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ABSTRACT. Two mutants of thé®esulfaibrio vulgarisflavodoxin, T12H and N14H, were generated which,

for the first time, place a basic residue within the normally neutrplh®sphate binding loop of the flavin
mononucleotide cofactor binding site found in all flavodoxins. These histidine residues were designed to
form an ion pair with the dianionic'$phosphate, either altering its ionization state or offsetting its negative
charge to allow evaluation of the magnitude of its electrostatic effect on the redox properties of the cofactor.
The midpoint potential for the oxidized/semiquinone couple was not significantly altered in either mutant.
However, the midpoint potentials for the semiquinone/hydroquinone coigige( were less negative

than that of the wild type, increasing by 28 and 15 mV relative to that of the wild type for the T12H and
N14H mutants, respectively, at pH 6P NMR spectroscopy suggests that, just as for wild type, the
phosphate group in each mutant does not change its ionization state between pH 6 and 8. Therefore, the
small increases in midpoint potential must be linked to the protonation of the histidine residues, either
through favorable interactions with the anionic hydroquinone or by the partial compensation of the charge
on the 5-phosphate. Values for the&kp of His12 and His14 in the oxidized flavodoxin were determined

by IH NMR spectroscopy to be 6.71 and 6.93, respectively, which are only modestly elevated relative to
the average value for histidines in proteins. This suggests that the histidines do not form strong ion-
pairing interactions with the phosphate and/or that efffectve charge on the 'Sphosphate may be
substantially less than the reported formal dianionic charge. Either way, the data provide evidence for
the rather weak electrostatic interaction between a charged group at this site and the anionic flavin
hydroquinone. In contrasEsqnq reported for the apoflavodoxitriboflavin complex, which lacks the
5'-phosphate group, is 180 mV less negative than that of the native flavodoxin. The re-evaluation of the
redox and cofactor binding properties of the riboflavin complex generated values for the dissociation
constants for the riboflavin complex in the oxidized, semiquinone, and hydroquinone oxidation states
that are 2100-, 63000-, and 54-fold higher, respectively, than that for the naturally occurring flavin
mononucleotide complex. The large redox potential shifts observed for both redox couples in the riboflavin
complex are primarily the consequence of a decreased stabilization of the semiquinone rather than the
result of the absence of the negative charge of thghbsphate. It is concluded from this study that the
negative charge on the phosphate group of the cofactor does not play a disproportionate role in decreasing
Esqng at most contributing equivalently with the acidic amino acid residues clustered around the flavin to
an unfavorable electrostatic environment for the formation of the flavin hydroquinone anion.

Flavodoxins are small acidic proteins that contain 1 equiv placing the flavodoxin among those flavoproteins with the
of flavin mononucleotide (FMH as their only redox center  lowest reduction potentials. Flavodoxins share at least three
and function as low-potential, one-electron carriers [for a prominent structural characteristics of the FMN binding site
recent review, see Mayhew and Tollin (1992)]. A distin- that could contribute to this shift, including a largely apolar
guishing feature of the flavodoxin family is the very negative environment provided by at least one aromatic flanking
reduction potential for the semiquinone/hydroquinone (sq/ residue, an asymmetric distribution of charged amino acid
hq) couple of the bound FMN cofactor (usualy—400 residues characterized by a clustering of acidic residues
versus—172 mV of free FMN, Draper & Ingraham, 1968), around the cofactor binding site, and an unusual neutral
: , binding site for the 5phosphate group of the FMN (Mayhew
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electrostatic interaction between the partially ionizéd 3
phosphate group and the anionic flavin hydroquinone (Ver-
voort et al, 1986b). In contrast, the midpoint potential for
the sg/hqg couple of the riboflavin complex of tBevulgaris
apoflavodoxin is substantially less negative than that for the
FMN complex (262 mV at pH 6.50) (Curlegt al., 1991).
Can this large change in midpoint potential be directly
attributed to the absence of the electrostatic effects of the
5'-phosphate, or is it the result of differences in the binding
of this flavin derivative? Theoretical calculations have raised
the possibility that the monopotanonopole interaction
between the phosphate and the hydroquinone anion could
shift Esgng by as much as-180 mV (Mooneret al, 1984).
However, Ludwiget al. (1990) have proposed that electro-
static interaction between a negatively charged group in the
protein is more important than the phosphate group in terms
of electrostatic interaction in determining redox potentials.
Our own work involving the neutralization of surface acidic
residues suggests that the electrostatic effects of the phos-
FiGurRe 1: Representation of the hydrogen-bonding network in the phate dianion should be modest (Zhou & Swenson, 1995).
phosphate binding site. Oxygen atoms are represented as opefyoyever, due to the uncertainty in the contribution of the
circles and nitrogen atoms as filled circles. Hydrogen-bonding . L . .
interactions are indicated by dashed lines. The structure is derivegPNosphate group in establishing the reduction potential of
from the X_ray Crysta| coordinates of Wadt al. (1991) the ﬂaV|n, more d|rect eXpenmental EVIdence IS I’equn’ed.
In this study, the electrostatic effect of the@hosphate
Because electrostatic interactions appear to play angroup on the FMN cofactor on the redox potentials of the
important role in the regulation of the reduction potential of flavodoxin was evaluated by introducing a basic histidine
the sag/hg couple, the effect of other charged groups nearresidue at two different positions in the phosphate binding
the cofactor requires evaluation. One such group is the 5 |oop in the flavodoxin fromD. wulgaris. Two histidine
phosphate moiety of the FMN cofactor itself, which has been mutant flavodoxins, T12H and N14H, were generated,
reported to be in its dianionic form above pH 6.0 in the purified, and characterized. The ionization properties and
flavodoxins fromMegasphaera elsdeniD. vulgaris, and possible chargecharge interaction between the phosphate
Clostridium beijerinckiiMoonen & Mtler, 1982; Vervoort  group and the imidazole side chain were studied by both
etal, 1986a). The phosphate group is bound in an unusual3lp and*H NMR. The electrostatic contribution of the
and highly conserved binding site within the flavodoxin phosphate group to the negative redox potential of the wild-
protein (Mayhew & Ludwig, 1975). Interactions occur type flavodoxin is evaluated and discussed.
through an extensive hydrogen-bonding network made up
of amide groups in the peptide backbone and neutral aminoEXPERIMENTAL PROCEDURES
acid side chains, many of which are provided by hy-

droxyamino acids (Figure 1) (Waét al, 1991; Peelen & Materialg Anthraquinone—_2,6—disulfonate, 2-hydroxy-1,4-
Vervoort, 1994). These interactions seem to contribute N@phthoquinone, and safranine T were purchased from Fluka
significantly to the tight binding of the cofactor (thé& for Chemicals. Safranine T was recrystallized before use.

the oxidized FMN is in the subnanomolar range) because Benzyl and methyl viologen were obtained from Serva
riboflavin, lacking the phosphate group, binds much more Chemicals. 5-Hydroxyethyl viologen was synthesized as
weakly to most flavodoxin proteins (Curlest al, 1991;  described previously (Kazarinovet al, 1967; Zhou &
Mayhew & Tollin, 1992). The notable absence of basic Swenson, 1995). Riboflavin was obtained from Eastman
residues within this phosphate binding site precludes the Kodak. The Sequenase Version 2.0 DNA sequencing kit
compensation of the negative charges on the phosphatévas obtained from United States Biochemical Corp. The
through direct ion-pairing interactions (Watt al, 1991).  Muta-Genein vitro mutagenesis kit was from Bio-Rad
This has led to speculation that the dianionic phosphate Laboratories. The restriction enzymketndlll, Ncd, and
group, located only 910 A from the FMN N1 atom, could  Ncil were obtained from GIBCO BRL. Deuterium oxide-
contribute to the low reduction potentials for the sg/hq couple dz (D20) was from Norell, Inc.  Deuterium chloride (DCI),
through unfavorable electrostatic interactions between the sodium deuteroxide (NaOD), and sodium 3-(trimethylsilyl)-
phosphate and the negative charge that develops on théropionate-2,2,3,8, were obtained from Cambridge Isotope
hydroquinone as the cofactor becomes fully reduced (MoonenlLaboratories. All other chemicals were of analytical reagent
etal, 1984). Several studies seem to support this concept.grade.

A recent study in our laboratory directly demonstrated that Bacterial Strain and Plasmids.The pseudo wild-type
the electrostatic field provided by negatively charged acidic flavodoxin gene (P2A) fronD. vulgaris (Hildenborough)
amino acid residues clustered around the cofactor binding (NCIB 8303/ATCC 29579) has been previously cloned into
site substantially lowers the midpoint potential of the sq/hg the pBUCtac expression vector and characterized (Kety

couple Esqng in the flavodoxin fromD. wvulgaris (Zhou & al., 1988). The pseudo wild-type flavodoxin produced from
Swenson, 1995). When the apoflavodoxin frinelsdenii this construction, which differs from the wild-type protein
is reconstituted with riboflavin ‘% -bisphosphateEsqng is in that an alanine residue replaces proline at position 2 for

shifted from —390 to —410 mV at pH 7.05. This rather increased efficiency of expression Escherichia coli has
modest change was attributed to the additional unfavorableproperties identical to those of the wild-type protein in every
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way tested. In this study, the P2A gene was subcloned intoIn the evaluation of the pH dependencies of the reduction
thepBluescript KS plasmid (Strategene) for oligonucleotide- potentials, theE, values for anthraquinone-2,6-disulfonate
directed mutagenesis and overexpression (Zhou & Swenson(E, 7 = —184 mV; Dutton & Baltscheffsky, 1972) and
1995). safranine TEn 7= —276 mV; Clark, 1972) were calculated
Molecular Modeling Mutant proteins, in which a histidine  according to the pH dependencies reported by Clark (1972).
residue replaces one of the amino acid residues in theBecause the midpoint potentials of benzyl viologen and
phosphate binding loop, were designed and evaluated withing-hydroxyethyl viologen are pH-independent throughout the
the context of retaining hydrogen-bonding interactions pH range of this study (Bird & Kuhn, 1981), tl&, 7 values
between the imidazole group and the cofactor (primarily with were used to establish the reduction potentials of the sg/hq
the B-phosphate) similar to those in the wild-type protein. couple.
Direct interactions could either alter th&pand ionization 8P and 'H NMR Spectroscopy All NMR samples
state of the phosphate or form strong ion-pairing interactions. contained 2.0 mM flavodoxin. Samples fétP NMR
The amino acid residues targeted for substitution were measurements were prepared in 50 mM ‘Hi3I buffer (pH
selected with the assistance of the geometry optimization of 6—8). The final sample volume was.3 mL and contained
the mutant structure using the AMBER molecular mechanical 10% (v/v) DO to aid in locking the magnetic field. The
force field (Weineret al, 1986) within the HyperChem 3P NMR spectra were recorded using 10 mm NMR tubes
molecular-modeling software (Autodesk, Inc.). After a at 300 K on a Bruker MSL-300 NMR spectrometer operating
particular amino acid had been substituted with histidine, at 60.8 MHz. 3!P chemical shifts were determined relative
all amino acid residues within an 8 A radius sphere centeredto an external standard of 85% phosphoric acid. Flavodoxin
at thes-carbon of the substituted residue were selected for samples fotH NMR spectroscopy were prepared in 20 mM
energy minimization. Partial charges on the atoms of the sodium phosphate buffer (pH 7) and exchanged int® D
FMN phosphate group were assigned on the basis of theby repeated lyophilization followed by solvation in 99.8%
AMBER parameters for the nucleotide monophosphate (netD,O. The!H NMR spectra were recorded at 300 K on a
charge of—1.6), and the substituted histidine side chain was Bruker AM-500 NMR spectrometer. Proton chemical shifts
given net charge ot1 by selecting the “Hip” template. A were determined relative to an internal standard oxK0
distance-dependent dielectric parameter and switched cutoffsodium 3-(trimethylsilyl)propionate-2,2,3@- which was
in the range of 815 A were selected for force field options. assigned a chemical shift value of 0.0 ppm. In both
The calculation proceeded using the Pet&ibiere conjugate = measurements, the pH of the sample solutions was adjusted
gradient algorithm and was terminated when the RMS by adding appropriate volumes of 5% (v/v) NaOD or DCI
gradient reached a value of 0.1 kcat*mol~t. Structures in D,O. The reported pH values (pH*) are not corrected
with various manually adjusted torsion angles for the for the deuterium effect. Data were processed on an Indigo
histidine side chain were also geometry optimized to explore workstation (Silicon Graphics, Inc., Mountain View, CA)
alternative ion-pairing or hydrogen-bonding interactions with using Felix 2.30 software from Biosym Technologies, San
the phosphate group and to evaluate each lemausglobal Diego, CA.
energy minimum. Preparation of the Wild-Type Apofladoxin—Riboflavin
Side-Directed MutagenesigOligonucleotide-directed mu-  Complex. Apoflavodoxin was prepared as described previ-
tagenesis was carried out using the Kunkel (1985) methodously (Wassink & Mayhew, 1975). Briefly, the flavodoxin
for selection biased toward the mutant constructions. Two solution was mixed with an equal volume of 10% (w/v) cold
degenerate oligonucleotides were usedCEGTGTTGC- trichloroacetic acid in 0.10 M potassium phosphate buffer
CATGGGTGGAACCG-3for T12H and 5-CGGTGTAT- (pH 7.0) containing 0.30 mM ethylenediaminetetraacetic acid
TCCGTGTG(C)CC(G)GTGGTGGAACCG-3for N14H. (EDTA) at 4°C in darkness for 10 min. The mixture was
The underlined nucleotides are different from those of the centrifuged for 10 min in an Eppendorf microfuge, and the
wild type, and those in parentheses are “silent” mutations yellow supernatant was discarded. The whitish protein
introduced to assist in screening by differential restriction precipitate was washed with 5% trichloroacetic acid in 0.10
mapping. For the T12H mutation, a neMcd site was M potassium phosphate buffer (pH 7.0) containing 0.30 mM
created. A newNcil site was introduced by the N14H EDTA, and the mixture was centrifuged as before. After
mutation. All the mutations as well as the sequence integrity three washes, the pellet was dissolved in 1.5 mL of 0.10 M
of the entire structural gene were confirmed by the Sanger potassium phosphate buffer (pH 7.0) containing 0.30 mM
dideoxy termination DNA sequencing procedure using the EDTA and dialyzed against the same buffer at°@.
Sequenase protocol (Sangral, 1977). Apoflavodoxin was stored at 4C and was never frozen.
Purification of Expressed Mutant Fladoxin Proteins The riboflavin—apoflavodoxin complex was prepared by
TransformecE. coli AG-1 cells were cultured for up to 48  mixing riboflavin and apoflavodoxin solutions in darkness
h at 37°C in NZY medium containing 10@g/mL ampicillin. at room temperature. The mixture was passed through a
Flavodoxin was purified by procedures described previously Sephadex G-50 column (25650 cm) to remove the excess
(Zhou & Swenson, 1995) except that the NaCl concentrations riboflavin.
of the wash and elution solutions used during ion exchange Determinations of Apoflaodoxin and Riboflain Concen-
chromatography were adjusted to accommodate the changération. On the basis of the amino acid composition and
in the net charge of the mutants. TAg.A4ss absorbance  the extinction coefficients for tryptophan (5698 Mcm™?)
ratios of the purified mutant flavodoxin preparations were and tyrosine (1280 M cm™?) (Elwell & Schellman, 1977),
ca. 4.0, and the proteins were judged to be homogeneousthe molar extinction coefficient at 280 nm of unfoldéd
by SDS-polyacrylamide gel electrophoresis. vulgaris apoflavodoxin was calculated to be 17 780°'M
Redox Potential Measurementblidpoint potentials were  cm™. An apoflavodoxin sample was determined by its
determined by equilibration with redox indicator dyes using absorbance at 280 nm after denaturation in 6 M guanidine
procedures described previously (Zhou & Swenson, 1995). hydrochloride in 10 mM phosphate buffer (pH 7.0). The
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Ficure 2: Comparison of the structure of the binding site for th@/osphate of the FMN of the histidine mutants (thick line) to that of

the wild-type flavodoxin (thin line) fronD. vulgaris. Oxygen atoms are represented as open circles and nitrogen atoms as filled circles.
Possible hydrogen bonds between the mutated histidine residue and the FMN cofactor are indicated by dashed lines. The wild-type structure
is based on the X-ray crystal data of Wattal. (1991), while those of the mutants are based on geometry-optimized modeled structures
(see Experimental Procedures): (A) T12ersusthe wild type and (B) N14Hersusthe wild type.

riboflavin concentration was determined by its absorbance apoflavodoxin excited at 290 nm was recorded at ambient
at 445 nm using a molar extinction coefficient of 12 500 temperature on a SLM Aminco SPF-500C spectrofluorimeter.

M~tcm™ The concentration of the apoflavodoxin remaining at equi-
Determination of the Dissociation Constants for the librium was calculated on the basis of the linear correlation
Oxidized and Fully Reduced Ribofla Complex The Ky between the protein fluorescence and the apoflavodoxin

value for the binding of riboflavin to apoflavodoxin was concentration obtained using the same apoprotein prepara-
determined by difference spectrophotometric titration. A 25 tion, on the same day, and under the same experimental
uM solution of riboflavin in 50 mM sodium phosphate buffer conditions. The dissociation constant of the reduced ribo-
(pH 7.0) was titrated by the addition of a substoichiometric flavin complex was determined by the average of two
amount of a 50&M stock solution of purified apoflavodoxin  different measurements with riboflavin concentrations of 32
in the same buffer. After equilibrium was reached, the and 100uM, respectively.
visible absorption spectrum was recorded on a Hewlett-
Packard Model 8452A diode array spectrophotometer at o5 RESULTS
°C and corrected for dilution. The titration continued until Generation, Expression, and Characterization of the
no further absorbance changes were observed. DifferenceHistidine Mutants The X-ray crystal structure (Watt al.,
spectra were generated by subtracting the starting riboflavin1991) and NMR studies (Peelen & Vervoort, 1994) of the
spectrum from each spectrum recorded during the titration. D. yulgaris flavodoxin suggest that Thr12 and Asn14 are
The fraction of bound riboflavin was calculated from the among several amino acid residues that form an extensive
absorbance changes at 496 and 440 nm in the differencenydrogen-bonding network with the phosphate group. In-
spectrum. Thé&gwas determined by averaging eight points teractions involve the peptide backbone NH group of both
near the equivalence point of a plot of the fraction of residues as well as thé&-hydroxyl group of Thr12. The
riboflavin boundversusthe total apoflavodoxin concentra- amide group of the Asn14 side chain may also hydrogen
tion. bond to the 4hydroxyl group of the ribityl side chain of
The Ky value for the reduced riboflavin complex was the cofactor. Molecular-modeling studies suggested that
determined using the following fluorescence method. It is flavodoxins containing the T12H or N14H substitutions can
commonly assumed that all species of reduced alloxazinesform a phosphate binding loop similar to that of the wild
and isoalloxazines, both free and protein-bound, are non-type. The imidazole side chain in these mutants can form
fluorescent under the usual experimental conditions (Ghisla hydrogen-bonding interactions with the cofactor similar to
et al, 1974). The protein fluorescence of tBe vulgaris those with the wild-type residues (Figure 2A,B). Conse-
flavodoxin holoprotein is effectively quenched, and its quently, these substitutions should minimally affect the
emission spectrum could not be measured (D’Anna & Tollin, binding energy with cofactor, reducing such indirect effects
1972; Dubourdiewt al.,1975). Therefore, the concentration on the redox potential. However, for the first time in a
of the apoflavodoxin in equilibrium with the reduced flavodoxin, these mutations place a basic residue immediately
riboflavin—apoflavodoxin complex could be determined adjacent to the phosphate group, changing the electrostatic
according to its protein fluorescence. A solution of apofla- characteristics of this binding site and possibly allowing for
vodoxin and riboflavin in 50 mM phosphate buffer (pH 7.0) direct ion pairing and charge compensation and/or altering
containing 0.30 mM EDTA was reduced by light irradiation the ionization state of the phosphate itself. Because of the
anaerobically. The fluorescence emission at 350 nm of theionization properties of the histidine side chain, the intensity
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Ficure 3: Ultraviolet-visible absorbance spectra of the T12H
mutant (A) and the N14H mutant (B) flavodoxins during reduction
with sodium dithionite under anaerobic conditions. Flavodoga (
30 «M) in 50 mM sodium phosphate buffer (pH 7.0) was titrated
under argon in a sealed titration cuvette at 25 solid line,
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mutant were obtained at pH 7.0. These values are very
similar to that determined for the recombinant wild-type
flavodoxin using this indicator dye under these conditions
(Eoxisq= —185+ 4 mV). Also, midpoint potentials for this
couple for the two mutants as determined using 2-hydroxy-
1,4-naphthoquinonekf, 7 = —145 mV, Cammaclet al,
1977) as the indicator dye are similar to reported values for
the wild type (Swenson & Krey, 1994). It can be concluded,
therefore, that the histidine substitutions have little effect on
the reduction potentials of the ox/sq couple.

The midpoint potential of the sq/hq couple was also
determined for both mutants by equilibration with the
indicator dyeS-hydroxyethyl viologen £, 7 = —408 mV,
Homeret al,, 1960). Values foEsynqof —422 mV for T12H
and —426 mV for N14H were obtained at pH 7.0. Thus,
both histidine substitutions have increased the midpoint
potential of this couple compared to that of the wild type
having anEsqnqvalue of—443 mV under similar conditions.
However, these increases are relatively small, being 21 mV
for the T12H mutant and 17 mV for the N14H mutant. The
original design of these mutants proposes favorable ion-

e In o s I s o el e g cng Ineactions between th pratonated isicine and the
was generated by thé subtr%ction of the con%/ribution of thé1 small dianionic 5-phosphate group leading to charge cqmpensatlon
amount of oxidized species present near the midpoint of the titration @nd/or the alteration of thek of the phosphate itself. At
and rescaled to 100%. Similarly, the hydroquinone spectrum was pH 7.0, the histidine residues may only be partially proto-
corrected for the presence of a small amount of semiquinone nated so the full effects may not be elicited. It is also not
rir;‘r?irgg%taéégenggfsgfstwgsgt;ﬂ%% rme dm?ﬁtstﬁg?:‘(’)"u?g:%ﬁﬁgcepossible to determine whether the changes in the reduction
fitratign showing the separation of each coupl% (extinction values F’Pt‘?”,“a's are the consequence of the '°”'Zat'°r! state of t.he
in units of MM cm-1). histidines or the phosphate group. The following experi-
ments were designed to test these possibilities.
of the electrostatic interaction between the isoalloxazine ring Redox-Linked pH Dependency of the T12H, N14H, and
and the phosphate group can be evaluated as a function oWild-Type Flaodoxins. The midpoint potentials for the ox/
the charge on the histidine. sg couple of the T12H and N14H mutants displayed a pH
The T12H and N14H mutant flavodoxins were generated dependency of-65 and—66 mV per pH unit, respectively.
using standard oligonucleotide-directed mutagenesis technol-These values are similar to that of wild type and conform
ogy (Kunkel, 1985). Each mutant protein was overexpressedreasonably well to the theoretical value 669 mV for a
in E. coli AG-1 cells as the holoprotein, accumulating in single-proton transfer linked to the one-electron reduction
the cells in the partially reduced or semiquinone state as of the flavin, maintaining the neutral semiquinone throughout
indicated by the dark bluish color of the bacterial pellet. This this pH range as observed. If ionization of the mutated
is similar to what is observed for the wild type and other histidine occurs in this pH range as expected (see also the
mutant flavodoxins (Kreyet al., 1988; Swenson & Krey, following *H NMR experiments), this general pH dependency
1994; Zhou & Swenson, 1995). The fully oxidized purified implies that there is little or no preferential interaction of
holoproteins in each case hég;sA4sg ratios of 4.1+ 0.1, either the neutral or the protonated forms of the histidine
which is similar to that for the wild type and is consistent with the neutral flavin semiquinone in the mutant flavodoxin.
with a 1:1 stoichiometry for FMN binding, indicating that The pH dependency dEsqng Over the range of 5:58.3
cofactor binding was not grossly affected by the mutations. was established for the wild-type flavodoxin and two
The visible absorbance spectra of all three oxidation stateshistidine mutants. Just as observed previously for this and
were determined for both mutant flavodoxins during titration other flavodoxins, the midpoint potential of the wild-type
with sodium dithionite. As shown in Figure 3 (panel A, flavodoxin increased at pH values below 7.0 (Ludwig &
T12H; and panel B, N14H), the spectra were essentially Luschinsky, 1992). However, tHeqnq values of both the
identical to those of the wild-type flavodoxin (Swenson & T12H and N14H mutants were generally less negative than
Krey, 1994). In both cases, the semiquinone state was seerthat of the wild type at all pH values tested, with the
to accumulate to nearly stoichiometric levels during the difference becoming more pronounced at lower pH values
titration (see insets), suggesting that the reduction potentials(Figure 4). It should be emphasized that these data represent
of the two redox couples remain well-separated as in the the difference between two experimental values, the
wild-type protein. These observations also imply that the midpoint potentials of the mutants and the wild type
structural alternations introduced by each mutation were determined under identical conditions, resulting in some
limited locally to the phosphate binding site, which should scatter. At pH values around 8.0, tBgynqVvalue of N14H

make data interpretation less complex.

The midpoint potential of the ox/sq couplEsy for both
mutants was determined by equilibration with the redox
indicator dye anthraquinone-2,6-disulfonak&,¢ = —184
mV, Dutton & Baltscheffsky, 1972). Values fdfosq Of
—189 mV for the T12H mutant ang188 mV for the N14H

was very close to that of the wild type, but a 10 mV
difference between the values for T12H and the wild-type
flavodoxin seems to remain. This 10 mV difference may
not result from the ionization of His12. Instead, it could be
due to small alternation in the hydrogen-bonding network
(see below). The pH dependency of both mutants could be
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field, remaining relatively constant throughout the pH range
of 6—8. At each pH value, the chemical shift value for each
mutant was shifted downfield relative to that of the wild-
type protein, about 0.4 ppm in the N14H and 1.8 ppm in the
T12H mutant. Becaus&P chemical shifts of phosphate
esters are sensitive to the strength and angle of phosphate
oxygen bonds (Gorenstein, 1981), the small downfield shift
of the resonance peak in the N14H mutant suggests that the
geometry and/or environment of phosphate might only be
slightly altered in this mutant. In contrast, the larger
downfield shift of the resonance in the T12H mutant may
FiIGURE 4: pH dependency of the midpoint potentials for the sq/hq reflect the loss of the hydrogen bond between the phosphate
couple of the T12H mutant (open squares) and N14H mutant (filled and they-OH of the Thr12 side chain in the T12H mutant.
CirCles) flavodoxins at 258C relative to that of the wild type At The Chem|cal Shlft Of the phosphate group |n each mutant

each pH value, the difference between the midpoint potential of .
the mutant and that for the wild-type flavodoxin is plotted. The displayed only a very small pH dependency, far less than

dashed lines represent a fit of the data to a redox-linked ionization 'éported for a change in ionization state which can be as
model as described in Swenson and Krey (1994) (see Results formuch as 4 ppm for phosphate monoesters in solution
details). (Gorenstein, 1981). Small differences in the chemical shifts
were noted, however. Attempts were made to fit these small
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E'sqmg (mutant) - Esqmq (wt) (mV)
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.1 | changes to the ionization of the adjacent histidine in each
g S case. This was not possible for the T12H mutant; however,
o for the N14H mutant, the data could be fit to a single
o 6 1 ionization with an apparentqa value of 7.01+ 0.09. Taken
s S together, the NMR data seem to suggest that Hph&sphate
El wm—— group in both the T12H and N14H mutant flavodoxins
5 remains in its dianionic form, perhaps, being affected slightly
é 7 5 by the ionization of the His14 in the N14H mutant and the

pH loss of a hydrogen bond in the T12H mutant; however, the
. role of geometric constraints in establishing the chemical
Ficure 5: pH dependency of thé’P NMR signal for the

5'-phosphate of the FMN cofactor bound to the T12H mutant ?h'ﬂ of the phosphate must also be_ considered in the
(triangles), N14H mutant (circles), and the wild-type (square) Interpretation of these results (Gorenstein, 1981) (see below).
flavodoxins at 27°C. Chemical shift values are relative to an Since the pH dependency of the redox potential for the sqg/
external standard of 85% phosphoric acid. hqg couple in each mutant appears not to be the result of a
change in the ionization state of theghosphate group, the
fit to a redox-linked ionization mechanism in which the focus was switched to the ionization properties of the newly
reduction potential of the FMN is coupled to the protonation introduced histidine residues.
of an ionizable group in each mutant protein [see Swenson Determination of the pKof His12 and His14 of the T12H
and Krey (1994)]. In each mutant, the shift in the midpoint and N14H Mutants The K, value of the histidine side chain
potential upon protonation is approximately 188 mV introduced in the T12H and N14H mutants was determined
which is coupled to a modest shift in th&pof the ionizable by monitoring the changes in chemical shift of the C2 and
group of 0.10.2 unit upon reduction of the flavin. On the C4 hydrogens on the imidazole ring bM NMR titration
basis of the curve fitting to this model, th&pvalues of the throughout the pH* range of 549 using the method
ionizable group in the T12H and N14H mutants linked to described by Markley (1975). As an example, the results
the midpoint potential shifts were 76 0.3 and 7.8+ 0.4, obtained during the titration of the T12H mutant are shown
respectively. Given thesekpvalues, it is possible that the in Figure 6. As is otherwise noted, qualitatively similar
pH dependency of the midpoint potentials could result from results were obtained for the N14H mutant (data not shown).
ionization of either the phosphate group or the substituted Four sharp and well-separated resonance peaks)(@ere
histidine residue. The ionization properties of the 5 observed in the aromatic region of thd NMR spectrum
phosphate and the introduced histidine residue for eachof each mutant and were assigned to the histidine residues
mutant in its fully oxidized state were characterized as on the basis of their pH dependency and general chemical
follows. shift values. Wild-type flavodoxin contains only one histi-
31P NMR Experiments of the T12H, N14H, and Wild-Type dine residue, His142, and tHél chemical shifts of both
Flavodoxins. It has been reported that thé-fthosphate nonexchangeable imidazole hydrogens of this residue have
group remains in its dianionic form above pH 6.0 in the been assigned previously in this laboratory (peaks b and d,
oxidized flavodoxins fromM. elsdenij D. wulgaris, andC. unpublished results). The other two peaks (a and c), which
beijerinckii flavodoxins (Moonen & Miler, 1982; Vervoort are absent in the wild type, were assigned to the C2 and C4
et al, 1986a). In this study, the ionization state of the hydrogens of either His12 in the T12H mutant or His14 in
phosphate group in the T12H, N14H, and wild-type fla- the N14H mutant.
vodoxins was monitored over the pH range of-6300 by The chemical shift of the C2 and C4 hydrogens made
3P NMR spectroscopy (Figure 5). Théphosphate reso-  smooth transitions downfield as the pH was lowered over
nance in the wild-type flavodoxin was observed at a low- the range of pH 549.2. By nonlinear least-squares
field position of 5.1 ppm and remained unchanged throughout analysis, the data were found to adequately conform to a
this pH range, consistent with the published reports. The modified version of the Hill equation (Markley, 1973). In
phosphate resonance in each mutant also appeared at lowall cases, the Hill coefficient was observed to be nearly equal
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FicUrRe 6: 500 MHz'H NMR spectra in the aromatic region for the T12H mutant flavodoxin as a function of solution pH. Peaks a and ¢
were assigned to the C2 and C4 hydrogens, respectively, of His12; peaks b and d were assigned to the C2 and C4 hydrogens, respectively,
of the His142 residue on the basis of analogy to the wild-type spectrum. Chemical shift values are relative to an internal standard of TSP.

to 1. Inthe T12H mutant flavodoxin, the total chemical shift for His142 in this mutant was 6.94, similar to those of the
throughout the pH range was 0.95 ppm for the C2 hydrogen wild type and the T12H mutant (Figure 1@). The average
and 0.34 ppm for the C4 hydrogen of the His12 imidazole value of 6.93 for the K, of His14 in the N14H mutant is
side chain. The sameKp value of 6.71 was derived from  ca.0.2 pH unit higher than that of His12 in the T12H mutant.
chemical shifts of each of the two hydrogens (Figure 7A,B). This value is also in good agreement with th€, palue of

The total chemical shift for His142 was 0.91 ppm for the 7.01+ 0.09 obtained from the small change in the phosphate
C2 hydrogen and 0.28 ppm for the C4 hydrogen. TKe p  resonance noted for the N14H mutant during ¥ NMR
values obtained for this histidine residue were 7.03 on the titration. Both observations may indicate that there is at least
basis of the C2 hydrogen signal and 6.93 from the C4 a general electrostatic interaction between the phosphate
hydrogen (Figure 7A,B), giving an average value of 6.98. group and the His14 side chain.

Resonance peaks in similar regions of #htspectrum The resonance peak broadening could be the result of the
were noted in the N14H mutant flavodoxin; however, both immobilization of the neutral form of the His14 side chain
the C2 and C4 resonance peaks for Hisl4 gradually during the titration. On the basis of the molecular modeling
broadened as the pH was increased. The chemical shift forof these mutants, the side chain of His14 in the N14H mutant
the C4 hydrogen of the His14 was notably broadened evenseems to be situated in a pocket composed of Avtorns:
at the lowest pH values attempted. The chemical shifts of -Gly128-Asp129-Pro130-Arg131- and -Thr12-Gly13-His14-.
both protons could be readily assigned, however, from The neutral form of the imidazole ring may preferentially
difference spectra except at pH values greater than 8 wherenteract with residues within this pocket, consistent with the
assignments could not be made unambiguously. TKe p complete reversibility of the broadening event. In contrast,
values determined for the C2 and C4 hydrogens of His14 the Hisl2 side chain appears to remain highly mobile
were 6.89 and 6.92, respectively (Figure 7C,D). The pH- throughout the titration on the basis of the very narrow
dependent resonance peak broadening was determined to beesonance band.
reversible. In a separaféd NMR titration of the N14H Redox Properties of the Apofladoxin—Riboflavzin Com-
mutant, the pH was adjusted from high (9.24) to low (5.44) plex Certain apoflavodoxins can be reconstituted with
values. In this case, the peaks sharpened and sinflar p riboflavin instead of FMN (Mayhew & Tollin, 1992). This
values of 6.95 and 6.94 were obtained from the C2 and C4is true for theD. pulgaris flavodoxin as well. The binding
hydrogen resonances (Figure 7E,F). An averagevalue of riboflavin is associated with characteristic red shifts and
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FiIGURE 7: H NMR titration curves for the histidine C2 and C4
hydrogens of the T12H mutant (A and B) and N14H mutant (C
F) flavodoxins. The pH dependency of the chemical shift assigned
to His142 in each protein is represented by the filled squares in
each panel. The filled circles depict the chemical shift data for each
of the mutants as follows: (A) C2 H of His12, (B) C4 H of His12,
(C and E) C2 H of His14 titrated from low to high and from high
to low pH, respectively, and (D and F) C4 H of His14 titrated from
low to high and from high to low pH, respectively. In each titration,
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Ficure 9: Determination of the midpoint potential for the ox/sq
couple (A) and sg/hq couple (B) of the riboflavin complex.
Reduction potentials were determined during titration with sodium
dithionite under strict anaerobic conditions by equilibrium of the
riboflavin complex €a. 30 M) (filled square$ with the following

the proton chemical shift data were fit by nonlinear least-squares redox indicator dyes: 38M anthraquinone-2,6-disulfonate (open

regression analysis to a modified form of the Hill equation as

described by Markley (1975).
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squares) in the determination of the ox/sq couple and safranine T
(open squares) in the determination of the sg/hq couple. Data were
plotted and midpoint potentials established as described in Zhou
and Swenson (1995).

FMN (=238 mV, Draper & Ingraham, 1968) in solution but
is 80 mV more negative than that of the native flavodexin
FMN complex (148 mV, Swenson & Krey, 1994).

The midpoint potential for the sg/hg couple for the
riboflavin complex was determined by equilibration with the
indicator dye safranine T, 7= —276 mV) during reduction
with dithionite (Figure 9B). Thé&gynqvalue was—257 mV,
which is 85-90 mV more negative than that of free
riboflavin (—167 mV, Draper & Ingraham, 1968) and FMN
(—172 mV, Draper & Ingraham, 1968) but is 186 mV less
negative than that of the wild-type flavodoxin443 mV,
Swenson & Krey, 1994). These results are consistent with
previously reported midpoint potentials determined at pH
6.50 (Curleyet al, 1991).

Determinations of the Dissociation Constants for the Three
Oxidation States of the Riboflen Complex The dissociation
constant Ky) for the oxidized riboflavin complex was

FIGURE 8: Spectral changes associated with the reconstitution of determined from the spectral changes occurring upon titration

the recombinanD. vulgaris apoflavodoxin with riboflavin and the
determination of the dissociation constant for the riboflavin complex
at pH 7.0. (A) Ultraviolet-visible absorbance spectra of the
riboflavin (ca. 25 uM) titrated with apoflavodoxindga. 500 4M in
stock solution) at 25C. (All spectra were corrected for dilution.)

of riboflavin with apoflavodoxin (Figure 8A) by replotting

the changes in absorbance at 496 and 440 nm as a function
of added apoprotein (Figure 8B). An averaggevalue of
0.51+ 0.04uM was determined from eight points near the

The inset shows difference spectra generated by subtraction of theequivalent point. This value is slightly lower than the

initial riboflavin spectrum from each spectrum obtained during the

titration. (B) Plot of the sum of absorbance changes at 440 and 1972) and 0.72uM (Curley et al, 1991).

496 nm obtained from the difference spectra (panel A insagus
the total apoflavodoxin concentration in the titration mixture.

previously reported values of 0.7 (D’Anna & Tollin,
However,
compared with th&, value of 0.24 nM reported for the FMN
complex of theD. wulgaris flavodoxin (Curleyet al., 1991),

decreased extinction coefficients of the main absorbancethere is at least a 2100-fold decrease in the association of
peaks of riboflavin as shown in Figure 8A. These absorbanceriboflavin to the apoflavodoxin. On the basis of the fact
changes are very similar to those observed upon reconstituthat free energy is path-independent, the dissociation con-

tion of the apoflavodoxin with FMN.

The midpoint potential for the ox/sq couple for the
riboflavin complex was determined to be228 mV by
equilibration with the indicator dye anthraquinone-2,6-
disulfonate En; = —184 mV) during reduction with
dithionite at pH 7.0 (Figure 9A). This value is quite similar
to that of riboflavin (-231 mV, Lowe & Clark, 1956) and

stants for the semiquinone and hydroquinone states of the
FMN— and riboflavin-apoflavodoxin complexes can be
determined from the shift in midpoint potentials of each
couple relative to those of the unbound cofactor according
to the free energy relationships defined by the relevant linked
equilibria [for example, see Dubourdietial. (1975)]. The

Kg values of 0.45 and 1M were calculated for the
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Table 1: Properties of the Riboflavin Complex and Comparison with the Wild-Type Flavodoxin

Amax (nm) complex dissociation constant

_—_— onlsq Esq/hq

| 1l Kg (0x) Kq (sq) Kq (hq) (mV) (mV)

riboflavin 444 374 - — — —231 —-167
FMN 445 373 - - - —238 —-172
wild-type flavodoxin 460 378 0.24 nM 7.2 pMVF 0.28uM¢ —148 —443
riboflavin complex 460 378 0.52M 0.45uM¢ 15uMe¢ —228 —257

aSwenson and Krey (1994) Curleyet al. (1991).¢ From the free energy diagram of Dubourdial. (1975).¢ Lowe and Clark (1956) Draper
and Ingraham (1968).

o
[e)

each case. This value is in good agreement with that (15
uM) calculated from the free energy diagram.

o
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The contribution of the negative charge on the 5

. phosphate group of the FMN cofactor to the oxidation
reduction potentials of thé. wpulgaris flavodoxin was
investigated in this study. The phosphate binding site in the
flavodoxin is often referred to as being rather unusual
because of the absence of basic residues for ion pairing as
Ficure 10: Determination of the dissociation constant for the g generally noted in nucleotide binding sites, a situation even

reduced riboflavin complex. The emission spectra of audb A , ; ;
solution of apoflavodoxin in the absence (solid line) and presence more striking in that the 'phosphate is thought to remain

of 32 uM (dot-dashed line) and 100M (dashed line) reduced  dianionic over a broad pH range (Moonen & Naw, 1982;

riboflavin. Fluorescence quenching is associated with the formation Vervoort et al, 1986a). Instead, X-ray crystallographic

of the apoflavodoxinrriboflavin complex. The inset shows the  (Watenpaughet al., 1973; Wattet al, 1991) and two-

correlation between the protein fluorescence at 350 nm and gimensjonal NMR studies (Peelen & Vervoort, 1994) of the

apoflavodoxin concentration under these conditions. The excitation __. - . .

wavelength in each case is 290 nm. oxidized flavodoxin holoprotein suggest that the phosphate
group may be bound through a network of nine to ten

riboflavin semiquinone and hydroquinone, respectively. hydrogen bonds with amide nitrogens of the peptide back-
These values are 63000- and 54-fold higher than those ofbone and the hydroxyl oxygen of threonine and serine
the FMN complex (7.2 pM and 0.28M, respectively). The residues. The conservation of this general binding theme
properties of the riboflavin complex and their comparison in all other flavodoxin proteins has prompted speculation
to those for the recombinant wild-type holoprotein are thatthe uncompensated charges on the phosphate may have
summarized in Table 1. functional significance, perhaps contributing to the very low
The relatively highKq calculated for the riboflavin  reduction potential of the sg/hq couple through unfavorable
hydroquinone complex raised the question as to whether theelectrostatic interactions with the flavin hydroquinone anion
flavin hydroquinone was dissociating during the redox (Moonenet al, 1984).
potential determination, resulting in an error in the midpoint  Histidine mutants of theD. wulgaris flavodoxin were
potential for the sq/hq couple of the riboflavin complex. designed in this study to probe the intensity of the electro-
Therefore, the dissociation constant for the hydroquinone static effect of the Bphosphate group on the redox properties
form riboflavin complex was also determined directly by of the FMN cofactor. The initial goal was to introduce one
fluorimetry under anaerobic conditions. Reduced flavins are or more basic amino acid residues at critical positions on
believed to be nonfluorescent (Ghiglaal, 1974). Protein the phosphate binding loop without significantly interrupting
fluorescence of thé. wulgaris flavodoxin is effectively the hydrogen-bonding network which seems to be important
quenched, and its spectrum could not be measured (D’Annafor cofactor binding. Histidine was chosen because the
& Tollin, 1972; Dubourdieuet al., 1975). As observed in  cationic imidazole side chain could be positioned close to
the previous reconstitution study, the absorbance changesand even form direct contacts with the phosphate group.
during the reconstitution of the riboflavin complex are very Histidine also has a convenient ionization constant such that
similar to those of the FMN complex, suggesting that the its charge can be readily altered over a pH range compatible
environment surrounding the isoalloxazine ring in both the with the stability of the protein. After several possibilities
riboflavin and FMN complex remains the same. Therefore, were screened through molecular modeling and molecular
the apoflavodoxin fluorescence is assumed to be similarly mechanical calculations, two mutant structures were selected,
quenched upon reconstitution with riboflavin. A mixture of T12H and N14H mutants. Both structures place the basic
apoflavodoxin and riboflavin was reduced anaerobically by imidazole side chain adjacent to the phosphate group while
light irradiation. The fluorescence of the free apoflavodoxin potentially maintaining hydrogen-bonding interactions and
remaining in solution at equilibrium was monitored by the loop structures similar to those of the wild type. At the
emission at 350 nm with an excitation wavelength at 290 outset, it was hoped that two different situations could be
nm (Figure 10). The apoprotein concentration was deter- studied. The conservative N14H mutation was designed to
mined from the relative fluorescence determined under place the imidazole side chain close to the phosphate but
identical conditions (Figure 10, inset). An averagghq) without direct interactions. In the T12H mutant, the His12
value of 184M was determined from measurements made side chain could potentially form a strong hydrogen-bonded
at total riboflavin concentrations of 100 and 8. The ion pair with the phosphate group (Figure 2 and Scheme 1).
total apoflavodoxin concentration (1) was the same in ~ Depending on the relativeKp values of the two groups
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o o
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Scheme 1: Potential Hydrogen-Bonded lon-Pairing
Interaction between the Phosphate Group and the His12
Imidazole Side Chain in the T12H Mutant, Including Two
Possible lonization States
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hydroquinone anion. According to Coulomb’s Law, the
electrostatic interaction energAG) between the histidine
and phosphate groups can be estimated using the formula
AG = 332z,/recr, Whereze andzy are the charges on the
phosphate and histidine, respectively,is the distance
between the two charges in angstroms, aqds the effective
dielectric constant (Russedt al,, 1987). Alternatively, the
shift in pK; that might result from this electrostatic interaction
can be calculated by the equatidxpK, = 244z-z4/recsr. AS
always, the determination of. is complicated by the
discontinuity and nonhomogeneity inherent in protein sys-

involved, such an interaction could result in the protonation tems. However, on the basis dfpshifts, a good correlation
of the phosphate moiety, reducing its negative charge. Inpetween experimental and theoretical results has been
this way, the electrostatic effect of the phosphate group on estaplished for long range electrostatic interactions using the
the redox potential could be directly determined. In this gpove relationships [for example, see Russedl. (1987)].
situation, the protonation of the phosphate should be \iglecular-modeling studies suggest that both His12 and
indicated by an upfield shift of thé'? NMR resonance  His14 are on the surface and solvent accessible, placing the
(Vervoortet al, 1986a) and perhaps a substantial change in jmigazole at the interface between the relatively high
the [Ka value of His12 (Andersoet al, 1991). A second gjelectric environment of the solvent and the heterogeneous
possibility is that hydrogen bonding is not possible due t0 ¢ |ower dielectric environment provided by the protein.
structural or steric constraints of the imidazole side chain, op, the basis of analogy with the Russedlal. (1987) study
or the ent_ropic cost of Iocal.izing asolvgnt-exposed im_idazole involving surface residues, a value of 75 fai seems
side chain that offsets its interaction energy with the 55nropriate under the solvent conditions and ionic strength
phosphate (Dao-piet al, 1991). This type of interaction  seq in the NMR study (see also below). For an average
should not alter the ionization state of thephosphate.  charge separation of4 A based on the molecular-modeling
However, as for the N14H mutation, there is still the studies, and charges &fl and—2 on the histidine and'5
possibility of a general electrostatic interaction between the phosphate, respectively, aKp shift of 1.3-1.6 for the
histidine cation and the phosphate in this situation, more jnyoduced histidine residue was anticipated under these
indirectly offsetting its charge through longer range interac- conditions. Even if the histidine side chain is extended as
tions. In this case, the electrostatic effect of the phosphatef,; 45 possible from the phosphate while maintaining similar
group could be estimated by the compensating effect of the ysitioning of the main chain as in the wild-type structure
introduced histidine residue. The strength of the electrostatic ...g A), the calculated i, shift (~0.7) is considerably larger
inte_raction between the phosphate group and the histidineinan observed. Using the observepK, values and values
residues can be evaluated by the shift in théds palues. ranging from 4 to 9 A, unrealistically high values for the
The *P NMR titrations (Figure 5) provided convincing effective dielectric constants are calculated?00). These
evidence that, although the environment of th@lBosphate  results seem to suggest that the effective charge on'the 5
groups may be perturbed somewhat in both the T12H andphosphate group might actually be less than the formal
N14H mutants, the phosphate group does not appear todianionic charge set for this group. On the basis of the
change its ionization state over the pH range 6Bgustas  observed K, shifts of 0.15-0.37 relative to an averagdp
in the wild type. Therefore, the introduction of a neighboring for histidine, anec of 75, and distances ranging from 4 to
histidine residue has apparently not appreciably altered theg A, the charge on the phosphate can be calculated to fall
apparently unusually low K value of the phosphate petween—0.2 and—1. How can this be? Two explanations
(however, see below). Thé&H NMR titrations of both  can be offered. Although there are no basic residues adjacent
histidine mutants (Figures 7 and 8) provide€hpalues for o the 8-phosphate in the wild-type holoprotein with which
His12 and His14 of 6.71 and 6.93, respectively. The slightly to offset its charge, the phosphate group is hydrogen-bonded
higher pg<, value for His14 could be the consequence of its tg an extensive network of dipolar NH and OH groups
juxtaposition to Asp129 in the modeled structure. Although contributed by the backbone and side chains (Figure 1) (Watt
both histidine residues display somewhat elevatedialues et al, 1991). Together, these dipoles may partially offset
when compared to the average experimenta] yalue of  and/or shield the negative charges of the phosphate, resulting
6.56 for histidine residues in proteins (Markley, 1975), the in a lower effective charge as the results of this study suggest.
shifts were much more modest than anticipated for this Alternatively, these results may indicate that #@ NMR
location. This rather surprising observation plus the absencedata are not accurately reflecting the actual ionization state
of a change in the ionization state of thephosphate seem  of the 3-phosphate group. Gorenstein (1981) suggests that
to exclude the possibility for a direct hydrogen-bonded ion- the chemical shift of the phosphate group is very sensitive
pairing interaction between the His12 imidazole side chain to the geometry of the phosphatexygen bonds in phos-
and the 5phosphate group as predicted by the initial model phate mono-, di-, and triesters. In fact, the sensitivity of
building. Therefore, the electrostatic effect of the phosphate the 31 chemical shift to changes in the ionization state of
group on the redox potential could not be directly determined acyclic phosphate monoesters has been attributed not so
in this study from the manipulation of the ionization state much to the deshielding effects of charge itself but to
of the phosphate group itself. alterations in the ©P—0O bond angle induced by the change
The 'H NMR experiments, however, do provide some in ionization state (Gorenstein, 1981). The extensive hy-
important information about the strength of the electrostatic drogen-bonding network between the protein and the 5
interaction between the phosphate group and the introducedohosphate may significantly restrict its geometry relative to
histidine residues as well as with the charge on the FMN that in solution. This situation may in fact be more
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influential in promoting the substantial downfield shift of
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estimation of the phosphate electrostatics is also compatible

the phosphate resonance than the actual ionization state itselfwith a study in which theD. wvulgaris and M. elsdenii

This raises the possibility that thé-phosphate may not

apoflavodoxins were reconstituted with riboflavir,53-

actually exist as the dianionic species as previously proposedbisphosphate, an analog containing the additional anionic

which would be more consistent with our analysis of the
effective charge on the'fphosphate based on the histidine
pKa values.

Even if one accepts the formal charge 2 on the

phosphate moiety (Vervooet al.,1986b). In this case, the
redox potential for the sq/hq couple in the flavodoxin
complex was shifted to be about 20 mV more negative than
that of the native flavodoxin. In the final analysis, then, it

phosphate, the results of this study provide evidence thatcan be concluded that the effective charge on the 5

the electrostatic effect of this charge Bngshould be rather

phosphate may be substantially less than expected on the

small. This conclusion is based on the electrostatic effects basis of its reported formal charge and is, therefore, not likely
of the charge of the histidine residue in both mutants on the to be a significant factor in the modulation of the reduction
redox potential for the sg/hq couple as evaluated by its pH potentials of the bound flavin cofactor in this flavodoxin,
dependency (Figure 4). The maximum reduction potential particularly for the sg/hqg couple.

shift relative to that of the wild-type holoprotein obtained at
low pH values waga. 28 mV for the T12H mutants, with
about 18 mV attributed to the ionization of His12, acel

15 mV for the N14H mutant. These values were within the
range of the typical redox potential shift when an acidic
residue within 13 A of the FMN N1 was neutralized, which
is 12-18 mV (Zhou & Swenson, 1995). In a separate study,
the general electrostatic effect in the vicinity of the flavin
was explored by the Tyr100 to His mutation also in the
vulgaris flavodoxin (Helms, 1992; Helmst al, manuscript

in preparation). The redox potential for the sg/hg couple in
this mutant was also shifted about 18 mV during the
ionization of His100. This histidine residue, which is located
in a different region of the FMN binding site some distance
from the 3-phosphate group, is about 4@1 A from the
FMN N1, as are His12 (1612 A) and His14 (16-11 A).
Thus, the pH-dependent shifts Eyyng for these histidine

These conclusions appear to be contrary to theoretical
calculations (Mooneeet al, 1984) and to the reconstitution
of apoflavodoxin with riboflavin which effectively “removes”
any electrostatic effects of thé-phosphate group of the
cofactor (Curleyet al,, 1991). Both results suggest that the
5'-phosphate could decrease the reduction potential of the
sg/hg couple by as much as 180 mV. The substantial
disparity between these results and those obtained for the
histidine mutants in this study prompted the re-evaluation
of the redox properties of our recombinant apoprotein
preparation reconstituted with riboflavin. Values fsq
and Esqng of —228 and—257 mV were determined at pH
7.0, respectively. When differences in pH are considered,
these results correspond quite well to values-d0@3 and
—262 mV at pH 6.50 that are reported by Curley al.
(1991b).

The absence of the phosphate group in the riboflavin

mutants are all consistent with our earlier conclusions that complex undoubtedly disrupts the hydrogen-bonding network
the reduction potential for the sq/hq couple is sensitive to between the cofactor and the protein in this region. This is
the general electrostatic environment provided by chargedreflected in large increases in the dissociation constants of
groups surrounding the isoalloxazine ring (Zhou & Swenson, the riboflavin complexes. Th&y values for the oxidized,
1995). The introduction of an additional histidine residue semiquinone, and fully reduced states are 0.51, 0.45, and 15
within an average distance of 11 A from N1 of the flavin uM, respectively, with the latter two constants being derived
decreases the unfavorable electronegative environment hyindirectly from the reduction potentials compared to that of
one formal charge when fully protonated. These results seemunbound FMN. However, &4 value of 18uM for the

to be consistent with theoretical values for the electrostatic hydroquinone state, which was determined more directly by
interaction predicted from Coulomb’s Law. Again, assuming fluorescence quenching in this study, is in good agreement
an effective dielectric constant of 75 under these solvent with the calculated value and provides independent confir-
conditions, net charges afl and—1 on the histidine and  mation of the much less negative midpoint potential for the
flavin hydroquinone, respectively, and an average chargesg/hq couple of the riboflavin complex. Thekg values
separation of 11 A, AG value of 0.40 kcal/mol is calculated.  are 2100-, 63000-, and 54-fold higher than those of the wild-
This value is very similar to the free energy change type flavodoxin, equivalent to the losses in binding energy
associated with the observed shifts in the reduction potentialsof 4.5, 8.9, and 2.4 kcal/mol for the oxidized, semiquinone,
for not only the histidine mutants but also those associatedand hydroquinone states, respectively. Therefore, the semi-
with the neutralization of the surrounding acidic residues quinone state of the riboflavin complex is more highly
(Zhou & Swenson, 1995). These electrostatic energies aredestabilized relative to the other oxidation states. Because
also in agreement with the experimental and theoretical the semiquinone is a common intermediate, both redox
values obtained by Loewenthat al. (1993) involving long couples are affected such tHagsqbecomes more negative
range surface chargeharge interactions in barnase and and Esyng is substantially less negative than the FMN
subtilisin in which interaction energies of 6:8.5 kcal/mol complex. It was demonstrated previously that there was no
between single charges separated by less than 12 A at lowobvious correlation between thg,sq value and the elec-
ionic strengths were observed. Therefore, the preponderancerostatic environment of the cofactor (Zhou & Swenson,
of the evidence provided by these studies suggests that within1995). It is unlikely, then, that the decrease of 79 mV for
13.0 A of the FMN N1 the average electrostatic effect of a the midpoint potential of the ox/sq couple for the riboflavin
single charge (including the acidic residues, the histidines, complex relative to that of the normal holoprotein is the
and possibly the 'Sphosphate group) on the redox potential consequence of the loss of any electrostatic effects of the
is about 15 mV. Thus, even if the full effect of the dianionic 5'-phosphate Similarly, the results of this study provide
charge is felt by the flavin hydroquinone anion, the 5 evidence that the electrostatic contribution of the phosphate
phosphate group on the FMN cofactor would at the most group to the reduction potential of the sq/hq couple is
contribute a 30 mV shift in reduction potential. This relatively small, perhaps contributing no more than 30 mV
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to the shift in potential of the cofactor or equivalent to the Homer, R. F., Mees, G. C., & Tomlinson, T. E. (19680)Sci. Food
sum of two surface acidic amino acid residues (Zhou &  Agric. 11, 309-315,

Swenson, 1995). This estimation implies that only a small Kazarinova, N. F., Solomko, K. A., & Kotelenets, M. N. (1967)
portion of the redox potential increase of 186 mV for the Chem. Abstr. 672975d.

sa/hqg couple in the riboflavin complex can be attributed to Kr%fi&égalnghg: F., & Swenson, R. P. (198B)Biol. Chem.

the loss of any electrostatic effects of the phosphate group.xynkel, T. A. (1985)Proc. Natl. Acad. Sci. U.S.A. 8388-492.
Most of the change must be due to a disproportionate l0SS| gewenthal, R., Sancho, J., Reinikainen, T., & Fersht, A. R. (1993)
in binding energy in the semiquinone state. The structure J. Mol. Biol. 232 574-583.

of the phosphate binding loop does not appear to changeLowe, H. J., & Clark, W. M. (1956). Biol. Chem. 221983-992.

upon change in the oxidation state of the flavin (W\éital,,
1991); therefore, it is difficult to rationalize the differential

effect of the absence of the phosphate group in the riboflavin

complex. It is possible that the conformation of the
phosphate binding loop is different in the riboflavin complex,

Ludwig, M. L., & Luschinsky, C. L. (1992) inChemistry and
Biochemistry of FlaoenzymeéMilller, F., Ed.) Vol. Ill, pp 427
466, CRC Press, Boca Raton, FL.

Ludwig, M. L., Schopfer, L. M., Metzger, A. L., Pattridge, K. A,,
& Massey, V. (1990Biochemistry 2910364-10375.

Markley, J. L. (1973)Biochemistry 122245-2249.

and this structural difference is translated to other regions arkley, J. L. (1975)Acc. Chem. Res., §0—80.

of the cofactor binding site which interact more directly with
the isoalloxazine ring. Until the structure of the riboflavin

Mayhew, S. G., & Ludwig, M. L. (1975) imhe Enzymegoyer,
P. D., Ed.) 3rd ed., Vol. 12, pp 57118, Academic Press, New

complex is elucidated, the molecular basis of this effect may ~ York.

remain poorly understood.
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