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ABSTRACT: A mechanism has been proposed for the binding of flavin mononucleotide (FMN) and riboflavin
to the apoflavodoxin fromDesulfoVibrio Vulgaris [Murray, T. A., and Swenson, R. P. (2003)Biochemistry
42, 2307-2316]. In this model, the binding of the flavin isoalloxazine ring is dependent on the presence
of a phosphate moiety in the phosphate-binding subsite, suggesting a cooperative interaction between
that region and the ring-binding subsite. In the absence of inorganic phosphate, FMN can bind through
the initial association of its 5′-phosphate group in the phosphate-binding subsite followed by insertion of
the flavin ring. Because riboflavin lacks the 5′-phosphate group, it is unable to bind to this apoprotein in
the absence of inorganic phosphate in solution. However, inorganic phosphate can enhance the rate of
ring binding by occupying the phosphate-binding subsite. In this paper, NMR, near-UV circular dichroism
(CD), and fluorescence spectroscopy provide evidence for a phosphate-induced conformational change
within the isoalloxazine ring-binding subsite. Phosphate-dependent changes in the chemical shifts of 22
amide groups were observed in1H-15N HSQC NMR spectra. The majority of these groups are proximal
to the phosphate-binding subsite or the loops that constitute the isoalloxazine ring-binding site. Also, a
phosphate-dependent change in the environment or position of the Trp60 side chain was apparent in the
NMR data and was confirmed by associated changes in the near-UV CD and tryptophan fluorescence
spectra when compared to the spectra of the W60A mutant. These data suggest that phosphate, either the
5′-phosphate of the FMN or inorganic phosphate from solution, facilitates the movement of the side chain
of Trp60 out of the isoalloxazine ring-binding site and other associated conformational changes, creating
a population of apoflavodoxin that is capable of binding the isoalloxazine ring. This conformational switch
may explain why some apoflavodoxins cannot bind riboflavin and also supports the “aromatic gate” model
proposed from the crystal structure of theAnabaenaapoflavodoxin [Genzor, C. G., Perales-Alcon, A.,
Sancho, J., and Romero, A. (1996)Nat. Struct. Biol. 3, 329-332].

The study of flavodoxin as a model system for flavin
mononucleotide (FMN)1-binding domains in more complex
flavoproteins has resulted in a better understanding of the
remarkable cooperative interactions that occur between
protein and flavin and how these interactions influence the
properties of the bound cofactor. These studies have been
greatly facilitated by the availability of high-quality X-ray
crystal structures for several holoflavodoxins, often in all
three redox states of the cofactor (1, 2). The cofactor-binding
site in the flavodoxin and related FMN domains is primarily
formed by three polypeptide loops. One loop forms an
unusual binding site for the 5′-ribityl phosphate of the

cofactor (the phosphate-binding subsite) through several
hydrogen bonding interactions, but without ion pairing. Two
other loops form the majority of the binding site for the flavin
isoalloxazine ring (the ring-binding subsite). InDesulfoVibrio
Vulgaris flavodoxin, this site consists of the 60’s and 90’s
loops, which contribute all of the hydrogen bonding interac-
tions with the ring as well as two aromatic residues that flank
either face of the flavin ring (3-5). Despite this structural
information, little is known about the mechanism for the
binding of the cofactor to the apoflavodoxin, and many
aspects remain a matter of some debate. The X-ray crystal
structure of theAnabaena apoflavodoxin has recently
provided some insight. The presence of a closed isoalloxazine
ring-binding subsite and a preformed phosphate-binding
subsite led the authors to propose that the 5′-phosphate
moiety of the FMN initiates the binding of the cofactor to
the apoflavodoxin (6). However, an NMR study of the
flavodoxin fromAzotobacterVinelandiisuggests that the loop
regions of the apoflavodoxin are very flexible and that the
crystal structure may not be representative of the apofla-
vodoxin solution structure (7).
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In the preceding paper, kinetic data were used to propose
a model for the binding of FMN to the flavodoxin fromD.
Vulgaris, a close homologue of theAnabaenaprotein,
especially in terms of the flavin-binding site (8). The
importance of phosphate for the binding of flavin was a
striking feature of that study. Time courses of FMN binding
as followed by stopped-flow fluorimetry revealed biphasic
fluorescence quenching when inorganic phosphate was
present in the buffer solution. The rates associated with each
phase were oppositely affected by increasing phosphate
concentrations: the rate of the slower phase decreased and
the rate of the faster phase increased. In the absence of
phosphate, only one quenching phase was observed. Simi-
larly, only one phase was noted for riboflavin binding when
inorganic phosphate was present in the buffer, while binding
was not detected in the absence of phosphate. As observed
for the fast phase of FMN binding, the rate of riboflavin
binding increased with increasing phosphate concentrations.
These data led to a model in which FMN can bind to the
flavodoxin in either of two modes: the phosphate-first mode
(slow phase) and the ring-first mode (fast phase), based on
which moiety of the cofactor initiates the binding interaction.
The data strongly indicate that a bound phosphate group,
either the 5′-ribityl phosphate of the cofactor or inorganic
phosphate from the buffer, is required for initiation of the
binding of the isoalloxazine ring to the apoprotein. When
phosphate is absent, the model suggests that the apofla-
vodoxin is in a conformation that does not allow ring-first
binding, and the FMN must initially bind via the phosphate-
first mode, which then promotes ring binding. Because
riboflavin lacks the 5′-ribityl phosphate group of FMN, it
can only bind through the ring-first mode and only in the
presence of inorganic phosphate.

Can this mechanism be reconciled with the structural basis
of cofactor binding? On the basis of the crystal structures
for both theAnabaenaholo- and apoflavodoxins, an “aro-
matic gate” hypothesis has been proposed (6, 9). This
flavodoxin has an FMN binding site homologous to theD.
Vulgaris flavodoxin, including the presence of tryptophan

(Trp57) and tyrosine (Tyr94) residues at positions similar
to those of Trp60 and Tyr98, respectively, in theD. Vulgaris
protein (Figure 1). In theAnabaenaholoprotein, the indole
NH group of Trp57 appears to be hydrogen-bonded directly
to the phosphate moiety of the FMN molecule (Figure 1A).
In the apoprotein, the side chain of Trp57, the aromatic gate,
moves into and occupies a portion of the flavin isoalloxazine
ring-binding site in the apoprotein (Figure 1B). Thus, these
differential interactions between the phosphate moiety and
the indole side chain could account for the cooperative
binding effects between the phosphate-binding subsite and
the structure of the ring-binding subsite that are apparent in
the kinetic studies for theD. Vulgaris flavodoxin (8).
However, the situation in this flavodoxin is somewhat
different in that the side chain indole of Trp60 does not
appear to hydrogen bond directly with the phosphate of the
FMN, but instead hydrogen bonds with the side chain
hydroxyl of Ser58, which in turn hydrogen bonds with the
phosphate moiety of the FMN (Figure 1C). In this case, the
binding of a phosphate group within the phosphate-binding
subsite could promote the movement of the side chain of
the tryptophan out of the ring-binding pocket via changes
in the position of the side chain of Ser58, facilitating the
binding of the isoalloxazine ring of FMN or riboflavin. In
this study, nuclear magnetic resonance (NMR) spectroscopy
was used to investigate the structural changes to holofla-
vodoxin, the riboflavin-apoflavodoxin complex, and the
apoflavodoxin itself that may be induced by phosphate
binding, especially in the ring-binding subsite. These data
together with near-UV circular dichroism (CD) and intrinsic
tryptophan fluorescence spectroscopy of wild-type and
W60A apoflavodoxin provide more direct evidence for
cooperative interactions between the phosphate- and ring-
binding subsites that involve Trp60 that support the aromatic
gate hypothesis for cofactor binding.

EXPERIMENTAL PROCEDURES

Materials. The FMN that was used was extracted from
recombinant wild-type flavodoxin fromClostridium beijer-

FIGURE 1: Representations of portions of the FMN binding sites from the X-ray crystal structures for theAnabaenaholoflavodoxin (A),
theAnabaenaapoflavodoxin (B), and theD. Vulgarisholoflavodoxin (C). In theAnabaenaflavodoxin, the indole ring of Trp57 is hydrogen
bonded directly to the 5′-phosphate group of the FMN. In theD. Vulgaris flavodoxin, however, the indole of the equivalent tryptophan
(Trp60) hydrogen bonds to the hydroxyl group of a neighboring serine (Ser58) that, in turn, is hydrogen bonded to the phosphate group.
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inckii and purified by anion-exchange chromatography.
Riboflavin was purchased from General Biochemicals, Inc.
15NH4Cl was purchased from Cambridge Isotope Laborato-
ries, Inc.; [13C]glucose was from Isotec, Inc., and D2O was
from Fluka Chemicals. All other chemicals were analytical
reagent grade.

Protein Expression, Purification, and Apoprotein Prepara-
tion. Purified recombinant wild-type and W60A mutant holo-
and apoproteins were prepared using established protocols
(8, 10-12). 15N-labeled recombinant flavodoxin was purified
from transformedEscherichia coli cultured in minimal
medium with15NH4Cl as the only nitrogen source. Doubly
13C- and15N-labeled flavodoxin was also prepared from host
E. coli cells grown in minimal medium with15NH4Cl as the
only nitrogen source and [13C]glucose as the only carbon
source. Final protein preparations were greater than 95% pure
based on SDS-PAGE analysis.

NMR Spectroscopy.All NMR spectra were collected at
protein concentrations of approximately 1 mM in the
presence of 10% D2O. Two-dimensional1H-15N HSQC
spectra of the holoflavodoxin and the apoflavodoxin-
riboflavin complex were recorded in 100 mM sodium
phosphate buffer (pH 7.0) at 300 K. The apoflavodoxin1H-
15N HSQC experiments were performed in 10 mM Tris-HCl
buffer containing 0, 5, 10, 20, 30, 40, 50, 80, and 100 mM
sodium phosphate (pH 7.0) at 300 K with the ionic strength
held constant at 176 mM by the addition of NaCl. All other
NMR spectra for the holoflavodoxin, the apoflavodoxin-
riboflavin complex, and the apoflavodoxin were recorded
in 100 mM sodium phosphate (pH 7.0) at 293 K. All
concentrations and ionic strengths listed are before the
addition of D2O to a final concentration of 10% (v/v).

The 1H-15N HSQC spectra were collected on a Bruker
DRX 800 NMR spectrometer, and all other NMR spectra
were recorded using a Bruker DRX 600 NMR spectrometer.
The proton chemical shifts were referenced to TMS using
the relationδ(H2O) ) 7.83 - T/96.9 ppm, whereT is the
temperature in kelvin (13-15). The 15N and 13C chemical
shifts were referenced indirectly by using1H/X frequency
ratios of 0.101 329 118 for ammonia and 0.251 449 530 for
DSS (15-18). All data were processed using NMRPipe (19)
and analyzed using NMRView (20). The weighted average
changes in1H and15N chemical shifts (∆δavg) were calculated
using the relation∆δavg ) {[∆δH

2 + (∆δN/5)2]/2}1/2 (21).

NMR Parameters.The time domain sizes in points of the
1H-15N HSQC spectra (22) were 2048 for hydrogen and
128 for nitrogen, with spectral widths of 14 367.816 and
4865.0 Hz, respectively. For both the1H-13C HSQC (23)
and constant-time1H-13C HSQC spectra (24), the time
domain sizes were 1024 for hydrogen and 256 for carbon
and the spectral widths were 12 500 and 12 019.231 Hz,
respectively. The three-dimensional (3D)1H-15N NOESY-
HSQC spectrum (25) was acquired with time domain sizes
of 1024 (HN) × 64 (N) × 300 (H) points. The spectral
widths were 6410.256 (HN), 2432.65 (N), and 10 869.57 Hz
(H). The NOE mixing time was 100 ms. The1H-15N
TOCSY-HSQC spectrum (25) was recorded with 1024
(HN) × 60 (N) × 200 (H) points, with spectral widths of
6410.256 (HN), 2432.646 (N), and 10 869.565 Hz (H).
Isotropic mixing was achieved with a DIPSI-2rc pulse
scheme (26) with a nominal field strength of 10 kHz and a

mixing time of 43.2 ms. In the HNCACB spectrum (27),
the time domain sizes consisted of 1024 (H)× 128 (C)×
58 (N) points, with spectral widths of 12 500.0, 9057.97,
and 2587.99 Hz, respectively. The CBCA(CO)NH spectrum
(28) was acquired with time domain sizes of 1024 (H)×
104 (C) × 64 (N) points, and the corresponding spectral
widths were 12 500.0, 9057.9, and 2735.23 Hz, respectively.
Last, in the HBHA(CBCACO)NH spectrum (29), the time
domains were 512 (HN)× 128 (H) × 64 (N) points with
spectral widths of 6250.0 (HN), 3987.241 (H), and 2735.23
Hz (N).

Near-UV CD Spectroscopy. All CD spectra were recorded
at 25°C using an AVIV CD spectrometer (model 62A DS)
with a xenon lamp source. The concentration of apoprotein
used was approximately 6 mg/mL, and the path length was
5 mm. Solutions were buffered at pH 7.0 using 38.3 mM
Tris-HCl containing the desired concentration of phosphate
(0 or 150 mM) and the amount of NaCl needed to keep the
ionic strength constant at 300 mM. CD spectra were recorded
from 250 to 320 nm at 3 s/nm. Eighty scans were averaged
for wild-type apoflavodoxin in the 0 and 150 mM phosphate
solutions. Eighty scans were also averaged for the W60A
apoflavodoxin spectra in 0 mM phosphate solution, and 40
scans were averaged for W60A apoflavodoxin in 150 mM
phosphate solution. A four-point average filtering technique
was used to smooth the CD spectra.

Tryptophan Fluorescence.The intrinsic fluorescence of
the two tryptophans inD. Vulgaris flavodoxin was measured
on a Jobin Yvon Horiba Fluoromax 3 spectrofluorimeter.
Sample solutions were prepared by adding 10µL of a 300-
500 µM stock solution of either wild-type or W60A
apoflavodoxin in 0 mM sodium phosphate solution (pH 7.0)
to 2.490 mL of buffers containing 0, 10, 25, 50, 75, 100,
and 150 mM sodium phosphate, 38.3 mM Tris-HCl, and the
amount of NaCl necessary to keep the ionic strength constant
at 300 mM. All the experiments were performed at 25°C
with a fluorescence excitation wavelength of 295 nm. The
fluorescence emission was scanned from 300 to 450 nm. The
fluorescence emission spectrum of Trp60 was obtained by
subtraction of the spectrum of W60A from that of the wild
type.

RESULTS

HoloflaVodoxin Assignments.The1H and15N assignments
of the holoflavodoxin fromD. Vulgarishave been established
in 10 mM potassium phosphate (pH 7.0) (30) and in 100
mM phosphate (pH 6.5) (31). To aid in the assignment of
the riboflavin complex and the apoflavodoxin, resonance
assignments in 100 mM sodium phosphate (pH 7.0) were
confirmed with data from 3D1H-15N NOESY-HSQC and
1H-15N TOCSY-HSQC spectra (Table 1S of the Supporting
Information). The majority of the cross-peaks could be
superimposed among the three sets of holoflavodoxin as-
signments, but differences were noted in the1H and 15N
chemical shifts of some residues in the 60’s and 90’s loops
in the different buffer solutions as shown in Table 1. These
results suggest that the loop regions ofD. Vulgaris flavodoxin
are sensitive to changes in solvent conditions.

RiboflaVin-ApoflaVodoxin Complex Assignments.The
X-ray crystal structure of the riboflavin complex of theD.
Vulgaris flavodoxin is published (32), but the NMR reso-
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nance assignments are not available. In this study, the1H
and 15N assignments for the riboflavin-apoflavodoxin
complex were also established using1H-15N NOESY-HSQC
and 1H-15N TOCSY-HSQC data (Figure 2, and Table 2S
of the Supporting Information). The weighted average amide
1H and 15N chemical shift changes (∆δavg) between the
holoflavodoxin (FMN) and the riboflavin complexes were
determined using the equation of Garret et al. (21). The
average (0.075) and standard deviation (0.058) of∆δavg of
all of the amide resonances were calculated, and changes
considered to be significant were those greater than one
standard deviation above the average (0.132). Although 82%
of the backbone amide cross-peaks superimposed when the
spectrum of the riboflavin complex was compared to that of
the holoflavodoxin, 24 peaks shifted with∆δavg values

greater than or equal to 0.132 (Figure 3). All of the affected
amide resonances map to the flavin-binding site or reflect
propagation up the helices following the 60’s and 90’s loops.
A repositioning of the isoalloxazine ring is apparent in the
crystal structure (32), and the residues with changes in their
chemical shifts in the NMR data confirm a different
environment for this area of the solution structure. The teen’s
loop residues also had significant chemical shift differences
when compared to those of the holoflavodoxin, with the
largest changes occurring in residues Thr15 (0.42) and Thr12
(0.38). The large downfield shifts for Thr11 and Thr15
(Figure 2, and Table 2S of the Supporting Information)
strongly suggest that a phosphate is bound in this position
in the riboflavin complex as was observed in the X-ray
crystal structure. The HSQC spectra of the riboflavin

Table 1: Changes in the Chemical Shifts of Residues inD. Vulgaris Holoflavodoxin with Changes in Buffer Conditions

W60 G61 D62 D63 S64 E66 L67 S96 Y98 E99 Y100 F101 C102 G103
15N chemical shift (ppm)

100 mM Pi, pH 6.5a 131.1 110.8 122.5 121.8 114.2 126.5 124.6 125.2 122.9 122.1 119.2 129.7 124.4 103.7
10 mM Pi, pH 7.0b 131.6 112.1 124.2 123.3 113.6 126.8 125.3 125.6 123.2 122.1 119.2 129.8 124.6 104.2
100 mM Pi, pH 7.0c 131.7 114.1 126.9 126.1 111.1 126.5 125.9 125.4 122.7 121.3 118.1 129.3 124.1 104.1

1H chemical shift (ppm)
100 mM Pi, pH 6.5a 8.50 8.26 8.64 8.95 7.78 7.93 8.66 9.18 7.61 8.45 8.72 8.36 9.76 7.21
10 mM Pi, pH 7.0b 8.57 8.40 8.75 9.05 7.77 7.73 8.73 9.24 7.66 8.38 8.46 8.41 9.73 7.30
100 mM Pi, pH 7.0c 8.71 8.65 8.93 9.38 7.77 7.28 8.85 9.31 7.76 8.20 8.00 8.50 9.65 7.49
a Chemical shifts from Stockman et al. (31) in 100 mM sodium phosphate buffer (pH 6.5) at 300 K.b Chemical shifts from Knauf et al. (30)

in 10 mM potassium phosphate buffer (pH 7.0) at 303 K.c Chemical shifts measured in 100 mM sodium phosphate buffer (pH 7.0) at 300 K
(this work).

FIGURE 2: 1H-15N HSQC spectrum of the uniformly15N-labeledD. Vulgaris riboflavin-apoflavodoxin complex (0.65 mM) in 90 mM
sodium phosphate (pH 7.0) at 300 K in 10% D2O at an ionic strength of 176 mM. Assigned resonances are labeled with the residue
sequence number and, for the tryptophan indole cross-peaks, the atom type. The strong downfield shifts of Thr11 and Thr15 indicate the
binding of an inorganic phosphate group in the FMN 5′-phosphate-binding subsite in this riboflavin complex.
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complex in the presence of 5 and 50 mM sodium phosphate
(pH 7.0) were also collected. These spectra were identical
(data not shown), which suggests that the riboflavin complex
is not affected by the concentration of free inorganic
phosphate.

ApoflaVodoxin Assignments.The purpose of this series of
experiments was to assess any changes and alterations in
the environment of specific residues in the apoflavodoxin
in response to different concentrations of inorganic phos-
phate. The1H-15N HSQC spectrum of the apoflavodoxin

FIGURE 3: Weighted average1H and15N chemical shift changes (∆δavg), as determined using the equation of Garrett et al. (21), between
holoflavodoxin (FMN) and the apoflavodoxin-riboflavin complex for each residue in the complex. Changes greater than 0.132, which are
considered to be statistically significant, are primarily localized to the three loops that make up the FMN-binding site.

FIGURE 4: 1H-15N HSQC spectrum of uniformly15N-labeledD. Vulgaris apoflavodoxin (1 mM) in 72 mM sodium phosphate and 10 mM
Tris-HCl (pH 7.0) at 300 K in 10% D2O at an ionic strength of 176 mM. Assigned resonances are labeled with the residue number and,
for the tryptophan indole cross-peaks, the atom type.
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in 100 mM sodium phosphate (pH 7.0) is shown in Figure
4. Unfortunately, the NMR signals for the residues in the
three loops surrounding the flavin were not observed in the
apoflavodoxin spectrum (Figure 5) (7). Thus, it appears these
loops are conformationally disordered on the millisecond to
microsecond time scale. Also, the spectral dispersion was
reduced in the spectrum of the apoprotein, resulting in
significant overlap; this made intractable the assignment of
some resonances, even with triple-resonance spectra. Nev-
ertheless, the assignments for a significant portion of the
apoprotein could be obtained (Figure 5, and Table 3S of the
Supporting Information), yielding a great deal of information.

Phosphate Competition in ApoflaVodoxin HSQCs.The
1H-15N HSQC spectrum of the apoflavodoxin was estab-
lished in different concentrations of phosphate buffer, but
at a constant ionic strength of 176 mM (before the addition
of D2O and as adjusted with the addition of NaCl). Because
of declining probe performance at higher ionic strengths,
experiments were performed up to a maximum phosphate
concentration of 100 mM. As can be seen in Figure 6, some
of the resonances did shift as the concentration of inorganic
phosphate was increased; the majority, however, were
unaffected by the phosphate concentration. The weighted
average chemical shift change (∆δavg) between 0 and 100
mM phosphate was calculated (21) for all of the cross-peaks.
The average (0.036) and standard deviation (0.023) of the
∆δavg values were measured, and significant changes were
again considered to be those greater than one standard
deviation above the mean (0.060). Twenty-two resonances
met this criterion: 16 assigned backbone amides, two
unassigned backbone amides, one assigned side chain indole
NH, and three unassigned side chain amides (Table 2). All

of the assigned residues with significant chemical shift
changes are located near the FMN-binding site, either before
or after the loops themselves, or in regions near the loops
(Figure 7).

In each case, a hyperbolic curve was approximated when
the ∆δavg was plotted against the phosphate concentration,
yielding an apparent dissociation constant for inorganic
phosphate and apoflavodoxin (Figure 8) (33). A list of the
residues with significant chemical shift changes (and their
apparent dissociation constants) is given in Table 2. The
global fit of all of the data to a single-site binding isotherm
generated an apparentKd value of 51( 4 mM. This value
is quite similar to the apparentKd value of 45( 9 mM for
the apoprotein-phosphate complex observed in the kinetic
studies (8).2

The resonances associated with the protons on the indole
nitrogens of the tryptophan residues require further comment.
When no phosphate was present in the buffer solution, there
were only two signals in the “indole” region of the HSQC
spectrum, corresponding to the two tryptophans inD.
Vulgaris flavodoxin (Trp60 and Trp140). However, as the
phosphate concentration was increased, the signal from one
of the tryptophan indole groups split into two components,
one centered at the original chemical shift, the volume of

2 Equilibrium dialysis with radiolabeled phosphate was applied in
an attempt to provide more direct evidence for the binding of inorganic
phosphate and to confirm thisKd value. However, the binding of
radiolabeled phosphate could not be reliably detected above the high
background of unbound radioactivity. In fact, the detection limit for
this method under our conditions was calculated to bee30 mM, which
is lower than the apparentKd value for the apoflavodoxin-phosphate
complex obtained from the NMR and kinetic data.

FIGURE 5: Location of the assigned amide groups ofD. Vulgaris
apoflavodoxin as determined using the triple-resonance NMR
spectral data. All assigned residues are represented in black on the
backbone trace based on theD. Vulgaris holoflavodoxin crystal
structure, while the unassigned residues are shaded in gray. Sixty-
nine percent of the residues in the apoflavodoxin are assigned.

Table 2: Residues in theD. Vulgaris Apoflavodoxin that Display
Significant Changes in the Chemical Shift Values for Their1H-15N
HSQC Cross-Correlation Peaks with Increasing Concentrations of
Inorganic Phosphate

residue ∆δavg (ppm)a Kd (mM)

Val7 0.10 32( 10
Glu20 0.10 13( 2
Asp34 0.06 18( 3
Arg36 0.11 71( 5
Ser40 0.11 91( 7
Leu55 0.11 39( 3
Gly56 0.10 38( 17
Leu67 0.08 22( 4
Gln68 0.09 40( 10
Gln84 0.07 49( 3
Gly85 0.10 46( 10
Lys87 0.07 101( 6
Phe91 0.07 49( 3
Gly94 0.08 57( 12
Ala117 0.08 39( 3
Arg125 0.07 49( 3
Ile126 0.07 90( 4
Gly128 0.10 46( 10
Trp60indole

b 0.13 101( 6
UAc 0.21 75( 17
UAc 0.13 101( 6
SCd 0.13 65( 23
SCd 0.11 25( 5
SCd/UAc 0.11 47( 15

a Weighted averages (including both1H and 15N chemical shift
values) were determined by the equation of Garrett et al. (21). Error
values for∆δavg are(0.02. b Indole NH group of Trp60.c Unassigned
backbone amide.d Unassigned side chain amides.

2322 Biochemistry, Vol. 42, No. 8, 2003 Murray et al.



which decreased with increasing phosphate and one which
emerged from the first and shifted downfield, the volume of
which increased with increasing phosphate (Figure 9). On
the basis of the unambiguous assignment of the backbone
amide of Trp140 using three-dimensional NMR spectra, the
peak less affected by the concentration of phosphate could
be assigned to the indole of Trp140 using NOE connectivities
to the backbone resonance. Therefore, the other two peaks
were assigned to the side chain of Trp60. Thus, the reported
change in chemical shift measured for the indole of Trp60
is the change in the position of the secondary peak relative
to the primary peak. This change in chemical shift follows
an apparent phosphate-binding isotherm, generating a value
for the apparent dissociation constant that is similar to that
observed from the kinetic data (Table 2).

Near-UV Circular Dichroism and Fluorescence Spectros-
copy. Because of the change seen in the NMR data for Trp60,
near-UV CD and tryptophan fluorescence spectroscopy were
used to investigate this residue further. The near-UV CD
spectrum is dominated by the absorbance of the two
tryptophan residues present inD. Vulgaris apoflavodoxin
(Trp60 and Trp140). There were no differences observed in
the spectra of W60A apoflavodoxin in 0 and 150 mM
phosphate solutions (Figure 10B). However, differences in
the near-UV CD spectrum of wild-type apoflavodoxin were
noted when the concentration of phosphate was increased
(with the ionic strength held constant using NaCl) (Figure
10A). There was a decrease in the molar ellipticity of the

apoflavodoxin in the 150 mM phosphate solution, especially
in the 250-270 and 290-300 nm regions (Figure 10C).
Because there were no differences observed for W60A
apoflavodoxin, the differences observed in the wild-type
spectrum are very likely due to changes in the environment
of Trp60 only. Decreased intensity in CD spectra is often
associated with increased mobility of the residue(s) respon-
sible for the absorbance; therefore, this decrease could be
due to increased mobility of the tryptophan residue (34).
Similarly, on the basis of the comparison of the fluorescence
emission spectra of the wild-type and W60A apoflavodoxins,
the fluorescence due to Trp60 increased with increasing
concentrations of phosphate in the buffer (Figure 11). This,
too, may be due to an increase in mobility or solvent
accessibility of the residue. Thus, the CD, fluorescence, and
NMR data were all indicative of a change in the environment
of Trp60 as the concentration of phosphate increased.

DISCUSSION

On the basis of the kinetic studies of the flavodoxin from
D. Vulgaris, a minimal mechanistic model was proposed for
the binding of FMN and riboflavin to this apoprotein (8).
Two different binding modes were apparent in that study,
which were termed the phosphate-first and ring-first binding
modes. In the presence of phosphate, FMN binds by either
mode but at differing rates, resulting in two fluorescence-
quenching phases. However, a single kinetic phase was
associated with the binding of riboflavin, which can only

FIGURE 6: Overlaid1H-15N HSQC spectra of uniformly15N-labeledD. Vulgaris apoflavodoxin (1 mM) in 0 mM phosphate solution (pH
7.0) (black) and in 100 mM sodium phosphate (pH 7.0) (red). The phosphate solutions are as described in Experimental Procedures. Several
representative resonances that display a significant change in their weighted average chemical shift value (∆δavg) with increasing concentrations
of inorganic phosphate are circled and labeled with the residue sequence number for clarity.
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bind via the ring-first mode. In the absence of inorganic
phosphate in solution, the binding of FMN becomes monopha-
sic while riboflavin does not bind appreciably. These results
suggest that the ring-binding mode is dependent on the
presence of inorganic phosphate and that a cooperative
interaction exists between the phosphate- and ring-binding
subsites.

To further investigate this hypothesis, more direct bio-
physical evidence for phosphate binding and cooperative

conformational changes was sought. Changes in the backbone
amide chemical shifts of the flavodoxin verified that
inorganic phosphate is able to bind to the apoprotein with
an apparentKd value similar to that observed in the kinetic
studies (8). The 1H-15N HSQC NMR data also provided
information about the location of the inorganic phosphate-
binding site and the regions affected by its binding. This
information, together with the near-UV CD and fluorescence
spectroscopic data, supports a cooperative interaction be-
tween the phosphate- and ring-binding subsites. Further
insights can be obtained from these data as follows.

On the basis of the X-ray diffraction data of the apoprotein,
it was expected that the binding of inorganic phosphate would
perturb several amide resonances in the teen’s (phosphate-
binding) loop, especially the amide peaks of residues Thr11
and Thr15. Unfortunately, these resonances and others in
this loop were not observed in the apoflavodoxin HSQC
spectra, most likely because of flexibility (Figure 5).
Phosphate binding could be expected to “stiffen” this loop,
allowing for the identification of new resonance peaks that
could be assigned to teen’s loop residues at increased
concentrations of phosphate. However, this was not observed.
Given the weak binding of inorganic phosphate (with an
apparentKd of ∼45 mM), thekoff can be expected to be too
fast on the NMR time scale for these cross-peaks to be
observed. However, chemical shift changes were noted in
the backbone amides of Val7 and Glu20, which flank either
side of the teen’s loop (Figures 5 and 7). This gave a good
indication that the loop between these residues was also
experiencing environmental changes associated with phos-
phate binding and that inorganic phosphate was binding in
the 5′-ribityl phosphate group subsite of the FMN binding
site.

Phosphate-dependent changes were also evident in the
60’s and 90’s loops, which constitute much of the isoallox-
azine ring-binding site. Again, because of their flexibility,
most of the amide resonances in these loops were not
observed. However, significant chemical shift changes were
observed in residues that flank each loop, including Leu55,
Gly56, Leu67, Gln68, Phe91, and Gly94 (Figures 5 and 7).
Phosphate-dependent changes in the amide resonances of
several other neighboring residues provided additional sup-
port for modifications in the structure of the loop regions
(Figure 7). Alterations in the resonances of Asp34 and Arg36
may reflect structural changes in the teen’s loop. Nearby,
Ser40 also displayed a significant chemical shift change,
which could have been due to the rearrangement of Asp34
and Arg36 because of their interaction with teen’s loop
residues. This change in Ser40 could also have been due to
rearrangement of the 60’s loop that was translated up the
helix following the 60’s loop to residues near Ser40. The
same was true for Gln84, Gly85, and Lys87; the changes in
the environment of these residues could have been due to
propagation up this helix from the 90’s loop. Ala117 is in
close contact with these residues and also with Arg36 and
Ser40 and thus also experiences environmental differences.
Finally, Arg125, Ile126, and Gly128 are all part of a loop
that is in hydrogen bonding contact with the 90’s loop.
Rearrangement of the 90’s loop could cause the chemical
shift changes observed in these residues. Thus, phosphate-
dependent changes in these peaks seem to corroborate the
changes in environment experienced by the 60’s and 90’s

FIGURE 7: Representation of the changes in the weighted average
chemical shift values (∆δavg) as a function of the concentration of
phosphate for theD. Vulgaris apoflavodoxin. The diameter of the
tube representing the peptide backbone is proportional to the value
for ∆δavg; i.e., the larger the diameter, the larger the∆δavg value.
Those residues with significant∆δavgvalues are labeled. The dashed
lines represent regions of the apoprotein for which the residues
could not be assigned. This figure was prepared using the program
MOLMOL (35) and the coordinates for theD. Vulgarisholoprotein.

FIGURE 8: Examples of the effect of phosphate on the weighted
average chemical shift values (∆δavg) of select residues inD.
Vulgarisapoflavodoxin plotted against the phosphate concentration.
The solid lines represent nonlinear regression fits of the data to a
single-site binding isotherm: (A)Kd ) 40 ( 10 mM for Gln68,
(B) Kd ) 32 ( 10 mM for Val7, (C)Kd ) 57 ( 12 mM for Gly94,
and (D)Kd ) 46 ( 10 mM for Gly128.
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loops and support the hypothesis that these loops are
responding to phosphate binding to the 5′-phosphate-binding
subsite of FMN.

The strongest indicator of phosphate-induced changes in
the structure of the 60’s loop was provided by chemical shift
changes in the side chain indole of Trp60, which by analogy
to the Anabaenaflavodoxin may be part of the so-called
aromatic gate for cofactor binding in this protein (6).
Although three peaks are observed in the indole region of
the HSQC spectra of the apoflavodoxin in the presence of
phosphate, there are only two tryptophan residues inD.
Vulgaris flavodoxin (Figure 9). The peak less affected by
phosphate was assigned to Trp140, indicating the other two
peaks result from the splitting of the resonance from the side
chain of Trp60. This splitting strongly suggests that, in the
presence of phosphate, the side chain is sampling two distinct
environments. Furthermore, as the concentration of phosphate
was increased, the chemical shift of the population-weighted
average shifted further from the first environment, resulting
in a decrease in the volume of the original resonance peak
and a corresponding increase in volume for the additional
peak representing the second environment. Because the only
variable in these experiments was the concentration of
inorganic phosphate, two cross-peaks of the indole of Trp60,
and especially the appearance of one emerging from the
other, provided a strong indication of the phosphate-
dependent movement of this side chain.

Two other methods were used to independently confirm
this apparent phosphate-dependent conformational change for
Trp60: near-UV CD and tryptophan fluorescence spectros-
copy. In both cases, comparisons were made between the
wild type and the W60A mutant to show that the changes in
the spectra were due to Trp60. There was a decrease in the

molar ellipticity of the near-UV CD spectrum for wild-type
apoflavodoxin in 150 mM phosphate solution when com-
pared to the spectrum of the wild type where no inorganic
phosphate was present (Figure 10A); however, there were
no differences in the spectra of W60A apoflavodoxin in
solutions containing 0 or 150 mM phosphate (Figure 10B).
This finding suggested that the differences in the wild-type
spectrum were due to changes in the environment of Trp60.
A decrease in ellipticity, as observed for the wild-type
spectrum in the 150 mM phosphate solution, is suggestive
of increased mobility for Trp60. Also, the fluorescence of
Trp60 increases as the concentration of phosphate is in-
creased (Figure 11). An increase in the intrinsic fluorescence
is expected if Trp60 moves away from the ring-binding site
and Tyr98 as phosphate binds to the apoflavodoxin.

Thus, all of the NMR, CD, and fluorescence data taken
together strongly support our binding model (8). According
to this model, Trp60 and the adjacent loop regions become
more mobile when phosphate binds to the phosphate-binding
subsite of the apoflavodoxin, facilitating the opening of the
aromatic gate and allowing for the efficient binding of the
isoalloxazine ring of the flavin cofactor. On the basis of the
difference in1H chemical shift of the two populations of
Trp60 indole, an upper limit on the rate of the movement of
this side chain between the two states can be estimated to
be 130 s-1. The experimental rates for the binding of
riboflavin at saturating phosphate concentrations are on the
same order of magnitude or slower than this Trp60 side chain
transition (8). Thus, these observations are consistent with
the aromatic gate hypothesis and the necessary movement
of the flavin binding loops and the Trp60 side chain out of
the ring-binding subsite for the binding of the flavin
isoalloxazine ring.

FIGURE 9: Tryptophan indole region of the1H-15N HSQC spectra of uniformly15N-labeledD. Vulgaris apoflavodoxin (1 mM) in 0 mM
phosphate (A), 10 mM phosphate (B), 50 mM phosphate (C), and 100 mM phosphate (D) solutions at pH 7.0 and 300 K. All phosphate
solutions were controlled for constant ionic strength as described in Experimental Procedures. Note that the signal from one of the tryptophan
indole groups splits into two cross-peaks as the phosphate concentration increases.
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It is difficult to establish the exact mechanism by which
the opening of the aromatic gate occurs. However, it is
possible that phosphate binding may cooperatively influence
the structure of the flavin ring-binding subsite through the
hydrogen bonding network between the side chain indole of
Trp60, the side chain hydroxyl of Ser58, the backbone
carbonyl of Gly9, and the phosphate ion itself. When
phosphate binds to the phosphate-binding subsite, it stiffens
the position of the teen’s loop through its extensive hydrogen
bonding network with these residues. Because Ser58 is
hydrogen bonded to both the backbone of Gly9 and the
phosphate ion, its position could also be stiffened by the
presence of the phosphate. These interactions would help
either to pull the Trp60 side chain out of the ring-binding
subsite or perhaps to serve as a “latch” to hold the indole
gate open, enabling the binding of the isoalloxazine ring.

Conclusions. The presence of the aromatic gate seen in
the structure of theAnabaenaapoflavodoxin gives some
insight into the binding site of FMN without the cofactor
present and allows mechanisms for cofactor binding to be

hypothesized (6). The kinetics research in our previous paper
showed that the binding of FMN to the flavodoxin fromD.
Vulgaris was biphasic and that the ring-first binding phase
could only occur in the presence of inorganic phosphate (8).
The most likely scenario was that the phosphate was binding
to the phosphate-binding subsite of the FMN-binding site
and this phosphate was able to “communicate” with the ring-
binding portion of the FMN-binding site. The data in this
paper confirm this result and show that the aromatic gate
proposed in theAnabaenaflavodoxin is most likely also
present in theD. Vulgaris apoflavodoxin. On the basis of
the data, the phosphate is able to stiffen the binding loops
of the flavodoxin and hold Trp60 out of the ring-binding
site, creating a population of apoflavodoxin that is capable
of binding the isoalloxazine ring first.
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Chemical shifts of assigned1H and15N resonances of the
D. Vulgaris holoflavodoxin and theD. Vulgaris riboflavin-
apoflavodoxin complex in 100 mM sodium phosphate buffer
(pH 7.0) at 293 K and theD. Vulgaris apoflavodoxin in 100
mM sodium phosphate buffer (pH 7.0) at 300 K. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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