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ABSTRACT: The functional effects of hydrogen-bonding interactions at the N(5) atom of the flavin cofactors
in the oxidized state have not been well established in flavoproteins. The unique properties of the electron-
transfer flavoprotein from the methylotrophic bacteria W3A1 (wETF) were used to advantage in this
study to evaluate this interaction. In wETF, the side-chain hydroxyl group ofRSer254 serves as a hydrogen
bond donor to the N(5) atom in the oxidized state of the flavin. The strength of this hydrogen bond was
systematically altered by the substitution ofRSer254 with threonine, cysteine, or alanine by site-directed
mutagenesis. The anionic semiquinone form of the flavin, which is highly stabilized both thermodynamically
and kinetically in the wild-type protein, was observed to accumulate in all three mutants. However, the
midpoint potential for the first couple (Eox/sq) was significantly decreased for all of the mutants, and the
kinetic barrier toward the reduction of the anionic semiquinone that is observed in the wild-type wETF
was effectively abolished in theRS254T andRS254C mutants. Based on the observed changes in theKd

values and associated binding energies for the flavin, the amino acid replacements destabilize both the
oxidized and semiquinone states of the flavin, but to a much greater extent for the anionic semiquinone
state. TheEox/sq values for theRSer254 mutants follow a general trend with the strength of N(5) H-bond
in the oxidized state as indicated by Raman spectral analyses. These results support the conclusion that
the H-bonding interaction at the N(5) plays a key role in establishing the highEox/sq and the unusually
high stability of the anionic semiquinone state in wETF.

Flavoproteins can efficiently participate in a wide variety
of essential biochemical processes in both prokaryotic and
eukaryotic cells including electron transfer, dehydrogenation,
signal transduction, and various photobiological processes
(1). The interactions between the flavin cofactor and its
binding site on the apoprotein are critical for establishing
the remarkable versatility of the cofactor in the biological
functions of flavoproteins. The means by which these
interactions modulate the physical and chemical properties
of the flavin, including its midpoint potentials and the
accessibility to specific redox states, have been studied
extensively. Interactions that have been demonstrated to be
important include hydrogen-bonding interactions at N(1) (2,
3), N(3) (4), N(5) (5-7), and C(4)O (8, 9), the short- and
long-range electrostatic interactions (6, 10-12), the π-π
stacking of the isoalloxazine ring with aromatic residues
of the apoprotein (11, 13, 14), and donor atom-flavin
interactions (15). The solvent accessibility of the isoallox-
azine ring and the conformational factors of both the

isoalloxazine ring and the local peptide backbone also play
crucial roles (1, 7, 16). Most of these interactions have been
systematically explored in our laboratory by using the
DesulfoVibrio Vulgaris and Clostridium beijerinckii fla-
vodoxins as very effective model systems (4, 5, 7, 10-12,
14-16).

Although these flavodoxins provide a unique set of
properties, including the lowest midpoint potential
observed for flavoproteins as well as the thermodynamic
stabilization of neutral semiquinone (17), other interactions
not found there require further study. For example,
hydrogen-bonding interactions with the N(5) atom are absent
in the oxidized state in these proteins (18), but have been
studied in the reduced states in which the N(5)H serves as a
hydrogen bond (H-bond) donor (5, 6). Because of the
essential role played by the N(5) position in the redox
reactions and other chemical processes of the flavin, greater
knowledge of the effects of hydrogen bonding at N(5) in all
three redox states on the properties of the flavin is of
importance (19, 20).

Hydrogen-bonding interactions with the N(5) atom in the
oxidized state of the flavin can be found in other flavopro-
teins such as in the old yellow enzyme from brewer’s yeast
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(21) and the flavin mononucleotide binding domain of
flavocytochrome P450BM-3 fromBacillus megaterium(22).
Unfortunately, in these cases, H-bonds are provided by
peptide backbone amide groups within the apoprotein. This
greatly complicates the analyses of these interactions
using, for example, standard site-directed mutagenesis ap-
proaches. Attempts to eliminate the hydrogen-bonding
interactions by reconstitution with the analogue 5-deazaflavin
(23) or the substitution of the donor residue by proline,
which lacks the amide hydrogen (24), have not been very
fruitful.

The electron-transfer flavoprotein from the methylotrophic
bacterium W3A1 (designated throughout as wETF)1 (25, 26)
provides a good system for studying this aspect. In the
oxidized (OX) state, the N(5) of the noncovalently bound
flavin adenine dinucleotide (FAD) cofactor is hydrogen-
bonded directly to the side-chain hydroxyl group ofRSer254,
which serves as the H-bond donor (Figure 1) (27). This
protein also has several unique properties that are comple-
mentary to the flavodoxin, including the highest midpoint
potential for the ox/sq couple thus far observed for flavopro-
teins, a highly stabilized anionic flavin semiquinone (SQ)
state, and an unusual kinetic barrier to the formation of the
hydroquinone (HQ) state (28). In addition, the wETF is a
structural and functional homologue of the mammalian ETF,
an essential flavoprotein in mitochondrial catabolism (29,
30). The naturally occurred pathogenic mutations of human
ETF are frequently found to involveRThr266 (31), the
homologue ofRSer254 in wETF, implying the important role
played byRSer254 in the function of ETFs.

In this study, the strength of the hydrogen-bonding
interaction at the N(5) of the FAD cofactor in wETF was
systematically altered by the substitution ofRSer254 with
threonine, cysteine, and alanine, which, in principle, should
sequentially reduce the H-bond donating strength at this
position. The redox potentials and other biochemical proper-
ties of RSer254 mutants were analyzed and compared.

MATERIALS AND METHODS

Site-Directed Mutagenesis.The genes encoding the large
(R) and small (â) subunits of wild-type wETF have been
previously cloned into the expression vector pKK223-3 and
successfully overexpressed inEscherichia colicells (29).
Purified recombinant wETF displays spectral and biochemi-
cal properties that are indistinguishable from the ETF isolated
from the methylotrophic bacterium W3A1 (29). The
megaprimer polymerase chain reaction approach to site-
directed mutagenesis (32) was used to create theRS254A,
RS254C, andRS254T mutants. The sequences of forward
and reverse flanking primers were 5′-CGGTAGTCCAGTG-
GTTTCTAATGT-3′ and 5′-CCCACACTACCATCGGCGC-
TAC-3′, respectively.

The following mutagenic primers were used (mismatched
bases are underscored):RS254T, 5′-GCCTGTTTGAC-
CCACCTGTCTGGATT-3′; RS254C, 5′-GCCGCATTGAC-
CCACCTGTCTGGATT-3′; RS254A, 5′-GCCTGCTTGAC-
CCACCTGTCTGGATT-3′.

Protein Sample Preparation.The wild-type wETF and its
RS254 mutants were expressed inE. coli cells (strain JM105)
and purified as described previously (29) except that DEAE-
Sephacel and Sephacryl S-200-HR resins were used for the
ion-exchange and gel filtration chromatographic steps,
respectively. Apoprotein was prepared by extensive dialysis
of the holoprotein against 50 mM potassium phosphate
buffer, pH 7.2, containing 0.3 mM EDTA and 2.0 M KBr,
followed by dialysis against the phosphate-EDTA buffer
to remove the KBr.

Spectral Analysis.All ultraviolet-visible absorbance
spectra were recorded on a Hewlett-Packard 8452A photo-
diode array spectrophotometer at 25°C in 50 mM potassium
phosphate buffer, pH 7.2. Raman spectra for the bound FAD
were obtained by subtraction of the Raman spectrum of
apoETF from that of holoETF, both of which were acquired
under identical conditions using nonresonance infrared laser
excitation at 752 nm as previously described (33, 34).

Anaerobic Reduction with Sodium Dithionite and the
Determination of the Midpoint Potential of the ox/sq Couple
(Eox/sq). The anaerobic reduction of the protein samples by
sodium dithionite and the determination of midpoint
potentials of the flavin cofactor are described elsewhere (10).
All the measurements were performed at 25°C in 50 mM
potassium phosphate buffer, pH 7.2, containing 5% glycerol.
The system potential was established based on the spec-
tral changes of the indicator dye toluidine blue (Em ) +27
mV versus the standard hydrogen electrode at 25°C and
pH 7) (35).

Determination of the Dissociation Constant for the FAD
Cofactor and Binding Energy Calculations.The dissociation
constants (Kd) for the oxidized state of the FAD cofactor
were determined by titrating FAD solutions with freshly
prepared apoprotein while monitoring the spectral changes

1 The abbreviations used are: wETF, electron-transfer flavoprotein
from methylotrophic bacterium W3A1; FAD, flavin adenine dinucle-
otide; TMADH, trimethylamine dehydrogenase; OX, SQ and HQ, the
oxidized, semiquinone and hydroquinone states of the flavin cofactor-
(s), respectively.

FIGURE 1: H-bonding interactions between the N(5) and C(4)O
moieties of the FAD cofactor and the side-chain hydroxyl and main
chain NH groups, respectively, ofRSer254 in the wETF based on
its crystal structure (PDB code, 1O97). Note that only a portion of
the FAD cofactor and the main-chain atoms of the adjacent amino
acid residues in this loop (-V-G-Q-S254-G-) are shown for greater
clarity.
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by ultraviolet-visible spectroscopy. TheKd values were
determined by nonlinear regression analyses of the plots of
those changes as a function of added apoprotein. The
equation used for the curve fitting is

where∆A is the difference between the absorbance changes
at 462 and 486 nm,K is the dissociation constant (Kd), F is
the initial free flavin concentration,C is the effective
concentration of the apoprotein,X is the volume of the
apoprotein added,V is initial volume, andM is the maximum
absorbance change achieved at saturation. Values forK, C,
and M were determined from the iterative curve fitting
procedure. TheKd values for the anionic SQ state of the
FAD cofactor, which is unstable free in solution, were
calculated from the thermodynamic box linking the midpoint
potential for the ox/sq couple of bound and free FAD and
the Kd for the oxidized FAD (36) with the equation

whereKd (ox) andKd (sq) areKd values for OX and SQ
states, respectively, and∆E is the difference ofEox/sq(in mV)
between free and bound flavins.

Determination of Steady-State Kinetic Parameters.TheKm

andkcat values for the reduction of wETF by trimethylamine
dehydrogenase (TMADH; 2.3 nM) with trimethylamine (0.25
mM) as its substrate were determined as described previous
(29). The reaction was initiated with the addition of trim-
ethylamine, and the reduction of wETF was monitored
continuously at 440 nm at 25°C in 50 mM potassium
phosphate buffer, pH 7.2. The concentration of wETF was
varied between 2 and 50µM. The kcat andKm values were
determined by the nonlinear regression analysis of a plot of
the initial reduction velocity as a function of the concentration
of added wETF based on the Michaelis-Menten equation.

RESULTS

UltraViolet-Visible Absorption Spectra of Wild-Type
wETF andRSer254 Mutants. The near-ultraviolet-visible
absorbance spectra for theRSer254 mutants were similar to
those for wild type (Figure 2), suggesting that the overall
environment and the solvent exposure (37) of the FAD
isoalloxazine ring were generally unchanged. Wavelength
shifts were not apparent for theRS254T mutant, which
represents the most conservative replacement (Figure 2,
inset). However, small spectral red shifts of 2-4 nm were
observed in both major absorbance peaks forRS254C
and RS254A mutants, which may reflect changes in the
strengths of the H-bonding interactions with the isoalloxazine
ring (38, 39).

Redox Properties of the Wild-Type wETF andRSer254
Mutants.The wild-type wETF displays an unusual kinetic
barrier to the formation of the HQ state (28). Prolonged
anaerobic incubations with excess sodium dithionite or
extended photoreductions in the presence of EDTA and
5-deazariboflavin result only in its reduction to the one-
electron reduced state (26). The complete reduction to the
HQ state by electrochemical methods has been reported;

however, the process is extremely slow (28). Using this
approach, the midpoint potential of the sq/hq couple of wETF
was estimated to be-195 mV. This is not an exceptionally
low value and suggests that the difficulty in the formation
of the HQ is not a thermodynamic issue but rather a kinetic
phenomenon. It is also plausible that the FAD was released
from the protein during these protracted incubations, where-
upon it was rapidly reduced. The enzymatic reduction of
wETF by catalytic amounts of TMADH proceeds only to
the accumulation of the anionic SQ (25). However, when
forming complex with TMADH, wETF can be fully reduced
to the HQ state both chemically and enzymatically (40).

The results from the reductive titrations of the recombinant
wild-type wETF with sodium dithionite were consistent with
these reports (Figure 3A). A kinetic barrier was also apparent
for theRS254A mutant, with no evidence for the formation
of the HQ (Figure 3B), even after several hours of incubation
in excess reductant. In marked contrast, the stepwise reduc-
tion of the RS254T and RS254C mutants by sodium
dithionite proceeded through two well-resolved phases cor-
responding to the first- and second-electron reductions with
the near-stoichiometric accumulation of the anionic SQ at
the midway point of the titration (Figure 3C-F). However,
the reduction of the anionic SQ to the HQ for both mutants
was substantially slower than its formation. The efficient
reoxidation of the flavin from the HQ to a stable anionic
SQ state with potassium ferricyanide demonstrated that the
reduction of each of these two mutants by two electrons was
reversible and implies that the formation of HQ state was
not due to the release of the flavin.

The midpoint potentials for the ox/sq couple for all of the
wETF Ser254 mutants were from 90 to 120 mV lower than
that of the wild type (Table 1). The midpoint potential for
theRS254T mutant, which represents the most conservative
replacement, was the least affected but was still significantly
lower than for wild type. TheRS254C andRS254A mutants,
which should result in either a substantially weaker or the

∆A )
M(K + F + CX

V
- x(K + F + CX

V )2
- 4FCX

V )
2F

(1)

Kd (sq)) Kd (ox) e(-0.0389∆E) (2)

FIGURE 2: Ultraviolet-visible absorption spectra of the wild-type
wETF and theRSer254 mutants. The spectra were recorded in 50
mM potassium phosphate buffer, pH 7.2. The spectra are offset
for greater clarity. Inset. Theλmax values for the two major flavin
absorbance peaks.
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absence of a H-bond with the N(5), exhibited midpoint
potentials that were from 15 to 30 mV more negative then
for the threonine replacement (Table 1). The midpoint
potentials tended to follow the hydrogen-bonding charac-
teristics of the amino acids involved. However, it seems clear
that any disruption at this position has a substantial effect
on the redox potentials of the FAD cofactor.

Dissociation Constants of FAD for the Wild-Type wETF
and aSer254 Mutants.Dissociation constants (Kd) were
determined to evaluate the changes in strength of FAD
binding to the variousRSer254 mutants. TheKd values (Table
1) were observed to increase in the following order: wild
type< RS254T< RS254C< RS254A. These results were

generally somewhat more consistent with the differences in
hydrogen-bond donating strengths of the amino acid replace-
ments. As might be expected, the smallest decrease in binding
energy was observed for theRS254T mutant (3.5 kJ/mol)
which retains the donor OH group. A larger loss in binding
free energy (9.2 kJ/mol) was found for theRS254C mutant,
perhaps reflecting the intrinsically weaker H-bonding po-
tential of SH group. However, the loss of binding energy
for theRS254A mutant, which cannot participate directly in
H-bonding, was similar to theRS254C mutant. These losses
are substantially less than the free energy of an average
H-bond (∼18 kJ/mol) (2). However, H-bonding strengths are
highly dependent on environment as well as donor and

FIGURE 3: Ultraviolet-visible spectral changes induced by the reduction of the wild-type wETF and itsRSer254 mutants with sodium
dithionite. (A) Wild type; (B)RS254A; (C and D)RS254T; (E and F)RS254C. For wild type andRS254A mutant, reduction proceeded
only to the formation of the anionic SQ state even in the presence of excess dithionite and after prolonged incubation times (A and B,
respectively). In contrast, the first and second halves (approximate) of the reductive titrations ofRS254T (C and D) andRS254C (E and
F) to their fully reduced state are shown. The directions of absorbance changes are indicated by the arrows. Inset: Changes in the extinction
(Ext) for the two major absorbance peaks during the course of the reductive titrations.

2292 Biochemistry, Vol. 46, No. 9, 2007 Yang and Swenson



acceptor distances and geometry. It is quite plausible that,
should space allow, the N(5) of the oxidized FAD could
retain a H-bond to a water molecule upon binding. This fixed
water molecule could serve as a surrogate donor in the
RS254A mutant. Of course, these substitutions could also
indirectly affect other interactions involvingRSer254 or
induce local conformational changes. Nevertheless, the
RSer254 replacements were observed to significantly affect
flavin binding, and as will be discussed, these effects can
be correlated to changes in the interactions with the N(5)
atom of the FAD.

Because the midpoint potential for either couple of the
flavin cofactor in the flavoproteins is established by the
difference in the binding energy between the relevant redox
states to the protein (36), the Kd values for the wild-type
andRSer254 mutants in the SQ state can be calculated from
the linked equilibria involving theEox/sq and theKd values
for the OX state. TheKd values for the anionic SQ increase
more dramatically in response to the amino acid substitutions
than for the OX state. For example, for the serine to cysteine
replacement, theKd value for the OX state increased∼40-
fold. However, a greater than 4000-fold increase was
observed for the SQ state. When translated into Gibbs free
energy changes, the replacements resulted in a loss of binding
free energy of from 3.5 to 10 kJ/mol for the OX form of the
FAD, while the loss of binding energy was at least 2-3-
fold greater for the anionic SQ state (Table 1). Thus, the
binding of the anionic SQ was more sensitive to the amino
acid replacements, and the hydrogen-bonding interactions at
the N(5) of the FAD, appear to be more critical for the
stabilization of reduced state and, as a result, more responsive
to subtle alterations in the strength and configuration of the
H-bond as will be discussed below.

Steady-State Kinetic Properties of the Wild-Type wETF
and RSer254 Mutants.The steady-state kinetic parameters
kcat and Km for TMADH with the wild-type wETF as the
electron acceptor were similar to previously reported values
(41) and also comparable to those ofRS254T mutant (Table
2). However, the values obtained forkcat for the RS254C
andRS254A mutants were lower, reflecting impaired electron
transfer with TMADH. TheKm values ofRS254A mutant
are significantly lower than that of the wild type. No obvious
correlations are apparent between these steady-state kinetic
parameters and the changes in H-bonding on N(5) or the
Eox/sq induced by theRSer254 replacements. Based at least
on this type of in Vitro assay, the electron-accepting
efficiency of wETF was seemingly unrelated to the presence
(as in wild type and theRS254A mutant) or absence (for
theRS254T andRS254C mutants) of the kinetic barrier for

the formation of the HQ. The absence of such correlations
is not surprising because inter-protein electron-transfer
mechanisms involve multiple steps, including the formation
of the active electron-transfer complex and conformational
changes, that can control the transfer rate as discussed further
below.

Raman Spectra of the Wild-Type wETF and aSer254
Mutants. In the past, we have utilized nuclear magnetic
resonance spectroscopy to evaluate the strength and changes
of the H-bonding to the N(5) atom of the flavin cofactor in
the OX and HQ states in flavodoxin (4, 5). However, this
approach was not as readily applicable to the study of the
wild-type wETF and its mutants. Therefore, nonresonance
Raman spectroscopy was utilized instead. Changes in the
Raman spectrum of the FAD cofactor were noted in response
to the RSer254 replacements (Figure 4). Raman bands II,
III and IV (at approximately 1580, 1550, and 1500 cm-1,
respectively) have been assigned to N(5)-relevant vibration
modes of the flavin (33, 42-44). Changes in the H-bond
should alter the electron densities on the bonds at N(5),
resulting in frequency shifts for these bands. Such shifts were
apparent among this group of proteins. A discernible trend
was noted betweenEox/sq and the frequencies for all three
bands in response to the amino acid replacements, with a
lower frequency associated with the lower potentials. This
trend is shown in Figure 5 for band III, which has been
reported to be insensitive to the conformation of the
isoalloxazine ring (45) and may be a better marker for
changes in the N(5) interactions.

The carbonyl stretching modes for both the C(2)dO
and C(4)dO also shifted to lower frequencies in the
mutants. Such shifts for the carbonyl band have been linked
to stronger hydrogen-bonding interactions on the carbonyl
oxygen (46), which would imply that the interactions made
with both groups are stronger than those in the wild-type
protein. But, this may not be the only factor involved. The
frequency of the C(4)dO band for theRS254T mutant (1725
cm-1), while lower than for the wild type and the other
RSer254 mutants, remains slightly higher than observed in

Table 1: Midpoint Potentials, Dissociation Constants, and Binding Energies for the FAD Cofactor in the Wild-Type wETF and itsRSer254
Mutants in the Oxidized and Semiquinone States

oxidized semiquinone

Eox/sq

(mV)
Kd (ox)a

(nM)
∆Gb

(kJ/mol)
∆∆Gc

(kJ/mol)
Kd (sq)d

(pM)
∆Gb

(kJ/mol)
∆∆Gc

(kJ/mol)

wild type 153( 2e 12 ( 5 -45 0.0 0.00016 -90 0.0
RS254T 60( 5 49( 9 -42 3.5 0.024 -78 12
RS254C 32( 2 490( 10 -36 9.2 0.70 -69 21
RS254A 46( 4 590( 14 -35 9.7 0.49 -70 20

a Determined spectrophotometrically by titration of FAD with apoprotein as described inMaterials and Methods. b Calculated as∆G ) 2.4788
ln Kd. c Change in∆G relative to wild type.d Calculated from the linked equilibria as described inMaterials and Methodsas Kd(sq) )
Kd(ox)e (-0.0389∆E). e From Talfournier et al. (55).

Table 2: Steady-State Kinetic Parameters of Trimethylamine
Dehydrogenase with the Wild-Type orRSer254 Mutants of wETF
Serving as the Electron Acceptor

kcat

(s-1)
Km

(µM)
kcat/Km

(µM-1s-1)

wild type 13( 5 23( 7 0.57
RS254T 18( 5 21( 9 0.86
RS254C 5( 2 29( 5 0.17
RS254A 1( 1 6 ( 3 0.17
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the riboflavin binding protein (1723 cm-1) (47). However,
the closest atoms in the binding site of this protein are at
least 4.8 Å from the C(4)O, a distance that would seem to
preclude the formation of strong hydrogen-bonding interac-
tions (48). It is possible, then, that the observed downshifts
in the C(4)dO bands in theRSer254 mutants may also be
reflecting other slight changes in the local environment that
are triggered by alterations involving the polar OH group of
RSer254, which is located within 3.3 Å of the C(4)O. Similar
indirect structural disturbances may account for the down-
shifts observed for the C(2)O band in the mutants. For
example, the replacements may induce the movement of the

RArg237 or other amino acid residues in its immediate
vicinity due to the secondary interactions that are made with
the side chain OH group ofRSer254 (49).

Bands I and V, which contain the C-C stretching
vibrations from ring I, were also observed to shift to higher
frequencies for theRSer254 mutants. These shifts suggest
that the environment of the ring I of the FAD is altered by
the amino acid replacements as discussed previously (49).
Unlike the N(5)-relevant bands, the shifts in the carbonyl
and ring I bands for the mutants showed low correlations
with the changes inEox/sq and other biochemical properties,
which also suggests that they are likely to be the indirect
results of theRSer254 substitutions, rather than relevant to
the N(5) interaction. As shown in Figure 4, the Raman bands
below 1400 cm-1 are not sensitive to theRSer254 mutations.
The bands between 1100 and 1300 cm-1 are derived from
the bending vibrations of C(6)-H, C(9)-H, and N(3)-H
of the flavin isoalloxazine ring (33). These results indicate
that theRSer254 mutations have no significant influence on
these positions.

DISCUSSION

Effects of the H-Bond on N(5) on the Redox Properties of
the FlaVin Cofactor in wETF.The N(1) and N(5) loci of the
isoalloxazine ring play central roles in establishing the redox
properties of the flavin cofactor (19, 20). The chemical
characteristics of these two atoms are affected to the greatest
extent by the reduction of the flavin and each contributes
substantially to the frontier orbitals of the isoalloxazine ring
(20). Changes in the local environment around these two
nitrogen atoms imposed by the binding site within flavopro-
teins could induce changes in the redox potentials of the
flavin and influence the stability of the SQ state (19). The
effects of the H-bonding interactions on N(1) on the flavin’s
redox properties have been studied in synthetic model
systems and with 4′-deoxy-FAD bound to human ETF (2,
3). The effects of H-bonding at the N(5) of the flavin have
also been studied in synthetic model systems in which various
protein environments have been simulated (50-53). The
model studies have demonstrated that the H-bond on N(5)
plays roles in activating the C(4a) position (50), in the
stabilization of the anionic SQ form (51), and in altering
the redox potentials of flavin (53). Using flavodoxins as a
model flavoprotein system, the role of H-bonding at the
N(5)H of the neutral SQ and HQ states of the flavin
mononucleotide cofactor has been studied extensively. In
these proteins, the carbonyl group of the peptide backbone
serves as a H-bond acceptor to the N(5)H of the neutral SQ,
an interaction that is crucial for the stabilization of this
oxidation state and in the modulation of the midpoint
potentials for the first and second couples of the cofactor
(5, 16).

Less well understood are the influences of the N(5)
interactions in the oxidized and anionic semiquinone states
of the flavin cofactor where the N(5) serves as the H-bond
acceptor. In this study, this interaction has been investigated
in the electron-transfer flavoprotein from the methylotopic
bacteria W3A1 in which the side-chain OH group ofRSer254
serves as the sole H-bond donor for the N(5). Site-directed
replacements of this residue by threonine, cysteine, or alanine
were introduced to modulate this interaction by preserving,

FIGURE 4: Nonresonance Raman spectra of the oxidized states of
free FAD, wild-type wETF, and theRSer254 mutants.

FIGURE 5: Discernible trend between theEox/sq and the frequency
of flavin Raman band III for the wild-type wETF and the three
RSer254 mutants.
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weakening, or eliminating this interaction, respectively. The
shifts in the N(5)-relevant Raman bands were generally
consistent with the intended alterations. Although the threo-
nine side chain retains the OH moiety, theâ-methyl group
may alter the position of this group relative to N(5) atom,
weakening the H-bond on N(5) in theRS254T mutant. The
shifts for theRS254C mutant are consistent with the weaker
H-bond donating characteristics of the SH group. As
observed from theKd data, the Raman frequency shifts
observed for theRS254A mutant are similar to those for the
RS254C mutant. Again, the data cannot differentiate between
a loss of the H-bonding in theRS254C mutant and perhaps
the introduction of a “fixed” water molecule as the H-bond
donor in theRS254A mutant. Such surrogate roles for water
have been documented for serine to alanine replacements in
various proteins.

The H-bond between the N(5) and the side chain of the
RSer254 residue of wETF appears to be maintained in the
SQ state based on changes in the Raman spectra in response
to the replacement of this serine by a cysteine residue (49).
The Kd values and associated binding free energies (Table
1) also reveal that the amino acid replacements had a greater
effect on the anionic SQ state than for the OX state. The
H-bonding interaction at N(5) can be rationalized to be
stronger in the SQ state due to the greater electron density
and the negative charge on the flavin ring compared to the
more electron deficient OX state. The stabilization of the
neutral flavin SQ by the H-bond on N(5) has been reported
in flavodoxins (5, 16) in which the H-bond donor is the
N(5)H and the acceptor is a backbone carbonyl oxygen, an
interaction promoted by redox-mediated local conformational
changes in a flanking loop in the binding site. Alterations in
this H-bonding interaction result in changes inEox/sq that are
larger than observed here (5, 16). However, the FAD N(5)
in wETF acts as an H-bond acceptor in both the OX and
anionic SQ states while in the flavodoxin only the neutral
SQ and not the OX form is H-bonded at the N(5). Based on
the crystal structures of the OX forms of the human,
Paracoccus denitrificans, and W3A1 ETF holoproteins, the
anionic SQ state is thought to be stabilized by an intraflavin
H-bond on N(1), an H-bond between C(2)O andRHis286,
and the positive charge fromRArg249 (human numbering
system) (27, 30, 54). Because of the negative charge and
electron-rich characteristics associated with the isoalloxazine
ring of the anionic SQ state, all these interactions are
selectively stronger in the anionic SQ state.

Thus, all of the amino acid substitutions introduced in this
study were observed to affect the N(5)-related Raman bands
and to significantly decrease the midpoint potential of the
first couple of the bound FAD in wETF. A trend between
the frequency for the N(5)-related Raman band III and the
midpoint potential of the first couple in the various wETF
variants was apparent (Figure 5). This trend suggests that
the frequencies of these Raman bands are all sensitive to
changes in the hydrogen-bonding interactions on the N(5).
These data, then, provide experimental support for the
functional importance of the H-bonding interactions on the
N(5) of the FAD cofactor, where N(5) acts as a H-bond
acceptor, in establishing the midpoint potential for the first
redox couple and the unusual stability of the anionic SQ state
in wETF.

Effects of theRSer254 Mutations on the Kinetic Barrier
for the sq/hq Couple and Electron-Transfer ActiVity of wETF.
An unusual and fascinating characteristic of the wETF is
the kinetic barrier toward the reduction of the anionic SQ to
the fully reduced or HQ state, even after prolonged incuba-
tions with a strong chemical reductant such as sodium
dithionite. The molecular basis of the kinetic barrier is not
understood. We initially postulated that the H-bond donating
role of RSer254 to the N(5) of the oxidized FAD may assist
in the stabilization of the anionic rather than the neutral form
of the SQ in this protein. Upon reduction of the flavin,
protonation of the N(5) to form the neutral SQ would require
that this interaction be broken. This could be avoided by a
modest shift of the intrinsic pKa of 8.3 for the SQ leading to
the stabilization of the anionic SQ species. However, the
formation of the HQ in wETF would require protonation of
the N(5) because of its much higher pKa value in this redox
state and the disruption of the interaction withRSer254. Thus,
it was thought that this interaction might interfere with the
formation of the HQ state in this protein in this manner.
However, we did not observe a good correlation between
the alterations of the interactions at N(5) induced by the
amino acid replacements and the status of this unusual kinetic
barrier. For example, theRS254T andRS254C mutations
largely abolished the kinetic barrier. Interestingly, the human
ETF, which naturally contains a threonine residue (RThr266)
at this position, can also be fully reduced to the HQ state,
albeit slowly. More perplexing was the observation that the
kinetic barrier was retained in theRS254A mutant. The
physical evidence suggested that the strength of the H-
bonding interaction with N(5) was comparable in each case.
Thus, these results provide an indication that the N(5)
interaction alone cannot account for the entire kinetic effect.

The kinetic barrier in wETF has also been reported to be
eliminated by the binding of this protein to its redox partner,
TMADH, and after substitution ofRArg237 by alanine (40,
55). Thus, this behavior may be very complex and could
involve multiple residues, conformational changes, or changes
in the interactions between domains. Based on the crystal
structure of wETF,RArg237 appears to be involved in an
interdomain salt bridge withâGlu163 (27). This ion pair may
help define the rotation angle of the FAD domain relative
to the rest of the protein and, thus, may play a central role
in the assembly of the electron-transfer complex with
TAMDH (27). The side chain ofRSer254 is located only
3.3 Å away from this glutamate residue. Thus, the threonine
and cysteine substitutions forRSer254 may affect the location
of the side chain ofRArg237 and/or alter its interaction with
âGlu163, which then allows for the reduction of the FAD
by the second electron. Because the complete lose of the
restrictions imposed by the H-bonding interactions in the
RS254A mutant, the locations ofRAla254 andRArg237 may
change significantly, allowingRArg237 to form a new salt
bridge, which substantially alters the location of the FAD
domain relative to the rest of the protein. This effect may
be reflected by the significantly differentkcat andKm values
observed for theRS254A mutant (Table 2) due to the
importance of domain movement and dynamics during
electron transfer (27). These effects provide a more plausible
explanation for the changes in the kinetic barrier than as a
response to the altered midpoint potentials. Therefore, our
results provide evidence thatRSer254 in wETF not only
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modulates the redox potentials of the FAD cofactor but also
plays a separate role in the physiological electron-transfer
reaction.

Comparing and Contrasting the Redox Properties of wETF
and hETF.The wETF shares a similar amino acid sequence
and tertiary structure with hETF (27, 30). Although the
residues involved in the interactions with the isoalloxazine
ring of the FAD are highly conserved among all members
of the ETF family, a wide range in the values forEox/sq is
observed (30). For instance, the only obvious difference
between wETF and hETF is the amino acid residue H-bonded
directly to the N(5) of the FAD, beingRThr266 in hETF
versus RSer254 in wETF (27, 30). Despite this rather
conservative difference, theEox/sqof hETF is∼130 mV lower
than that of wETF (+22 vs+153mV). The replacement of
RSer254 in wETF with threonine decreasedEox/sqby 90 mV,
but it still remains∼40 mV higher than that of hETF. Thus,
the Ser/Thr interchange could only partially account for much
of the difference inEox/sq between these two ETF proteins.
Furthermore, the naturally occurredRT266M variation of
the hETF (31) and the correspondingRT244M mutation in
pETF (56) are both reported not to destabilize the SQ state.
However, the replacements ofRSer254 in wETF significantly
destabilize the anionic SQ complex (Table 1). These
observations imply that structural factors other than the
RSer254/RThr266 interactions, e.g., short-range and long-
range electrostatic environments of the flavin cofactor or the
different domain conformations of wETF and hEF, could
contribute to differences in the midpoint potentials and redox
properties of these two proteins. This reminds us that the
flavoproteins from a same family, no matter how similar in
the amino acid sequence and structure of the flavin binding
pocket, may not necessarily share similar redox properties.
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