, as that reported for the benzylamine com-

plex.20 It seems thus that the binding of small charged

molecules at the pocket near FMN is favored by the pres-

ence of the cofactor.

Table II
Intramolecular Interactions Involving Residues in FMN Phosphate and Ribityl Binding Sites in H. pylori and Anabaena PCC 7119 Flavodoxin Structures

Residue

Helicobacter pylori Anabaena PCC 7119

Apoflavodoxin Holoflavodoxina

Residue

Apoflavodoxinb

Hydrogen bonds Hydrogen bonds Hydrogen bonds

Partner Distance (�) Partner Distance (�) Partner Distance (�)

Thr10 (OG1) Cl� 2.83 FMN (O3P) 2.43 Thr10 (OG1) SO4 (O1) 2.8
Asp11(N) Thr10(OG1) 3.18 FMN (O2P) 3.04 Gln11 (N) SO4 (O4) 2.9

H2O 2.72
Ser12 (OG) Cl� 3.18 FMN (O1P) 3.19 Thr12 (OG1) SO4 (O2) 2.7
Ser12 (N) H2O 3.16 FMN (O2P) 3.13 Thr12 (N) SO4 (O2)

SO4 (O4)
3.2
3.1

Gly13 (N) Ser12 (OG) 3.16 FMN (O1P) 3.32 Gly13
Asn14 (N) Ser12 (OG) 3.17 FMN (O1P) 3.24 Lys14 (N) SO4 (O2) 2.8
Asn14 (OD1) H2O 2.98 FMN (O1P) 3.28

FMN (O4*) 3.14
Ala15 (N) Cl� 3.25 FMN (O3P) 2.88 Thr15 (N) SO4 (O1) 2.8
Asp142 (OD2) FMN (O3*) 2.43

H2O 2.65
Asp142 (OD1) H2O 2.98 FMN (O3*) 3.31 Asp146 (OD1) Lys14 (NZ) 3.5

aData from structure ((28); pdb: 1FUE).
bData from 13.
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Normal mode and principal component
analyses of apoflavodoxin motions

NMA of minimized structures provides useful infor-

mation on the mobility and correlation between different

protein regions, and it seems worthwhile to apply this

method to gain insight in the mechanism of FMN bind-

ing. The results of all-atom calculations for the lowest

frequency mode are compared in Figure 4 with those of

the GNM approximation (see Methods). When only Ca

displacements are plotted, an agreement between the two

methods is clear, which validates the coarse-grained

approach. Several regions appear to be more flexible in

the collective motion. The maximum amplitude of the

mode corresponds to loop 55–60. This movement is cor-

related with the region of Tyr92 (loop 88–98) that corre-

sponds to the second amplitude peak. The two isoalloxa-

zine binding loops are thus the two more flexible regions

of the apoprotein. Additional large amplitudes of the

mode correspond to regions adjacent to the binding

loops, that is: residues 120–130 (matching the loop spe-

Figure 2
Comparison of the FMN binding sites of Anabaena (orange) and H. pylori (blue) apoflavodoxins. In the Anabaena apoflavodoxin the isoalloxazine site is closed by the

approximation of the Trp57 side chain to Tyr94 (which is facilitated by a conformational change in the Trp57 loop). In H. pylori apoflavodoxin the isoalloxazine site is

closed by a similar conformational change, but Tyr92 simply contacts main chain atoms of a glycine residue (Gly56). While in the Anabaena structure the FMN

phosphate binding site display a bound sulphate (or phosphate) anion from the crystallization buffer (coloured by atom type), in the H. pylori one there is a bound

chloride anion (shown in green). In both cases the conformation of the FMN phosphate site is native-like. The FMN binding site is thus closed at the isoalloxazine site

and bears an anion at the phosphate site. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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cific of long-chain flavodoxins, which has been described

to experience at moderate temperatures pronounced

structural changes leading to a thermal intermediate in

the apoflavodoxin from Anabaena16) and a reverse turn,

residues 34–37, adjacent to the 55–60 loop.

To gather information on the conformational fluctua-

tions experienced by apoflavodoxin residues at different

temperatures, molecular dynamics simulations have been

performed. PCA is here especially interesting due to its

ability to separate large concerted structural rearrange-

ments from irrelevant fluctuations. We have focused on

the two first principal components (Fig. 5). Thus, MD

trajectories have been analyzed for several temperatures

ranging from 50 to 330 K, with and without chloride ion

in the binding site (see M&M section). The simulations

reveal the arising, as the temperature increases, of

coupled low frequency modes in regions that contribute

to FMN binding (loops 55–60, 88–98). They are already

present at 200 K and 300 K (not shown) and become

more pronounced at 310 K, close to physiological tem-

peratures. Interestingly, the coupling disappears at 330 K

(not shown), which is probably related with the appear-

ance at this temperature of a thermal unfolding interme-

diate of similar structure to that reported for the Ana-

baena apoflavodoxin thermal intermediate,16 in which

the two binding loops and the loop specific of long-chain

flavodoxins are disorganized. This raises a note of cau-

tion with respect to the fairly common practice of per-

forming simulations at high temperature in order to

speed-up dynamics.54 Our results suggest that great care

is needed when performing flavodoxin simulations aim-

ing at detecting possible variations in mobility, because

thermal unfolding intermediates appear in all apoflavo-

doxins so far studied.55

In the absence of chloride at the FMN phosphate site,

the PCA shows (see Fig. 5) a similar behaviour to that

detected in NMA, that is: most of the mobility is con-

centrated in the isoalloxazine binding loops (residues 55–

60 and 88–98) plus the long-chain flavodoxins specific

loop, suggesting that moderate temperature fluctuations

can induce conformational rearrangement (opening-clos-

ing) in the binding site. The presence of a chloride ion at

the phosphate site (as mimicked by the inclusion of ri-

gidity in the 9–13 loop) clearly reduces the contribution

of the 55–60 loop to both PC eigenvectors. In contrast,

loop 88–98 becomes more mobile (Fig. 5). It seems,

thus, that the presence of a chloride ion bound at the

FMN phosphate site (or possibly other anions, such as

phosphate, in physiological conditions) exerts a profound

effect on the mobility of the two isoalloxazine loops.

Recently, MD simulations of the influence of phos-

phate in the dynamics of the flavodoxin from D. desulfur-

icans have been reported.54 These authors use as initial

conditions of their simulations the structure of the holo-

flavodoxin after in silico removal of the FMN group,

Figure 3
Binding of benzamidine to H. pylori holoflavodoxin. The quenching of FMN

fluorescence associated to the binding of benzamidine has been used to calculate

the strength of the complex. According to the X-ray structure, benzamidine does

not bind at the pocket near the FMN binding site that is present in the apo

form of H. pylori flavodoxin. The binding to holoflavodoxin is however clear

and could be stabilized by cation/pi interactions with FMN.

Figure 4
Square amplitude of the lowest normal mode of the apoflavodoxin from H.

pylori. The contribution of the Ca atoms to the lowest mode of the minimized

structure (all-atoms simulation with the CHARMM force field) is shown in red.

The green line comes from a coarse-grained approach (see M&M) and

represents the square amplitude of the first normal mode of the GNM analysis.

In grey shadow, the all atom average amplitude per residue is shown. The good

agreement between the Gaussian Network’s mode and the corresponding

amplitudes arising from the all-atom analysis underlines the relevance of the

correlated motions of the 55-60 and 88-98 loops, as well as the usefulness of the

simplified model. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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because the structure of the corresponding apo form is

not available. Thus, their trajectories may well capture

some relaxations events not related to anion binding. In

addition, the simulations are performed at a high tem-

perature where the native state is not the dominant con-

formation (see above). In spite of these differences, the

two studies support that binding of either phosphate (in

D. desulfuricans) or chloride (in H. pylori) induces a

higher rigidity in the 50–55 binding loop. Whether this

facilitates the binding of the cofactor remains, in our

view, uncertain. However, it is possible that the greater

mobility (and accessibility) of Tyr92 in the presence of a

bound anion may assist in the binding reaction where

this tyrosine is expected to be crucial, as judged from the

role of the equivalent tyrosine residues in the apoflavo-

doxins from other species.10,54

Insight into the mechanism of FMN binding
by apoflavodoxin

The FMN molecule consists of three parts: the redox

active isoalloxazine ring, the connecting ribityl chain, and

the terminal phosphate. Both the isoalloxazine and the

phosphate binding sites are more conserved among flavo-

doxins than the ribityl one.28 Thermodynamic analysis

of the contribution of each of these parts to the binding

energy of the complex indicates that the phosphate and

the ring make the greatest contributions, while the ribityl

Figure 5
Summary of the MD analysis discussing the effect of the anion presence at the binding site. (Top panels): Superposition of two representative snapshots of residues taking

part of the FMN binding site extracted from trajectories at 310K. The holo structure (green) and the apo structure (light blue) are also represented. (Bottom panels):

Graphical comparisons of the first and second principal modes (PCA) describing the magnitude of fluctuations per residue without chloride (A) and with chloride ion

(B). The colour lines correspond to the Ca contributions to the principal mode at T¼310 K. In the presence of chloride, the cooperative large amplitude motion observed

between the isoalloxazine binding loops 55-60 and 88-98 disappears, the mobility of loop 55-57 is decreased, and that of loop 88-98 is enhanced. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
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hardly stabilises the complex.9 One would thus expect

that the apoflavodoxin/FMN primary recognition event

took place at either the phosphate or the isoalloxazine

site. The structure of the apoflavodoxin from Anabaena

revealed that the isoalloxazine pocket was closed while

the phosphate binding site appeared in a native confor-

mation with a bound sulphate ion from the crystallisa-

tion buffer perfectly mimicking the conformation of the

FMN phosphate in the holoprotein. Based in this struc-

ture, it seemed to us plausible that FMN binding would

start by interaction at the phosphate site, which would

either trigger the opening of the isoalloxazine site or sim-

ply increase the rate of isoalloxazine intercalation

between Trp57 and Tyr94 by a proximity effect. Subse-

quent mutational and kinetic work in our laboratory on

the Anabaena complex, however, evidenced10 that the

transition state of binding involved strong and weak,

respectively, interactions between the isoalloxazine and

the side chains of Tyr94 and Trp57, and no interactions

with the phosphate binding residues Thr12 and Thr15,

which strongly suggests that the primary recognition

event takes place at the isoalloxazine site. This is

also supported by the fact that riboflavin (nonphosphori-

lated FMN) binds much faster to apoflavodoxin than

FMN.10 An important energetic role of the aromatic res-

idues at the isoalloxazine site in the transition state

of binding has also been recently observed in other flavo-

doxin,54 while other studies have stressed the possibil-

ity of alternative primary binding events taking place

at the phosphate or at the isoalloxazine site depend-

ing on the concentration of phosphate in the solu-

tion.56–58

We have now determined the X-ray structure of a sec-

ond apoflavodoxin, from the pathogen Helicobacter

pylori, avoiding both high ionic strength conditions and

the presence of phosphate or sulphate ions. Comparison

of the structures of the Anabaena and Helicobacter apo-

flavodoxins allows discerning whether the distinctive fea-

tures observed in the Anabaena X-ray structure are due

to the buffer conditions or just characteristic of the pro-

tein. In spite of not having a bulky Trp side chain in the

55–60 binding loop that could help to stabilise an alter-

native loop conformation by forming an interaction with

Tyr92, large rearrangements of the dihedral angles of sev-

eral residues in the Helicobacter 55–60 loop allow it,

nevertheless, to approach Ty92 and close the empty isoal-

loxazine site (Fig. 6). The interaction between the two

loops is reinforced in the Helicobacter apoprotein by new

contacts established between the Gly56 carbonyl oxygen

and the CZ atom of Tyr92 (at 3.23 Å in the apoprotein

but quite distant in the functional complex: 8.20 Å) and

by the Gly58 CA carbon and the side chain oxygen of

Thr95 (3.46 Å in the apoprotein and 4.79 Å in the com-

plex). Thus, the isoalloxazine binding site appears also

closed in the Helicobacter apoprotein and the closure can

not be attributed either to strong interactions between

aromatic binding residues or to a strengthening of hydro-

phobic interactions in high ionic strength conditions. It

Figure 6
(A) Molecular surface representation of the holo H. pylori flavodoxin showing the electrostatic potential (negative in red and positive in blue). The FMN cofactor is

drawn in a stick representation. (B) Molecular surface representation of the apo H. pylori flavodoxin. A chloride ion is represented as a green sphere. A large part of the

FMN binding pocket of the holoprotein appears closed in the apo structure. In contrast, the phosphate biding site is in a nativelike conformation and bears a chloride ion.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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seems that the 55–60 loop displays significant structural

flexibility (previously noticed in X-ray studies of wild

type and mutant Anabaena variants9), which allows it, in

the apo form, to fill the empty space left by the cofactor

and give rise to a more compact and more stable confor-

mation. Although the temperature factors of the isoallox-

azine binding sites in the two apoflavodoxins are not

especially high, it should be recalled that the NMR evi-

dence on the Anabaena and Azotobacter apoflavodox-

ins26,27 seems to indicate that the closed, more stable

structures observed in the crystal, are probably in equi-

librium with more open conformations. We have investi-

gated the flexibility of these binding loops by NMA and

PCA using both simplified and all-atom simulations, and

our analysis indicates that these loops are, together with

the long loop specific of long-chain flavodoxins, the most

flexible regions of the protein, and that their dynamics

are coupled and markedly influenced by the presence of

anions bound at the phosphate site. Besides, the simula-

tions capture the expected uncoupling of these three

loops at around 330 K, where the Anabaena apoflavo-

doxin has been described to populate an alternative

partly unfolded conformation in which the three loops

are disorganized.16

The additional focus of interest relating the mechanism

of FMN recognition is the phosphate binding site. This

time, neither phosphate nor sulphate ions were present

in the crystallization buffer, yet Helicobacter apoflavo-

doxin unexpectedly managed to bind a chloride ion that

similarly mimics the FMN phosphate of the holoprotein.

Since the chloride concentration in the buffer was not

very high (0.2 M) we interpret that, in the absence of the

cofactor, the phosphate binding loop and N-terminus of

helix 1 capture other suitable small anions available in

the solution. This raises a note of caution for the future

design and interpretation of kinetic studies of FMN/apo-

flavodoxin interaction as a function of phosphate. As

they have often been done at constant, high ionic

strength values, typically provided by high sodium chlo-

ride concentrations10,57 it is quite possible that chloride

ions were bound in the phosphate binding site at low

phosphate concentrations. Having or not having phos-

phate in the solution might not be as important in this

respect as having a high or a low concentration of small

anions.

CONCLUSIONS

The two apoflavodoxin structures (1ftg28 and 2bmv,

this work) thus tell us that, in spite of differences in

sequence and in crystallisation conditions, apoflavodoxins

(at least long-chain ones) display closed, non-native, isoal-

loxazine binding sites together with native-like, rather pro-

miscuous, phosphate binding sites that tend to carry

bound anions. In this respect, neither of the two binding

hot spots in apoflavodoxins is readily available for FMN

interaction: the isoalloxazine site due to its closed confor-

mation and the phosphate site due to the presence of al-

ternative ions. The mutational analysis of the transition

state of binding, and the faster binding of riboflavin com-

pared to FMN10 suggest that the recognition begins at the

isoalloxazine site, which could be facilitated by the well-

documented flexibility of the isoalloxazine binding loops

by X-ray,9 by NMR26,27 and by computer simulations

(this work). Since it now appears that apoflavodoxins,

under physiological conditions, will generally bear bound

anions at the binding site of the FMN phosphate, the pro-

posed role of such anions (whether phosphate or others)

in facilitating the opening of the isoalloxazine site cannot

be discarded at present. In this respect, our simulations

suggest that ion binding could make the Trp and Tyr loops

less and more mobile, respectively. Whether this contrib-

utes to facilitate FMN binding remains to be tested.

ACKNOWLEDGMENTS

NC, MB, SC and DP were supported by MEC fellow-

ships, CM by a fellowship from the Junta de Andalucı́a

(Spain) and IP-D by a CSIC fellowship.

REFERENCES

1. Mayhew SG, Tollin G. General properties of flavodoxins. In: Müller

F, editor. Chemistry and biochemistry of flavoenzymes, Vol. III.

Boca Raton, Florida: CRC Press; 1992. pp 427–466

2. Ludwig ML, Luschinsky CL. Structure and redox properties of Clos-

tridial flavodoxin. In: Müller F, editor. Chemistry and biochemistry

of flavoenzymes, Vol III. Boca Raton, Florida: CRC Press; 1992. pp

427–466.

3. Sancho J. Flavodoxins: sequence, folding, binding, function and

beyond. Cell Mol Life Sci 2006;63:855–864.

4. Andersen RD, Apgar PA, Burnett RM, Darling GD, Lequesne ME,

Mayhew SG, Ludwig ML. Structure of the radical form of clostridial

flavodoxin: a new molecular model. Proc Natl Sci USA 1972;69:

3189–3191.

5. Watenpaugh KD, Sieker LC, Jensen LH, Legall J, Dubourdieu M.

Structure of the oxidized form of a flavodoxin at 2.5-Angstrom re-

solution: resolution of the phase ambiguity by anomalous scatter-

ing. Proc Natl Acad Sci USA 1972;69:3185–3188.
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