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ABSTRACT: Flavodoxins are small electron transferases that participate in low-potential electron transfer
pathways. The flavodoxin protein is able to separate the two redox couples of the noncovalently bound
flavin mononucleotide (FMN) cofactor through the differential thermodynamic stabilization or destabiliza-
tion of each of its redox states. In the flavodoxin fromClostridium beijerinckii, the sulfur atom of
methionine 56 is in direct contact with there or inner face of the isoalloxazine ring of the FMN cofactor.
In this study, evidence was sought for a possible role for sulfur-aromatic (flavin) interactions in the
regulation of one-electron reduction potentials in flavoproteins. Met56 was systematically replaced with
all the naturally occurring aliphatic amino acids by site-directed mutagenesis. Replacement of Met56
with alanine or glycine increased the midpoint potentials at pH 7 for the oxidized-semiquinone couple
by up to 20 mV compared to that of the wild type, while replacement by the longer chain aliphatic residues
decreased the midpoint potential by>30 mV. The midpoint potential for the semiquinone-hydroquinone
couple was less negative than that for the wild type for all the mutants, increasing by as much as 90 mV
for the M56I mutant. For the M56A mutant, the loss of∼0.5 kcal/mol in the binding energy for oxidized
FMN and an increase of 1.6 kcal/mol for the flavin hydroquinone, relative to that of the wild type, are
responsible for the observed changes in the midpoint potentials. The stability of the semiquinone complex
of this mutant was not affected. The one-election reduction potentials for the M56L, M56I, and M56V
mutants are also influenced by the differential stabilization of the three redox states; however, the
semiquinone complex was significantly less stable in these proteins. These differences are likely the
consequence of the introduction of additional steric factors and an apparent structural preference for a
smaller or more flexible side chain at this position in the semiquinone complex. While the other factors
may contribute, it is argued that the results obtained for the entire group of mutants are consistent with
the elimination of important sulfur-flavin interactions that contribute in part to the stabilization of the
oxidized and destabilization of the hydroquinone states of the cofactor in this flavodoxin. The results of
this study also demonstrate unequivocally the functional importance of this methionine residue and that
it is unique among the aliphatic amino acids in its capacity to generate the physiologically relevant low
reduction potential exhibited by theC. beijerinckii flavodoxin.

Flavodoxins are small (Mr < 20 kDa), low-potential
electron transferases that undergo oxidation-reduction at a
single, noncovalently bound flavin mononucleotide (FMN)1

cofactor. This family of flavoproteins has been extensively
investigated, and a large body of biophysical and biochemical
information is available (1). All three oxidation states of
the bound FMNsthe oxidized (OX), one-electron reduced
semiquinone (SQ), and two-electron reduced hydroquinone

(HQ)scan be observed in these proteins. The blue neutral
form of the flavin semiquinone is thermodynamically stabi-
lized, while the anionic hydroquinone is destabilized prima-
rily through unfavorable electrostatic interactions with the
surrounding protein environment (2-4). As a consequence,
both redox couples of the FMN cofactor are well separated
in the flavodoxin and each couple can be studied separately.

One of the first and most thoroughly studied flavodoxins
structurally is that isolated fromClostridium beijerinckii, for
which the X-ray crystal structure has been solved in all three
oxidation states at high resolution (5-7). As in all fla-
vodoxins, two polypeptide loops provide most of the
interactions with the isoalloxazine moiety of the FMN. One
of these loops, comprised of residues 56-59, forms a unique
turn in which the peptide bond between residues 57 and 58
adopts a mixture of both the typicaltrans and the unusual
cis conformation in the oxidized state (7, 8). Furthermore,
during reduction to the semiquinone, the carbonyl group of
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the conserved Gly57 residue undergoes a reorientation in
which the carbonyl oxygen “flips” from a position predomi-
nantly pointing away from the flavin to one in which it can
form a new hydrogen bond with the N(5)H of the blue neutral
semiquinone, contributing to the stabilization of this redox
state (6, 7, 9). The structural properties of the residues in
the second and third positions of this turn are critical in the
stabilization of the semiquinone form of the flavodoxin (7,
10). Related conformational changes have also been ob-
served in other flavodoxins (11-14), and the conserved
glycine has also been shown to be influential in the
stabilization of the FMN semiquinone in the flavodoxin from
DesulfoVibrio Vulgaris (15). Significant conformational
changes associated with the reduction of the cofactor to the
fully reduced hydroquinone are not apparent in any of the
short chain flavodoxins (9).

The residues adjacent to either face of the flavin isoal-
loxazine ring are largely conserved throughout the flavodoxin
family. The outer, orsi face, of the flavin is usually flanked
by a tyrosine or tryptophan residue. In theC. beijerinckii
flavodoxin, Trp90 appears in a nonparallel orientation with
respect to the flavin ring, while in theD. Vulgaris flavodoxin,
for example, Tyr98 is coplanar. Recent studies have
demonstrated the critical importance of aromatic stacking
interactions with thesi face of the FMN in the modulation
of the one-electron reduction potentials of the cofactor (4,
15, 16). The inner, orre face, of the cofactor is usually in
contact with one of three residues: tryptophan, leucine, or
methionine. Those flavodoxins which have a methionine at
this location generally have less negative midpoint potentials
for the ox/sq couple (Table 1). In theC. beijerinckii
flavodoxin, the sulfur atom of this methionine residue
(Met56) interacts directly with the flavin ring of the cofactor
and is situated directly over the edge of theo-xylene ring
(Figure 1). Met56 is also the first residue in a four-residue
reverse turn that is involved in the conformational change
associated with the reduction of the FMN. Additionally,
there apparently is a small oxidation state-specific confor-
mational change in the methionine side chain (7).

This study was designed to investigate whether specific
methionine-FMN interactions affect the one-electron reduc-
tion potentials of the cofactor and to explore the contribu-
tions, if any, of the size and structure of the side chain at

this particular position in the binding site. Using oligo-
nucleotide-directed mutagenesis, Met56 was systematically
substituted with all of the naturally occurring aliphatic amino
acids, including leucine, isoleucine, valine, alanine, and
glycine. Because the sulfur atom of Met56 makes direct
contact with the isoalloxazine ring of the cofactor, evidence
was sought for the role of specific sulfur-aromatic (flavin)
interactions in the regulation of one-electron reduction
potentials in flavoproteins. Also, because of its location in
the critical reverse turn made up of residues 56-59, this
residue could influence the conformational change and/or
the relative energetics of the preferred protein structures
associated with the oxidized or reduced states, indirectly
causing a shift in the midpoint potentials.

MATERIALS AND METHODS

Materials. Indigo di- and trisulfonate were purchased from
Fluka Chemicals. Benzyl viologen was obtained from Serva
Chemicals. Safranine T was purchased from Fluka and
recrystallized from 95% hot ethanol before being used.
Flavin mononucleotide was extracted from a preparation of
C. beijerinckii flavodoxin and purified by anion exchange
chromatography. All other chemicals were of analytical
reagent grade.

Bacterial Strains and Plasmids.The chemically synthe-
sized artificial gene encoding the flavodoxin fromC.
beijerinckii (MP) was previously constructed and cloned into
both the pKK223-3 expression vector and the phagemid
pBluescript (17). The Escherichia colistrains XL-1 and
AG-1 were used for expression. The CJ236 strain ofE. coli
was used in the production of uracil-enriched, single-stranded
DNA for mutagenesis.

Oligonucleotide-Directed Mutagenesis. The Kunkel method
was used to carry out the oligonucleotide-directed mutagen-
esis (18). Single-stranded DNA was generated from the
phagemidpBSFlasy (pBluescript with the synthetic fla-
vodoxin gene cloned into theEcoRI andHindIII sites) inE.
coli strain CJ236. Two degenerate oligonucleotides were

Table 1: Primary Structure and Midpoint Potentiala,b Comparisons
within the Flavodoxin Familyc

a Values reported in millivolts vs the SHE.b Eox/sq values were
adjusted, using 59 mV/pH unit, such that all reported values are at pH
7.0. c See Ludwig and Luschinsky (9), and references therein.d The
residue which interacts with there face of the FMN is bold.e TheC.
pasteurianumprimary sequence is from Fox et al. (46).

FIGURE 1: Representations of the crystal structure of theC.
beijerinckii flavodoxin highlighting the conformations of the peptide
backbone involving residues 55-60 and the side chain of Met56
in the oxidized (A) and semiquinone (B) states, viewed from the
re face of the flavin mononucleotide cofactor. Note the change in
orientation of the carbonyl of Gly57 from the O-down in the
oxidized state to the O-up in the semiquinone state with the potential
for the formation of a new hydrogen bond at N(5)H of the cofactor,
and the slight change in the structure of the Met56 side chain.
Coordinates and terminology are from Ludwig et al. (7).
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used: 5′-ATCCTGATCCTGGGTTGCTCTGC(G)XTCG-
GCGATGAAGTTC-3′ for M56L, M56I, and M56V and 5′-
GGTTGCTCTGCCYZGGGCGATGAAG-3′ for M56A and
M56G. The nucleotide in parentheses is a silent mutation
introduced for screening purposes. The underlined nucle-
otides represent the mutations that introduce the desired
amino acid substitutions: X indicates C, G, and A, Y
indicates G and T, and Z indicates G and C. Each mutation
was initially identified by restriction mapping. All of the
mutants remove anNcoI site, M56L creates anHhaI site,
M56I creates aPVuI site, M56A creates anSstII site, and
M56G creates anNciI site. All of the mutations were
confirmed by dideoxy termination DNA sequencing using
the Sequenase protocol (19). The second oligonucleotide
also has the possibility of generating two additional mutants,
M56W and M56S.

Expression and Purification of Mutant FlaVodoxin Pro-
teins. The flavodoxin structural genes for each mutant were
subcloned into thepKK223-3 expression vector using the
HindIII and EcoRI restriction sites and used to transform
either the XL-1 Blue or AG-1 strain ofE. coli for expression.
Except for the following modification, the flavodoxin ho-
loproteins were purified by a previously described procedure
(16, 20). Prior to the first anion exchange chromatographic
step, nucleic acids and flavodoxin were precipitated by
slowly adding a 1% (w/v) poly(ethylene imine) solution,
while the mixture was being stirred on ice, to a final poly-
(ethylene imine) concentration of 0.15% (w/v). Flavodoxin
was resolubilized from the resultant precipitate with 50 mM
Tris-HCl (pH 7.0) containing 300 mM NaCl. The solubilized
supernatant was diluted 3-fold with 50 mM Tris-HCl (pH
7.0) and loaded onto a DEAE anion exchange column
equilibrated to pH 7.0. The flavodoxin holoprotein was
eluted from the DEAE column, chromatographed on a
Sephadex G-50 column, and concentrated by ultrafiltration
as previously described (3, 20). The Sephadex G-50 column
was not used in the purification of the M56I mutant due to
the tendency of the FMN to dissociate from this protein.
Instead, a second anion exchange chromatography step was
applied using a Bio-Rad 5 mL High Q anion exchange
cartridge. The column was eluted with a 0 to 250 mMNaCl
gradient at 1.5 mL/min over the course of 60 min. Fractions
with an A272:A448 ratio of e4.9 were then desalted and
concentrated by ultrafiltration. All preparations were>95%
pure as determined by SDS-PAGE (21).

UV-Visible and Fluorescence Spectroscopy.All UV -
visible absorbance spectra were recorded using a Hewlett-
Packard HP 8452A diode array spectrophotometer. Extinc-
tion coefficients of the fully oxidized flavodoxin holoproteins
were determined using a protocol described by Mayhew and
Massey with a minor modification (22). An extinction
coefficient of 12 500 M-1 cm-1 at 445 nm was used for the
determination of the FMN concentration (23). Fluorescence
measurements were made at an excitation wavelength of 445
nm by monitoring the emission at 520 nm on a Perkin-Elmer
LS50B luminescence spectrophotometer.

Determination of the One-Electron Reduction Potentials.
Oxidation-reduction potentials were determined at 25°C
in 50 mM sodium phosphate (pH 7.0) as previously described
(2). The indicator dyes (with their midpoint potentials at
pH 7 and 25°C vs the standard hydrogen electrode) used
were indigo disulfonate (-116 mV), indigo trisulfonate (-75

mV), safranine T (-280 mV), and benzyl viologen (-359
mV) (24, 25). The experimental error of less than(5 mV
is estimated for midpoint potential values.

Determination of the Binding Constants for FMN. The
dissociation constants for the FMNOX complex of the wild
type and the flavodoxin mutants were determined using either
ultraviolet-visible absorption spectroscopy or fluorescence
spectroscopy under conditions identical to those used for the
determination of the midpoint potentials. Apoflavodoxin was
prepared as previously described (3, 26) and titrated into a
solution with a known FMN concentration until there were
no further changes in the absorption spectra or fluorescence.
Peak-to-valley values from ultraviolet-visible difference
spectra or the fluorescence emission at 520 nm, with
excitation at 445 nm, were corrected for dilution and plotted
as a function of added apoflavodoxin. The dissociation
constant was obtained by fitting these data to a quadratic
solution of the equation describing a normal, single-site
binding isotherm. TheKd values for the semiquinone and
hydroquinone forms of the cofactor were determined from
the linked equilibria involving theKd for the oxidized
cofactor, the determined midpoint potentials for each couple,
and the published one-electron reduction potentials of Draper
and Ingraham (27) for free FMN (28).

Molecular Modeling. Geometry-optimized structures for
each mutant protein were generated with the following
energy minimization strategy using the AMBER force field
(29) implemented using the HyperChem modeling package
(Autodesk, Inc.). In this study, the coordinates for the
oxidized (3fxn) and semiquinone (4fxn) forms of the
flavodoxin were used, although similar results were obtained
using the coordinates reported more recently (5nll). All the
residues within a 7 Å radius of the CR of residue 56 were
selected, extended to the next sp3 atom, and subjected to
100 cycles of energy minimization using the steepest descent
algorithm, using a distance-dependent dielectric with a scale
factor of 1,1-4 scale factors of 0.5, and a switched cutoff
with outer and inner radii of 14 and 10 Å, respectively. The
minimization was completed by the application of the Polak-
Ribiere conjugate gradient, using the same parameters,
converging to a rms gradient end point of 0.01 kcal Å-1

mol-1. Although the FMN atoms were included in the
calculation, the cofactor itself was not optimized because of
the uncertainty for several parameters for the flavin molecule.
Single-point energy calculations for residues of interest
(extended to the next sp3 atom) were performed similarly.
The solvent-exposed surface of the cofactor was determined
with the Quanta software package (Molecular Simulations
Inc.) using a rolling ball algorithm with a probe radius of
1.4 Å (30).

RESULTS

Generation, Expression, and Characterization of the
Mutants. A series of five flavodoxin mutants in which
Met56 was substituted with other aliphatic amino acids,
including glycine, was generated by the Kunkel method of
oligonucleotide-directed mutagenesis using two sets of
degenerate oligonucleotide primers. The flavodoxin holo-
proteins were overexpressed inE. coli using thepKK223-3
expression vector and purified as the holoprotein in the fully
oxidized state. A modification to our standard purification
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procedure was necessary, however, to purify the M56I mutant
as the holoprotein, due to the relatively low FMN binding
affinity. TheA274:A446 ratio of the final preparation of each
mutant flavodoxins was 4.5( 0.2, similar to that of the wild
type and indicative of the stoichiometric binding of the FMN
cofactor.

The visible absorbance spectra of each mutant were
determined in all three redox states during reductive titrations
with sodium dithionite under anaerobic conditions (Figure
2). The overall spectral characteristics of each mutant remain
very similar to those of the wild type in all three redox states;
however, some subtle differences were noted. Theλmax for
the oxidized flavin was shifted slightly to 448 nm in the
M56L mutant, to 446 nm for M56V, M56I, and the wild
type, and to 444 nm for M56A (based on the 2 nm resolution
of the spectrophotometer). A shift to lower wavelengths as
the size of the side chain decreases may be consistent with
a slight increase in the polarity of the flavin environment.
However, a concomitant shift in theλmax of the second
transition was not apparent, so this conclusion is somewhat
tentative (31). The characteristics of the hydroquinone
spectrum for each mutant are similar to those of the wild
type. Shoulders at 450 and 310 nm and a distinct peak
around 370 nm were noted. The extinction coefficient of
the 370 nm peak generally decreases as the size of the side
chain increases. These spectral characteristics have been
interpreted as indicating a planar, anionic hydroquinone (32).
These data are consistent with the crystal structures of other
C. beijerinckiiflavodoxin mutants, as well as that of the wild
type, which indicate that the isoalloxazine ring is planar in
all three oxidation states (7). The flavin fluorescence spectra
for all the mutants were similar, with the fluorescence

intensity quenched to values less than 1% of that of the free
FMN as in the wild type.

Determination of the Oxidation-Reduction Potentials.
The one-electron reduction potentials for both couples of the
FMN cofactor for each mutant were determined at pH 7.0
and 25°C by equilibration with redox indicator dyes with
known Em,7 values (25). The midpoint potentials of the
ox/sq couple for M56L, M56I, and M56V were all more
negative than that of the wild type, poised around-125 (
8 mV (Table 2). The midpoint potentials for the M56A (-72
mV) and M56G (-84 mV) mutants are less negative than
that of the wild type. All of these data conformed well to

FIGURE 2: Near-ultraviolet-visible absorbance spectra of the recombinant wild-typeC. beijerinckii flavodoxin and M56A, M56V, M56I,
M56L, and M56G flavodoxin mutants (A-F, respectively) for each oxidation state as determined by anaerobic reduction with sodium
dithionite. Flavodoxin in 50 mM phosphate buffer (pH 7.0) was titrated under argon in a sealed cuvette at 25°C. In each panel, the final
spectrum of the oxidized state (solid line), the blue neutral semiquinone (dot-dash line), and the fully reduced or hydroquinone (dashed
line) are represented. For each mutant, the final spectrum of the semiquinone was determined by subtracting the small amount of oxidized
species present near the midpoint of the titration and rescaled to 100%. Similarly, the final spectrum of the hydroquinone was determined
by subtracting the spectral contributions of any semiquinone and/or excess reduced dithionite remaining at the end of the titration and
rescaled. The insets are plots of the changes in absorbance in the 580 nm region (representing theλmax of the semiquinone species) vs those
in the 450 nm region (largely representing the oxidized species) during the course of the titration.

Table 2: Oxidation-Reduction Midpoint Potentialsa and FMN
Dissociation Constantsb of the Wild-TypeC. beijerinckiiand the
M56X Mutant Flavodoxins

flavodoxin Kd
ox (µM) Kd

sq (nM) Kd
hq (µM) EOX/SQ ESQ/HQ

WT 0.018( 0.002c 0.06( 0.01 0.42( 0.15 -92e -399e

M56L 0.180( 0.02d 2.46( 0.8 2.10( 0.8 -128f -345h

M56I 1.500( 0.2d 16.2( 3.5 3.30( 1.1 -122f -308h,i

M56V 0.480( 0.02d 6.31( 1.6 2.80( 1.0 -127f -328h

M56A 0.044( 0.008c,d 0.07( 0.03 0.03( 0.01 -72f,g -331h

M56G 0.270( 0.03d 0.66( 0.2 0.30( 0.11 -84f,g -326h

a Values are reported in millivolts vs the SHE at pH 7.0 and 25°C.
b The dissociation constants for FMNOX are measured at pH 7.0 and
25°C, and the FMNSQ and FMNHQ values are calculated using published
FMN midpoint potential values (27). c Determined by fluorescence
spectroscopy.d Determined by visible spectroscopy.e From Ludwig et
al. (7) and this work.f Midpoint potentials were determined using indigo
disulfonate as the redox indicator dye (25). g Midpoint potentials were
determined using indigo trisulfonate as the redox indicator dye (25).
h Midpoint potentials were determined using benzyl viologen as the
redox indicator dye (25). i Midpoint potentials were determined using
safranine T as the redox indicator dye (25).

Reduction Potentials of theC. beijerinckiiFlavodoxin Biochemistry, Vol. 37, No. 27, 19989671



the linear form of the Nernst equation, generating slopes of
59 ( 6 mV, indicative of a one-electron equilibrium at 25
°C (Figure 3).

The midpoint potentials for the sq/hq couple of all the
flavodoxin mutants, as determined by equilibration with
benzyl viologen (Em,7 ) -359 mV), were less negative than
that of the wild type (Table 2). The M56L mutant, likely to
be the most structurally conservative mutation, displayed the
smallest shift from the wild-type value, increasing by 50 mV.
Three mutants, M56V, M56A, and M56G, had intermediate
midpoint increases of 65( 4 mV. Substitution with
isoleucine resulted in the largest effect, increasing the
midpoint by more than 90 mV to a value of-308 mV. This
value, which is near the limit of the range for benzyl
viologen, was confirmed using safranine T (Em,7 ) -280
mV) as the redox indicator dye.

These results demonstrate that the one-electron reduction
potentials of both couples are highly dependent upon the
nature of the side chain at position 56. These dependencies
could result from two factors, (1) the chemistry of the
interaction between the side chain and each oxidation state
of the cofactor and (2) the relative stability of the different
protein structure found in each redox state. The contribution
of each factor will be discussed in detail below. It is also
important to emphasize that in no case was the midpoint
potential for the sq/hq couple more negative than for the
wild type.

Determination of the FMN Dissociation Constants.The
dissociation constants for FMNOX have been determined for
each mutant by visible absorption spectroscopy or alterna-
tively by spectrofluorimetry in the cases where values are
too low to obtain reliable absorbance changes. Examples
of each type of binding data are shown in Figure 4. The
titration data could be fit accurately to a quadratic form of
the binding isotherm as shown by the binding curves
associated with each plot, generating reliable values for the
dissociation constant for each mutant holoprotein. TheKd

for FMNOX was increased in all of the aliphatic amino acid
substitutions (Table 2). The two substitutions that introduce
a â-methyl group, M56I and M56V, cause the largest

decrease in affinity of FMNOX relative to that of the wild
type, increasing theKd to 1.5 ( 0.4 and 0.48( 0.02 µM,
respectively, with the smaller valine side chain allowing
tighter binding than the more bulky isoleucine. The M56L
and M56A mutants increase theKd to 0.18( 0.02 and 0.044
( 0.008µM, respectively, following the trend that a smaller
side chain at position 56 in theC. beijerinckii flavodoxin
favors binding of FMNOX. If the side chain is completely
removed, as in the M56G mutant, the binding is weakened
by approximately 6-fold relative to that of the M56A mutant
and 15-fold relative to that of the wild type.

Because free energy changes associated with binding are
pathway-independent, a thermodynamic cycle can be em-
ployed for the calculation of the dissociation constants of
both the semiquinone and hydroquinone forms of the
cofactor. Such calculations require knowledge of the binding
constant for the oxidized cofactor, the midpoint potentials
for each redox couple for each mutant, and the established
one-electron midpoint potentials for unbound FMN (28). The
calculated values for the dissociation constants for the
reduced forms of the FMN are included in Table 2. The
M56A mutant binds the blue neutral FMN semiquinone very
tightly, like that of the wild type, while all the rest of the
mutants form significantly weaker complexes with FMNSQ.
In the case of M56I, theKd for FMNSQ is increased by more
than 270-fold. In all cases, however, the semiquinone form
of the FMN is the most tightly bound oxidation state, just
as in the wild type. The FMN hydroquinone complex is
typically significantly destabilized relative to the oxidized
and semiquinone states in the flavodoxin, representing an
important means of establishing the low reduction potentials
that typify this class of flavoprotein electron transferase (9).
This trend is generally true for this series of flavodoxin
mutants. However, it is interesting to note that for the M56A
and M56G mutants the hydroquinone is bound with ap-
proximately equal affinity to the oxidized state. In the case
of M56A, this is accomplished by the significant improve-
ment (by about 14-fold) in the binding of the hydroquinone
relative to that of the wild type. The wild type and M56G
bind FMNHQ nearly equal well. The M56L, M56I, and

FIGURE 3: Determination of the midpoint potential for the ox/sq
couple (A) and the sq/hq couple (B) for the Met56 mutants. In
each case, the one-electron reduction potential was determined
during anaerobic reduction with sodium dithionite by the equilibra-
tion of each flavodoxin with a redox indicator dye with a known
midpoint potential in 50 mM phosphate at pH 7.0 and 25°C. The
data for the ox/sq couple are plotted according to the linear form
of the Nernst equation with the system potential (Eh) determined
from the distribution of the oxidized and reduced forms of the redox
indicator dye. The midpoint potential for the sq/hq couple was
calculated from the equilibration mixture of the flavodoxin and
benzyl viologen as previously described (2). Symbols in each panel
represent the data obtained for each flavodoxin as follows: (b)
M56L, (9) M56I, (2) M56V, (1) M56A, and ([) M56G.

FIGURE 4: Representative determinations of the dissociation
constant for the M56L mutant (A) and wild-typeC. beijerinckii
(B) flavodoxins. In each case, a solution of FMN with a known
concentration was titrated with substoichiometric amounts of
apoflavodoxin in 50 mM phosphate buffer at pH 7.0 and 25°C.
For the M56L flavodoxin, difference spectra were generated for
each titration point (the inset shows representative difference
spectra) and the peak-to-valley values were plotted as a function
of the total apoprotein concentration at each point in the titration.
For wild-type flavodoxin, the formation of holoprotein was
monitored by the quenching of the flavin fluorescence. Each data
set of spectral changes was fit to a quadratic solution to the equation
describing a single binding site.
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M56V mutants all displayed approximately 6-fold weaker
binding affinities for FMNHQ than the wild type (Table 2).

Molecular Modeling. Molecular modeling and molecular
mechanical calculations were initiated in an attempt to gain
further insight into the structural consequences of these amino
acid substitutions. Given the rather conservative nature of
the amino acid substitutions introduced, such calculations
are likely to yield reasonably reliable indications of the highly
localized structural effects. All of the mutant structures
converged to similar energy values, and none of the substi-
tutions introduced large changes in either the oxidized or
the semiquinone structure. The small changes that were
observed were localized within the immediate vicinity of the
substitution, with no atom moving more than 1.0 Å relative
to the equivalent position in the wild-type structure if appli-
cable. These predictions are consistent with the actual three-
dimensional structure data of other amino acid substitutions
within this loop (7) and with the minor changes in the spectral
properties of the bound FMN. The relative energy of each
mutant in both the oxidized and semiquinone states was
calculated by including only residues 55-57 in a single-
point energy calculation using the AMBER force field with
the same parameters used in the energy minimization calcu-
lations. The difference in conformational energies between
the oxidized and semiquinone states can be used as a measure
of the relative stability of the semiquinone structure for each
mutant in this localized region only. Calculated differences
in the single-point energies for this region between the
semiquinone and the oxidized state varied from 0.2 kcal/
mol for M56G to 2.2 kcal/mol for the M56L mutant,
suggesting that in the absence of other nonbonding interac-
tions a smaller side chain at position 56 favors the formation
of the semiquinone structure. While one must exercise some
caution in the interpretation of geometry-optimized structures,
the substitutions also appear to introduce small changes in
the hydrogen bond stabilizing the turn involving residues
56-59. For example, the M56A and M56G mutants seem
to have slightly more favorable intraloop hydrogen bond
geometry in the semiquinone state, while the M56L, M56I,
and M56V mutants have slightly better hydrogen bond
geometry in the oxidized state. There is also the possibility
of the formation of a hydrogen bond between the carbonyl
oxygen of residue 56 and the amide of residue 60. The
geometry of this bond appears to remain unchanged between
the oxidized and semiquinone states for M56L, M56I, and
M56V. A more favorable interaction angle is apparent in
the semiquinone state of the M56A and M56G mutants.

The modeled structures also suggested that changing the
side chain size at position 56 could significantly affect the
solvent exposure of the bound FMN cofactor. As expected,
on the basis of the rolling ball algorithm (30), the exposed
surface of the flavin systematically increased from 141 to
168 Å2 (wild type vs M56G) as the size of the side chain at
position 56 was decreased, with the change in exposed area
being localized mainly to theo-xylene subnucleus of the
isoalloxazine ring.

DISCUSSION

Flavodoxins serve as an exceptionally good system in
which to investigate the roles of specific flavin-protein

interactions in the control of the one-electron reduction
potentials of the noncovalently bound FMN cofactor. The
cofactor binding site provides a limited number of differ-
ent types of molecular contacts with either face of the iso-
alloxazine ring system. The interactions are generally apolar
and either aliphatic or aromatic in nature. Aromatic in-
teractions predominate, particularly at thesi face of the
flavin, although the molecular details of these interactions
are often quite different. The residue flanking there face
varies to a greater extent. Several flavodoxins have a
methionine residue at this position, and in general, these
proteins display more positive midpoint potentials, particu-
larly for the ox/sq couple (Table 1). The structural similari-
ties between methionine and the leucine residue found in
other flavodoxins, such as that fromAzotobacterVinlandii,
raises the question of whether the unique properties of the
methionine, such as the presence of the sulfur atom, play a
significant role in establishing these midpoint potential
differences.

The sulfur atom of Met56 in the flavodoxin fromC.
beijerinckii makes direct contact with theo-xylene ring of
the FMN cofactor (Figure 1). Because sulfur-aromatic
interactions have been identified in proteins, the strength of
which varies with the properties of the aromatic ring system
and geometry (33, 34), it is plausible that a similar interaction
with the FMN cofactor could differentially stabilize or
destabilize each oxidation state of the cofactor, thereby
influencing the oxidation-reduction potentials in this fla-
vodoxin. In the investigation of a role for sulfur-flavin
interactions, one would ideally like to eliminate only the
sulfur atom from the methionine residue without changing
the rest of the structure. Limited to the naturally occurring
amino acids, the methionine to leucine substitution would
seem to be the most conservative, yet not perfect, replace-
ment. In an effort to investigate this issue more precisely,
we found it advantageous to replace Met56 in theC.
beijerinckii flavodoxin not only with leucine but also with
the other naturally occurring aliphatic amino acids, in-
cluding glycine. Indeed, the midpoint potentials for each
redox couple are seen to vary as a group by>50 mV for
the ox/sq couple and by nearly 100 mV for the sq/hq couple,
depending on the amino acid at this position (Table 2).
These changes are particularly surprising given the rather
conservative nature of these amino acid substitutions and
demonstrate with certainty that Met56 plays an important
role in the control of the one-electron reduction potentials
in this flavodoxin. In the discussion that follows, evidence
for the role of sulfur-aromatic (flavin) interactions will be
presented. If the only effect of these substitutions is to
eliminate a critical sulfur-flavin interaction, similar results
should be obtained for each mutant. However, the differ-
ences in redox properties noted within this group suggest
that, in some cases, steric or conformational effects as well
as changes in the polarity and/or solvent accessibility of the
cofactor binding site must also be considered in the evalu-
ation of any putative role of the sulfur-flavin interaction.
For this reason, we will initially discuss the role of sulfur-
flavin interactions in the context of the methionine to alanine
substitution, which is likely to introduce the fewest structural
complications. The results obtained for the other aliphatic
mutants allow us to exclude the effects of other types of
interactions.
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In the course of this discussion, it is necessary to separate
effects that result from changes in the direct molecular
interactions between the cofactor and the protein, such as
the sulfur-flavin interaction, from known and probable
protein conformational changes associated with cofactor
binding and changes in oxidation state. We have considered
a thermodynamic scheme (Scheme 1) previously formulated
to assist in the interpretation of results obtained from amino
acid substitutions at positions 57 and 58 in this flavodoxin
(7). In this scheme, the term “Apoprotein” refers to the
dominant apoprotein structure found in solution and the term
“PROTEIN” refers to a “virtual form” of the apoprotein
having the same structure as the holoprotein except lacking
the bound cofactor. It is necessary to include this form to
separate the effects of changes in flavin-protein interactions
from those arising from protein conformational differences
(see the discussion in ref7). From this scheme, the free
energy of binding of the FMN in a given oxidation state to
the apoprotein would be the sum of∆Gi and∆Ga, as can be
seen in Scheme 2. In the simplest case where no confor-
mational changes occur, the energy of interaction between
the protein and the FMN (∆Gi) would be directly related to
theKd for this complex in each oxidation state (i.e.,∆Gi )
∆GKd in Scheme 2). However, protein conformational
differences between the apo- and holoflavodoxin are apparent
(35-38), so the second set of terms (∆Ga

ox, ∆Ga
sq, and

∆Ga
hq) are required to account for any free energy differences

involved for each redox state (Scheme 1). Furthermore,
structural changes in this region take place during the
reduction of this flavodoxin to the semiquinone state, and
for this reason, free energy changes associated with this
conformational change (∆Gc

ox/sq) must also be included (7).
The term∆Gc

ox/sq is related to∆Ga by the difference,∆Ga
sq

- ∆Ga
ox, in this scheme (see Scheme 1). A similar term is

included for the conversion of the semiquinone to the
hydroquinone state, although obvious structural changes have
not been observed in the wild-type flavodoxin. The midpoint
potential of the bound FMN is directly proportional to the
free energy difference between the two oxidation states. Any
change in a midpoint potential induced by an amino acid
substitution must arise from changes in the stability of either
oxidation state, including changes in protein conformation

and in the specific FMN-protein interactions. In the case
of the ox/sq couple,∆Eox/sq will be proportional to the sum
∆Gc

ox/sq + δ∆Gi
ox/sq, whereδ∆Gi

ox/sq ) ∆Gi
sq - ∆Gi

ox. A
similar relationship exists for the sq/hq couple. Of course,
any structural change that affects each oxidation state
equivalently, whether affecting∆Ga and/or∆Gi, should not
alter the midpoint potentials.

The Properties of the M56A Mutant Are Consistent with
a Possible Role of Sulfur-FlaVin Interactions. The free
energy associated with the binding of each oxidation state
of the FMN cofactor was calculated from the experimentally
determined dissociation constant for FMNOX and the shift
in midpoint potential of the flavin upon binding (Tables 2
and 3) (28). The overall changes in the free energy (∆∆G)

Scheme 1: Thermodynamic Scheme Describing the Free Energies Associated with Flavodoxin Binding of FMN in Each
Oxidation Statea

a See also ref7. Apoprotein refers to the dominant protein structure in solution lacking bound FMN. PROTEIN(ox, sq, and hq)are hypothetical or
“virtual” forms of the apoflavodoxin which have the same structure as the holoflavodoxin in each oxidation state but without the bound cofactor.
These forms are included to account for conformational changes associated with FMN binding (see the Discussion and also Scheme 2). FLV(ox, sq,

and hq)are the final holoprotein structures in each oxidation state.

Scheme 2: Energy Diagram Illustrating the Free Energy
Changes Associated with the Binding of FMN to
Apoflavodoxin, Including Conformational Changesa

a Random refers to an unfolded or denatured form of the flavodoxin
apoprotein. Apoprotein and PROTEIN are as described in Scheme 1,
and Holoprotein represents the final holoprotein structures in each
oxidation state. The free energy terms correspond to those described
in Scheme 1, while the term∆GKd is the free energy changes derived
directly from the dissociation constant for FMN (i.e.,∆GKd ) RT ln
Kd). Note the Random to Apoprotein step is muted to emphasize its
minimal effect on the binding energy due to the stability of the
apoprotein structure in solution under the conditions of this study.
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associated with cofactor binding in each oxidation state
versus the wild-type holoprotein in the oxidized state are
depicted in the free energy diagram shown in Figure 5. Not
surprisingly, significant differences are noted among these
mutants. Unlike the other aliphatic mutants,Eox/sq for the
M56A mutant is less negative than for the wild type. It is
evident from the free energy diagram that this increase is
primarily the result of the destabilization of the oxidized state
rather than an effect on the stability of the semiquinone. The
midpoint potential for the sq/hq couple for M56A is also
significantly less negative than for the wild type. This
increase appears to result primarily from the increased
stability of the hydroquinone complex (Figure 5). What is
the structural basis for these effects? The most obvious
structural difference between the wild type and M56A is the
removal of the dimethyl thioether moiety of the methionine
side chain. The elimination of this group is expected to
introduce several changes, including the elimination of any
sulfur-flavin interactions, the alteration of van der Waals,
hydrophobic, and steric interactions, and an increase in the
solvent exposure of the flavin isoalloxazine ring, possibly
increasing in the polarity of the cofactor binding site. Each
will be considered in turn. However, on the basis of the
collective information obtained from the analysis of all the
mutants described in this study, we attribute the observed
changes in the reduction potentials of the M56A at least in
part to the removal of the specific sulfur-aromatic interaction

between the sulfur atom of Met56 and the flavin isoalloxazine
ring. This assignment will now be defended in greater depth.

Attractive electrostatic interactions between sulfur atoms
and aromatic rings in proteins have been postulated (33, 34).
The sulfur atom apparently interacts with the quadrupole
moment of the aromatic ring which is induced by the
π-electron system, generating a negative electrostatic po-
tential above and below and a positive potential along the
plane of the ring (39, 40). The strength of this interaction
is dependent upon the degree of polarization of the aromatic
ring by covalently bonded heteroatoms and the geometry of
the sulfur-aromatic interaction (34, 40), generating interac-
tion energies of-0.2 to-0.75 kcal/mol in model peptides
(41, 42). The sulfur atom of Met56 in theC. beijerinckii
flavodoxin (Figure 1) is adjacent to the dimethyl edge of
the o-xylene portion of the FMN isoalloxazine ring. This
location falls within the general geometric envelope for a
favorable sulfur-aromatic interaction (34, 40), especially
when one considers the positive electrostatic surface potential
of the flavin at this location as determined by ab initio
calculations. This interaction should be additionally favored
by the general electron deficiency of the flavin in the oxidized
state (31). A decrease in the binding energy for the FMNOX

of ∼0.5 kcal/mol relative to that of the wild type is observed
for the M56A mutant (Figure 5), a decrease that falls into
the expected range for the elimination of a sulfur-aromatic
interaction.

Furthermore, the strength of a sulfur-flavin interaction
might also depend on the oxidation state of the cofactor,
thereby modulating its one-electron reduction potentials.
Reduction to the semiquinone increases the electron density
of the FMN and is accompanied by protein conformational
changes that slightly alter the sulfur-flavin interaction
geometry (7). As the FMN becomes less electron deficient,
a decrease in the attractive interactions might result, reducing
the overall effect of the removal of the sulfur atom in the
M56A mutant. In fact, the stability of the semiquinone
complex is very similar to that of the wild-type flavodoxin
(Figure 5). The addition of the second electron generates
the FMNHQ anion in this flavodoxin. The substantial increase
in electron density along with the formation of the negative
charge should further decrease any attractive sulfur-flavin
interactions. Moreover, the interaction could turn repulsive,
contributing to the destabilization of the hydroquinone as
observed in the wild-type flavodoxin. Consistent with this
premise, the FMNHQ complex is, in fact, more stable in the
M56A mutant than in the wild type (Figure 5). Thus, in
this mutant, the increase inEsq/hq might result from the
removal of the unfavorable sulfur-flavin interaction in this
oxidation state. These arguments are, at this point, neces-
sarily qualified by other changes associated with this
substitution such as hydrophobic interactions and the solvent
exposure of the FMN.

When these arguments are considered, the M56G mutant
should have properties similar to those of M56A. The
midpoint potentials of these mutants are very comparable
(Table 2); however, somewhat surprisingly, each oxidation
state in this mutant is somewhat less stable than that for
M56A (Figure 5). However, if approximately 1 kcal/mol is
uniformly subtracted from the free energy levels of all three
oxidation states of the M56G mutant, a free energy profile
very similar to that for the M56A mutant is generated (as

Table 3: Gibbs Free Energy of FMN Bindinga-c for Wild-Type C.
beijerinckii and the M56X Mutant Flavodoxins

flavodoxin ∆GOX ∆GSQ ∆GHQ

WT -10.6 -13.9 -8.7
M56L -9.2 -11.7 -7.7
M56I -7.9 -10.6 -7.5
M56V -8.6 -11.2 -7.6
M56A -10.0 -13.8 -10.3
M56G -9.0 -12.5 -8.9

a Values are reported in kilocalories per mole, at 25°C. b The error
in these values is estimated to be(0.1-0.2 kcal/mol.c Values
determined using∆G ) RT ln Kd.

FIGURE 5: Free energy diagram comparing the relative changes in
the free energy of binding for the various oxidation states of the
FMN cofactor by wild-type and the Met56 mutant flavodoxins. The
horizontal bars represent the differences in the free energies from
that of the oxidized wild-type holoflavodoxin complex. The
numbers represent the differences in the free energy of binding
between the oxidized (ox) and semiquinone (sq) as well as
semiquinone and hydroquinone (hq) states as indicated by the
dashed lines. The free energy sets depicted by the dotted lines
have been adjusted to correct for entropic (for M56G) or steric
(for M56L, M56I, and M56L) factors that are expected to contribute
equally to the destabilization of all three holoprotein oxidation states
(see the Discussion).
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depicted by the profile in dotted lines for M56G in Figure
5). We attribute this nearly uniform upward shift for the
M56G mutant to an effect common to all three oxidation
states. Given the fact that the near absence of any side chain
interactions with the FMN in both mutants is expected to
affect ∆Gi equivalently in each case, a common conforma-
tional effect is implicated. While it is impossible to identify
its cause with certainty, a logical explanation could be a
greater conformational flexibility of the polypeptide around
the glycine residue in the M56G mutant. Entropic factors
would likely influence the Apoprotein structure (Scheme 1),
thereby affecting each oxidation state equally by altering
∆Ga. Such changes should not alter the midpoint potentials.
It is noted at this point that this similarity in the free energy
profiles of the M56A and M56G mutants will be used to
justify a similar adjustment in the longer chain aliphatic
mutants to correct for steric factors that affect all oxidation
states as will now be discussed.

The ox/sq Couple of the Longer Chain Aliphatic Amino
Acid Mutants May Also Be Affected by Steric Factors.
Unlike the M56A and M56G mutations, the amino acid
substitutions in the M56I, M56L, and M56V mutants all
result in similar substantial decreases in the midpoint
potential of the ox/sq couple (Table 2). It is evident in the
free energy diagram (Figure 5) that, unlike the M56A mutant,
both the oxidized and semiquinone complexes are signifi-
cantly less stable for these mutant proteins than for the wild
type. However, the semiquinone form is stabilized (relative
to the oxidized state) to a significantly lesser extent in these
mutants (by∼0.7 kcal/mol) than in the wild type (-2.5 to
-2.7 vs-3.3 kcal/mol, respectively), leading to the observed
decreases inEox/sq. Also, the oxidized complex is substan-
tially less stable than that of the M56A mutant, the free
energy increasing, relative to that of the wild type, by 1.5-
2.5 versus 0.5 kcal/mol. These results seem to exclude a
loss of hydrophobic interactions and/or an increase in solvent
exposure of the cofactor as causes of the increase observed
for the M56A mutant (more on this later), strengthening the
conclusion that at least part of the destabilization of the
oxidized complex in all these mutants can be attributed to a
loss of the favorable sulfur-aromatic interaction.

The differing structural properties of the side chains in
the M56I, M56L, and M56V mutants could also introduce
the destabilizing effects of steric hindrance that may con-
tribute to the larger increases in the free energy associated
with these mutants. The methionine side chain is relatively
flexible and is seen to pack against the isoalloxazine ring
with minimal apparent steric interference (6, 7). Branched
side chains should significantly reduce side chain flexibility,
a â-methyl branch more so than aγ-methyl, and the extra
bulk could sterically interfere with FMN binding. The
introduction of aγ-methyl branched side chain (M56L)
significantly reduces the stability of the holoprotein complex
in the oxidized state, by 1.4 kcal/mol compared to that of
the wild type (Figure 5). Comparison of the binding energies
of M56L and M56I indicates that moving the methyl group
to the â-position increases the destabilization of the holo-
protein by an additional 1.3 kcal/mol, consistent with the
introduction of greater steric hindrance by this substitution.
If this is the case, the removal of side chain mass should
produce tighter binding. Comparisons of the energy of
binding of M56L to M56A or of M56I to M56V (both

â-branched) demonstrate that a smaller side chain produces
greater stability in the holoprotein complex. Thus, these data
imply that steric interference is at least partially responsible
for the decrease in the FMN binding affinity in the M56L,
M56I, and M56V mutants. If these steric effects contribute
equivalently to the destabilization of all three oxidation states
of these mutants, as one might expect, they should not
contribute significantly to the observed changes in midpoint
potentials, however.

The application of a uniform correction to the M56L,
M56I, and M56V mutants, as was done for M56G, again,
by adjusting the free energy levels of the oxidized complex
to be equivalent to that of M56A to accommodate a loss in
any sulfur-flavin interaction, generates free energy profiles
that are not entirely comparable to that of the M56A mutant
(depicted by the dotted profiles for each protein). It is quite
apparent that, relative to the wild-type flavodoxin, the
semiquinone complex is substantially less stable in these
proteins (Figure 5). Why is this? Met56 is part of the four-
residue turn involved in the important conformational change
associated with the thermodynamic stabilization of the
semiquinone through hydrogen bonding at N(5)H of the
FMN (6, 7) (Figure 1). Previous studies have shown that
Eox/sq is very sensitive to amino acid substitutions in this
region. Even the rather conservative substitution of alanine
for Gly57 substantially decreasesEox/sq without introducing
significant structural changes as determined by X-ray crystal-
lography (7, 8). Such substitutions are thought to affect the
energetics of this conformational change (i.e.,∆Gc) and/or
influence the strength of this hydrogen bonding interaction
(∆Gi), thereby differentially altering the stability of the
semiquinone state and shifting the midpoint potentials.
Similar effects may also be manifested within this group of
mutants. As for the Gly57 mutants, the geometry-optimized
structures of the Met56 mutants in both the oxidized and
semiquinone states suggest that the structural changes caused
by amino acid substitutions in this region of the protein
should also be rather small. The associated single-point
energy calculations using these structures did suggest possible
structural energy differences between the oxidized and
semiquinone complexes that are dependent upon the size of
the side chain at position 56 (smaller size and/or perhaps
greater flexibility, favoring the semiquinone state), possibly
specifying a change in∆Gc

ox/sq. However, our understanding
of the functional consequences of the special structural
characteristics of this region in this flavodoxin, including
the unusualcis configuration of the central peptide bond, is
still rather limited and requires further study (7).

The sq/hq Couple of the Larger Aliphatic Amino Acid
Mutants. The midpoint potentials for the sq/hq couple for
the M56I, M56L, and M56V mutants, like M56A and M56G,
are also less negative than that of the wild type, increasing
by about 90 mV for the M56I mutant. The midpoint
potential for this couple is determined by the relative free
energy difference between the semiquinone and hydro-
quinone states. This difference is similar among this group
of mutants, averaging 3.6( 0.4 kcal/mol, a value comparable
to those for M56A and M56G. All are substantially less
than the 5.2 kcal/mol for the wild type (Figure 5). Is it only
coincidental that this value is so similar for all these mutant,
despite the substantial differences in the stability of the
semiquinone complex? We think not and suggest a common
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cause in all cases for the following reasons. Significant
conformational differences between the semiquinone and
hydroquinone states are not apparent in the wild-type protein
(6, 7) (i.e.,∆Gc

sq/hq) 0 in Scheme 1); therefore, in this case,
any change in∆Ga

sq will likely be accompanied by an equal
change in∆Ga

hq. Also, any disruption of an interaction
common to both the semiquinone and hydroquinone complex
in these mutants, such as hydrogen bonding at N(5)H, should
destabilize each to a similar extent (i.e., equivalently affecting
∆Gi

sq and∆Gi
hq). All else being equal, it is reasonable to

expect that the hydroquinone should be destabilized relative
to the semiquinone by about 5.2 kcal/mol in the mutants as
well, unless a common feature affects the interaction energy
(∆Gi) for either FMNSQ or FMNHQ by about 1.6 kcal/mol in
all these mutants. While this conclusion is necessarily
qualified by the differing structural properties of the amino
acids involved, the data are at least consistent with the
removal of the destabilizing effect of the sulfur atom adjacent
to the FMNHQ in these mutants just as is suggested for the
M56A mutant, with the additional variability within this
group possibly related to steric factors. Although more
difficult to rationalize, the data do not completely exclude
the effects of the alteration of some other type of interaction
unique to one or both of these oxidation states, however.

Are Changes in Hydrophobic Interactions or Binding Site
Polarity Affecting the Midpoint Potentials?The possibility
that reduced hydrophobicity, greater solvent exposure, and/
or an increase in the polarity of the FMN binding are
responsible for the altered reduction potentials of the M56A
and M56G mutants was raised earlier. The longer chain
aliphatic mutants provide further insights on this issue. The
solvent accessible surface area of the cofactor in the
geometry-optimized structures, as determined by the ap-
plication of a rolling ball algorithm, increases as the size of
the side chain at position 56 decreases. If the hydrophobic
effect is a major factor influencing FMN binding, as proposed
by Janin and Chothia (43), M56L and M56I should bind
FMNOX more tightly than M56A and M56V, respectively.
This is not the case (Tables 2 and 3 and Figure 5). Our
results are consistent with the calorimetric work done on the
A. Vinlandii flavodoxin which indicates that hydrophobic
interactions are not the thermodynamic driving force in
cofactor binding (44) and, therefore, may not be responsible
for the weaker binding of the oxidized cofactor in these
mutants. Although the influence of steric factors cannot be
entirely excluded, these observations provide further support
for the role of sulfur-flavin interactions in this flavodoxin.

Changes in the solvent exposure of the FMN and the
polarity of the binding site should exert the largest effect on
the stability of the hydroquinone anion. The process of
moving an ion from a polar environment to an apolar
environment is endothermic (45); therefore, as the polarity
of the binding site increases, the solvation free energy, or
self-energy of the FMNHQ anion, should decrease, and the
hydroquinone anion-apoflavodoxin complex should become
more stable. On the basis of the pattern of the FMN solvent
exposure and changes in hydrophobicity introduced by each
substitution, the stability of the anionic hydroquinone
complex should follow the trend WT< M56L < M56I <
M56V < M56A < M56G. Overall, the data do not fit very
well with this trend. The largest increase in solvent exposure
is expected for the M56A and M56G mutants for which the

stability of the hydroquinone complex relative to the oxidized
state is improved. However, because the negative charge
develops during the reduction of the semiquinone to the
hydroquinone anion, one expects a larger solvation effect
between these two forms, but as discussed above, the free
energy differences between the semiquinone and hydro-
quinone complexes in these mutants are not that different
from those of the longer chain series. Thus, this analysis
also tends to support the role of the specific sulfur-aromatic
interaction rather than solvent exclusion in the destabilization
of the FMNHQ in this flavodoxin. These results conform to
previous studies on the flavodoxin fromD. Vulgaris which
also suggest that changes in solvent exposure may play a
small role in affecting the reduction potential in flavodoxins;
however, the destabilization of the hydroquinone anion in
the flavodoxins has been attributed primarily to long-range
electrostatic and aromatic stacking interactions (2-4).

Why Has “Nature” Chosen Methionine for Position 56?
The evidence, taken collectively, appears to be consistent
with an important role for sulfur-flavin interactions in the
modulation of the one-electron reduction potentials in this
flavodoxin. This conclusion is necessarily somewhat quali-
fied because each substitution could have more than one
structural consequence. However, the differing properties
of each group of mutants do seem to largely exclude the
effects of steric hindrance and changes in hydrophobicity
and in solvent exposure and/or polarity of the cofactor
binding site. Despite these qualifications, the unique func-
tional role of Met56 in this flavodoxin is unequivocal.
Flavodoxins function as low-potential electron transfer
proteins, using the sq/hq couple of the FMN cofactor in vivo.
Therefore, one of the primary functions of these proteins is
to thermodynamically separate these two oxidation states,
through either the stabilization of the FMNSQ, destabilization
of FMNHQ, or both, generating the low one-electron reduction
potential. Figure 5 graphically demonstrates that, while some
mutants destabilize the FMNHQ complex better than me-
thionine (i.e., M56L, M56I, and M56V), these mutants less
readily stabilize the FMNSQ complex, and thus, they produce
a midpoint potential that is not as negative as that of the
wild type. Conversely, the semiquinone complex of M56A
is just as stable as the wild type, but this mutant does not
destabilize the FMNHQ relative to the oxidized state. So, it
is quite intriguing that methionine is the only residue of all
the naturally occurring apolar aliphatic amino acids that was
able to maximally stabilize the semiquinone while at the same
time significantly destabilize the hydroquinone, an optimal
situation for the generation of low reduction potentials for
the sq/hq couple, the couple thought to be physiologically
relevant in this flavodoxin. Additionally, a methionine at
there face of the cofactor produces a more stable holoprotein
complex, ensuring saturation of the flavodoxin apoprotein
at a low intracellular FMN concentration. It is not surprising,
then, that a methionine residue has been retained at this
position of theC. beijerinckii flavodoxin and perhaps the
others, as it produces the lowestEsq/hq while maintaining
reasonable cofactor binding levels. Whether these properties
can be attributed primarily to a unique role of the sulfur-
aromatic interaction in this flavodoxin as suggested by the
data in this study and/or are the consequence of other
structural or conformational aspects remains to be determined
by further structural studies. It is also of interest to note
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that a leucine residue adjacent to there face of the FMN
cofactor, as in the M56L mutant, generated a more negative
Eox/sq value, consistent with the trend observed in the
comparison of the primary sequences of the flavodoxin
family (Table 1). However, the more negative midpoint
potentials for the sq/hq couple observed in the other
flavodoxins lacking this methionine residue must originate
from other structural differences.
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