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ABSTRACT. Flavodoxin from Desulfajibrio wulgaris is a low molecular weight (15000 Da) acidic
flavoprotein that contains a single flavin mononucleotide (FMN) cofactor. A distinguishing feature of
the flavodoxin family is the exceptionally low midpoint potential of the semiquinone/hydroquinone couple.
Tyrosine-98, which flanks the outer ar face of the FMN, plays an important role in establishing the
oxidation—reduction properties of the bound cofactor as demonstrated by the substitution of a number of
amino acids at this position [Swenson, R. P., & Krey, G. D. (1Bidrhemistry 338505-8514]. The
midpoint potential for the semiquinone/hydroquinone couple increases substantially when basic residues
are introduced at this position. The pH dependency in the Y98H mutant is consistent with a redox-linked
ionization model in which the favorable electrostatic coupling between the imidazolium cation and the
flavin hydroquinone anion is responsible for the higher potential. Such a model predicts an increase in
the K, of 1.5 units for His98 upon complete reduction of the FMN. In this study, proton nuclear magnetic
resonance spectroscopy was used to directly determine the intriigiof pHis98 as a function of the

redox state of the cofactor in this flavodoxin. Values for th& pf His98 in the oxidized and fully
reduced flavodoxin are 7.02 0.08 and 8.43t 0.11, respectively, an increase in th€,y 1.41 units,

which conforms with the previous prediction. These results provide direct experimental proof of the
redox-linked ionization of this residue and provides further evidence of the crucial role of electrostatic
interactions, in this case, in the stabilization of the flavin hydroquinone anion. This phenomenon may
represent a general mechanism in the modulation of the reduction potential of the flavin cofactor within
flavoenzymes in which ionizable groups such as histidine in the active center change ionization states
during the catalytic cycle.

The structural basis for the modulation of the oxidation  nitrogen fixation, and microbial respiration, often substituting
reduction properties and potentials of redox centers in for the low-potential ferredoxin in these metabolic pathways
electron-transferring and other redox proteins remains a(Mayhew & Tollin, 1992). These proteins exhibit the lowest
central question in biochemistry and biophysics. The proper reduction potentials among the flavoprotein family, with
poising of the redox potential of these centers is critical not values recorded as low as520 mV (Mayhew & Tollin,
only in establishing transfer kinetics in many instances but 1992). Thus, a characteristic and essential role of the
also in conserving the energy inherent in the potential flavodoxin protein is to dramatically lower the midpoint
gradients associated with electron transport pathways. Wepotential of the semiquinone/hydroquinone (sg/hq) couple.
have been utilizing the bacterial flavodoxin as one model In the case of th®esulfaibrio vulgaris flavodoxin, the one-
system in which to study the regulation of one-electron electron reduction potential for this couple of the flavin shifts
reduction potentials of the noncovalently bound flavin from —124 mV observed for FMN in aqueous solution
mononucleotide (FMN)cofactor. Shuttling between the (Anderson, 1983) to approximatety450 mV (at pH 7, 25
one-electron (semiquinone) and fully reduced (hydroquinone) °C vs SHE) (Curleyet al., 1991; Swenson & Krey, 1994).
states, flavodoxins play an important role in mediating low- These proteins seem to accomplish this dramatic shift in
potential electron transfer between other redox proteins in potential by thermodynamically stabilizing the neutral semi-
such notable physiological processes as photosynthesisquinone state while in turn destabilizing the anionic hydro-

quinone species. How this is done has been the subject of
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Substitution of a histidine or an arginine for this residue
B significantly increases (by 180 mV) the midpoint potential
of the sqg/hq couple (Swenson & Krey, 1994). Such large
W60 increases do not seem to be the result of significant structural
changes in these mutants (Stockmetnal., 1993, 1994).
However, the general pH dependency of the one-electron
reduction potential for the sq/hq couple in the Y98H mutant
suggests that the reduction of the semiquinone to the
hydroquinone is closely coupled to the ionization of His98
and is consistent with the electrostatic stabilization of the
flavin hydroquinone anion by the flanking cationic imida-
zolium side chain of His98 (Figure 1B). As a necessary
FicURe 1: Partial view of the structure of the flavin mononucleotide consequence of the redox-linked ionization model, tkg p
binding site in the flavodoxin fronDesulfaibrio vulgaris high- of His98 was predicted to shift from 7.0 in the semiquinone
lighting the aromatic residues flanking the flavin isoalloxazine ring. state to approximately 8.5 in the fully reduced state as a
e oo 5, = gtz o, 22y St consequence o he eecirostatic coupling (Swenson & Krey
structure is a geometry-optimized model based on the NMR solution 1994). However, direct experimental evidence of tts p
structure of this protein (Stockmaet al, 1994). Dots represent ~ Shift was not available at the time and the analysis was
the van der Waals surfaces of each residue. Hydrogen atoms haveeompromised somewhat by the inability to extend the redox
been omitted for clarity. The side chain of the amino acid at position tjtrations beyond pH 8.5.
98 flanks in a coplanar manner teface of the flavin ring. Thus, an important aspect of the redox-linked ionization
scheme is that the ionization of the coupled amino acid
'residue is directly influenced by the redox state of the flavin
cofactor andvice versa In this study, NMR spectroscopy

FM?

the cofactor binding site such as long-range electrostatic
w—sm aromatic stacking, and hydrogen-bonding interactions

as has begn directly demonstrateq recently (Ludstigl, was used to directly determine thiof His98 in oxidized
1990, 1997; Swenson & Krey, 1994; Zhou & Swenson, 1995, 54 fylly reduced states in order to provide direct experi-

1996). mental proof for this linkage and to support and confirm the
An important physical property that seems to be of critical redox-linked ionization model. The close agreement between
importance in the regulation of the one-electron reduction the theoretical and experimental results obtained in this and
potentials of flavodoxins is the formation of thaionicform the previous study for the linked equilibria involved provides
of the FMN hydroquinone when the flavodoxin is fully convincing evidence for this type of control of the oxidation
reduced. Optical an®N NMR spectroscopic data suggest reduction potentials of the flavin cofactor in flavoproteins.
that the fX, of the hydroquinone anion has been shifted Redox-linked ionization may provide an important means
substantially from 6.7 found in solution te4 when bound through which the change in the ionization state of an amino
by the protein (Vervooret al., 1985, 1986; Ludwiget al., acid residue in the active site during catalysis and/or the
1990). Structural studies with a flavodoxin reconstituted with alteration of its K. by environmental effects may indirectly
1-deaza-FMN suggest structural reasons for the lowar p  alter the redox state of the flavin during catalytic turnover,
value (Ludwiget al., 1990) This situation seems somewhat perhf’:lps facilitating electron transfer. Such mechanisms will
paradoxical in that the anionic form of the hydroquinone be discussed.
selec_tivgly ac_cumulates in an_environmgnt provided by the EXPERIMENTAL PROCEDURES
protein in which its formation is energetically unfavorable. _ ) ] _
The importance of unfavorable electrostatic interactions has _ Materials. Deuterium oxide (130) was obtained from

been demonstrated through the manipulation of the immedi- Fluka Chemicals. Sodium deuteroxide (NaOD), deuterium
ate environment of the flavin cofactor by site-directed chloride (DCI), and sodium 3-(trimethylsilyl)propionate-

mutagenesis. For example, systematic substitution of the six22:3:3-d: (TMSP) were purchased from Cambridge Isotope
acidic residues surrounding the cofactor binding site in the Laboratories. Sodium dithionite was from Aldrich Chemical

flavodoxin fromD. wulgaris indicates that the unfavorable CO: All other chemicals were of analytical reagent grade.

electrostatic environment destabilizes the flavin hydroquinone ThExpressmn andIPurlf(ljcatlontof t_he ?}adox:jq Protems. f
anion, contributing about one-third of the large redox € expression plasmids containing the coding region for

: . the pseudo-wild-type (P2A) and the mutant flavodoxins used
potential shift for the sq/hg couple (Zhou & Swenson, 1995). in this study have been described previously (Swenson and

However, flavoproteins may not only utilize unfavorable ey, 1994). Escherichia coliAG-1 cells transformed with
electrostatic interactions to modulate redox potentials. Re-these plasmids were cultured for-388 h at 37°C in NZY
cent studies have demonstrated that the introduction of amedium containing 10Q:g/mL ampicillin. Under these
basic residue such as a histidine or an arginine near the ﬂaVinconditionS, induction of théac promoter with isopropyb’_
isoalloxazine ring can significantly increase the redox p-thiogalactopyranoside was not necessary. Flavodoxin
potential for the sg/hg couple (Helms, 1990; Swenson & proteins were purified by established procedures (Keey
Krey, 1994). For example, Tyr98 is one of two aromatic al., 1988). Column fractions containing flavodoxin having
residues that flanks the flavin in the flavodoxin fradn Ao74Asss ratios <4.4 were pooled and concentrated by
vulgaris, the other being Trp60 (Watenpaughal., 1973, ultrafiltration. The purity of each flavodoxin preparation was
1976). The phenolic side chain of Tyr98 is nearly coplanar confirmed by SDS-polyacrylamide gel electrophoresis.
with the outer orsi face of the isoalloxazine FMN ring, NMR Sample PreparationAll NMR samples contained
making extensive van der Waals contacts with it (Figure 1A). approximately 1.0 mM flavodoxin. Exchangeable protons
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Ficure 2: H NMR spectra (600 MHz) in the aromatic region for
the oxidized Y98H mutant flavodoxin as a function of pH. Peaks
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a anda were assigned to the C2 and C4 protons, respectively, of

the imidazole side chain of His98. Similarly, pedkandb' were
assigned to the C2 and C4 protons of His142.

were replaced with deuterons by incubation of the flavodoxin
in DO at 42°C for 3.5 h followed by lyophilization. This

procedure was repeated at least three times. NMR sample

of flavodoxin in the oxidized state were prepared in 20 mM

S
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FicurE 3: H NMR spectra (600 MHz) in the low-field region for
the oxidized wild-type flavodoxin as a function of pH. Pedks

andb' were assigned to the C2 and C4 protons, respectively, of
His142.

pH8.94

7.2 69

'H NMR Spectroscopy.All 'H NMR spectra were
recorded at 300 K on a Bruker DMX-600 spectrometer
operating at 600.13 MHz. Proton chemical shifts igCD
were referenced to internal standard of TMSP set at 0.0 ppm.
Spectra were processed on a Silicon Graphics Indigo
workstation using Felix 95.0 software (Biosym Technolo-

gies).

sodium phosphate buffer and the pH was adjusted by theResULTS

addition of appropriate amount of 5% (w/w) NaOD or DCI
in D,O during the course of the pH titration. Individual
NMR samples of flavodoxin in the reduced state were

prepared in 50 mM sodium phosphate buffer for pH values

below 8.0 and in 50 mM sodium pyrophosphate buffer for

pH values above 8.0. The flavodoxin solutions were made
anaerobic by purging with several cycles of a partial vacuum
and prepurifed argon in NMR sample tubes equipped with
septum seals. The flavodoxin was reduced with the addition

Determination of the pkKof His98 of the Y98H Mutant in
the Oxidized StateTheH NMR spectra of oxidized Y98H
mutant in QO at different pH values are shown in Figure 2.
This flavodoxin contains two histidine residues: His142,
which is also present in wild type, and His98, which has
been introduced by site-directed mutagenesis (Swenson &
Krey, 1994). Four resonance peaks (designated b, and
b') were observed in the aromatic region of thé NMR
spectrum that could be assigned to the C2+aidb) and

of an appropriate volume of a freshly prepared sodium c4p ' andb) of histidine on the basis of their general
dithionite solution. The pH measurements were performed chemical shift values and titration shifts (Markley, 1975).

immediately after the NMR measurements. By convention,
the reported pH values (designated”plre not corrected
for the deuterium isotope effect. In this way, the isotope
effect at the glass electrode .4 unit) approximately offsets
the isotope effect on the acid dissociation equilibrium of the
histidine, generatingif, values comparable to those in®l
(Markley, 1975).

Peaksb and b’ were present in théH NMR spectra of
oxidized wild-type protein at different pH values (Figure 3)
and were assigned to the C2H and C4H, respectively, of
His142. Peaks anda’ in the spectra of the Y98H mutant
(Figure 2) and absent in the wild-type spectra were assigned
to the C2H and C4H of His98, respectively. These assign-
ments were further confirmed by homonuclear 2D correlation
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Ficure 4: Histidine region of a 600 MHz COSY spectrum of His142-C2H

(S pKa=7.32

oxidized Y98H mutant flavodoxin at pH 7.35, 300 K. The cross-

correlations between the C2H and C4H of His98 and of His142 8.33 7 n1e
are labeled.
8.10
spectroscopy (COSY) analysis in which a correlation or 785 | Hissacon
cross-peak between C2H and C4H of histidine can be 7| pKae843
observed in théH COSY spectrum (King & Wright, 1982; 760
Wilthrich, 1986). Figure 4 shows the COSY spectrum of 6 7 8 9 10
Y98H mutant flavodoxin. The C2H-C4H four-bond con-
nectivities, as manifested by the cross-peaks at 7.86 and 6.98 pH

ppm for His98 and 8.01 and 7.00 for His142 between C2H Ficure 5: pH dependence of tHél NMR chemical shifts for the
and C4H, respectively, confirm the previous resonance histidine C2H (Panel A) and C4H (Panel B) assigned to His98 and

; ; His142 in the Y98H mutant flavodoxin in the oxidized state. Panel
assignments for the C2H and C4H of these residues. C represents the pH dependency of the chemical shift for the C2H

Both C2H and C4H of His98 and His142 shift upfield as in the fully reduced Y98H flavodoxin. The chemical shifts assigned
the pH is increased (Figure 5, panels A and B, respectively). to His98 and His142 are represented by Bhand® respectively,
The [K, values of His98 and His142 in the oxidized Y98H in each panel.
mutant were determined by fitting the titration data to the this peak appears to shift upfield upon full reduction the
Hill equation (Markley, 1973). Thelf, values of His142  flavin. Both observations are consistent with the behavior
determined from this plot were 7.23 from the C2H signal of the C2H of His98 close to the FMN ring. However, peak
and 7.22 from the C4H. These values are similar to those b was observed in the spectra of all three redox states, and
obtained from the titration curve for His142 of the wild- jts chemical shift did not change significantly, consistent with
type flavodoxin (7.19 from C2H and 7.15 from C4H) (data its assignment to the C2H of His142, which is located on
not shown). The Ka values of His98 were 6.94 from the nearly the opposite side of the protein, over 25 A from the
C2H and 7.11 from the C4H (Figure 5, panels A and B, cofactor. It is interesting to note that the doublet at
respectively), giving an average value of 7820.08. approximately 8.21 ppm appearing in both the oxidized and

Determination of the pKof His98 of the YO8H Mutantin  fully reduced spectra is also broadened in the semiquinone
the Two-Electron Reduced Statdrigure 6 shows the  spectrum and may represent other protons near the FMN in
aromatic proton resonance region of the NMR spectrum of this flavodoxin.
the two-electron reduced form of Y98H mutant at different A second approach for the assignment of resonance peaks
pH values. Two narrow resonance peaks (labelatdb) was based on the comparison of the pH dependency of the
corresponding to imidazole C2 hydrogens were observed.spectra to the two-electron reduced wild-type flavodoxin
Peaka was assigned to the C2H of His98 and pdéakas (representative spectra are shown in Figure 8). The C2H
assigned to the C2H of His142 according to the following and C4H (peakbé andb’) of His142 shift upfield as the pH
two approaches. Resonance assignments were initially baseds increased and the pH shift of C2H correlated very well to
on the comparison of NMR spectrum for the two-electron that of peakb in the fully reduced spectra of the Y98H
reduced, one-electron reduced, and oxidized states of thismutant and to peak in the oxidized spectra (assigned to
flavodoxin (Figure 7). Due to the paramagnetic effect of His142, Figure 3). The pH titration of the C2H resonance
the flavin radical generated in the one-electron reduced state of His142 generates aKp value of 7.32 (see Figure 5C),
proton resonances close to the isoalloxazine ring will be which is also very similar to that for the oxidized wild-type
strongly broadened (Peelen & Vervoort, 1994). Padk protein.
present as a narrow band in the two-electron reduced It is quite clear from the pH dependency of the resonance
spectrum and the oxidized spectrum but appears broadeneassigned to the C2H of His98 (peakthat the (K, of this
in the one-electron reduced (semiquinone) spectrum. Also,residue has increased substantially in the fully reduced
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P FIGURE 7: Aromatic region of the 600 MH#H NMR spectra for
the Y98H mutant flavodoxin in each of the three redox states of
. the FMN cofactor at pH 6.3. Peaksandb were assigned to the

L

pH7.25 pHS8.37 M C2H of His98 and His142, respectively.

3 neutral imidazole may exist in two or more slowly exchang-

ing conformations or environments. Thijvalue of His98
ﬂ in the two-electron reduced state of the Y98H flavodoxin

a was obtained from the fit of the titration curve of peako

pH7.3 “%%%%376 pH8.7 ;%r%:;ﬁ?ﬁs the Hill equation. The K. was determined to be 8.48

’ 'm 8.48. 'm‘ ) 0.11 (Figure 5C).

PP pp pH Dependency of the Midpoint Potential for the sg/hqg

Ficure 6: Downfield region of the 600 MH2H NMR spectrafor  Couple Is Described by a Redox-Linked lonization Model
the two-electron reduced Y98H mutant flavodoxin as a function Using the Experimentally Determined p¥alues for His98.
of pH. Peaks andb were assigned to the C2 hydrogens of His98 - 1o \ignoint potential for the Y98H mutant is dependent
and His142, respectively. . . .

on pH in a manner that appears to be consistent with the

flavodoxin. Unlike resonance peaC2H of His142), peak ~ favorable electrostatic coupling of the ionization of the
a does not shift upfield to any significant extent below pH imidazole side chain with the hydroquinone anion as the
7.5 (Figure 6). This behavior is also in marked contrast to flavodoxin is reduced (Swenson & Krey, 1994). The
the response of this resonance in the oxidized flavodoxin, rélationship of the midpoint potential to the ionization of a
in which peaka has almost completed its upfield shift by ~Single ionizable group can be described by the standard
the time pH 7.5 was reached (Figure 2). Above this pH, €duation as follows (Clark, 1972):

this peak began to shift upfield, started to broaden noticeably

above pH 7.9, and became quite broad at the highest pH E,, = E,+ (RTnF) In {([H*] + K" Q/((H'] + K39}
tested, pH 8.7 (Figure 6). The reason for the broadening of

this resonance peak is not completely understood. ThisTherefore, in order to calculate the pH dependency of the
phenomenon was very reproducible, consistently appearingmidpoint potential of the sg/hq couple, it is necessary to know
with different samples and on different times of analysis. It the acid dissociation constant for the redox-linked ionizable
may result from a decrease in rotational freedom of the group, in this case His98, in both the semiquinone and
neutral form of the imidazole ring of His98, perhaps as the hydroquinone reduced states. However, the determination
result of the hydrogen bonding between the neutral form of of the K, of His98 by NMR when the FMN in the
the imidazole ring and the carboxyl group of either Asp62 semiquinone state was not possible because the C2H and
or Asp95, which are located nearby. Alternatively, the C4H resonances could not be identified, undoubtedly due
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Ficure 9: Experimental values for the midpoint potential for the
sg/hg couple of the Y98H mutan®] as a function of pH [data
from Swenson & Krey (1994)] and the fit (solid line) to the redox-
linked ionization model described under Results using the experi-
mental values for the K, of His98 of 7.02+ 0.08 and 8.43t
0.11 in the semiquinone K359 and hydroquinone statesKg'?),

pH7.54 respectively, from this study and a value-6242 mV for E.

Scheme 1: Equilibria Linking the lonization of His98 to
Shifts in the Midpoint Potential for the sq/hg Couple in the
Y98H Flavodoxin Mutarft

His E,, (neutral His) His
- .

pHS.12 PN Trewng,
84 81 78 75 112 69
ppm K, sQ K. Ha
Ficure 8: 1H NMR spectra (600 MHz) in the region containing
the histidine C2H and C4H resonances for the fully reduced wild- - o .
type flavodoxin at several different pH values. Pehksdb’ were E HisH® _ Tplowomels | F“'s”
assigned to the C2 and C4 protons of His142, respectively. FMNg, FMN,, -

. . . . & E, andE, refer to the midpoint potentials for the sq/hq couple when
to extensive line broadening through the paramagnetic His98 is either neutral or protonated, respectivefyS? and K '@

shielding effect of the nearby unpaired electron in the flavin represent the ionization constants for His98 in the one-electron
radical (for example, see Figure 7). It was necessary, (semiquinone) and fully reduced (hydroquinone) states, respectively.
therefore, to assume that thi4of His98 in the semiquinone ) )

state is very similar to that in the oxidized state. This electron reduction potentials of the cofactor. Both favorable
assumption seems reasonable because the redox-linke@nd unfavorable electrostatic interactions have been dem-
ionization effect described here is most likely propagated Onstrated to have significant effects on the midpoint poten-
through electrostatic interactions between the flavin and fials of the FMN cofactor in the flavodoxin system. The
His98. Because the FMN in the blue neutral semiquinone Placement of a basic residue immediately adjacent to the
form, like the oxidized state, does not carry a net charge, flavin b_y _the substitution of Tyr98 Wlt.h elther a histidine or
we suggest that thekq values will not differ appreciably ~ an arginine was found to substantially increase the one-
between these two redox states. Also, it was establishedélectron reduction potential for this couple (Swenson & Krey,
spectrophotometrically that the semiquinone is maintained 1994).

in its blue neutral form under the conditions and throughout  In this study, we have experimentally established tg p
the pH range used in this study. Given this assumption, theof His98 in the oxidized and reduced states of the Y98H
experimental data conform very well to the theoretical curve flavodoxin mutant in an effort to more directly support a
generated by the redox-linked ionization model using the general redox-linked ionization model for the regulation of
experimental values for thekgS? (7.02) and for the |g."Q the oxidation-reduction potentials of the flavin cofactor in
(8.43) for His98 generated in this study andEywvalue of flavoproteins. In such a model, the ionization properties of
—242 mV, whereE, represents the midpoint potential when His98, if coupled to the reduction of the neutral FMN
the ionizable group is in the fully protonated state (Figure Semiquinone to the hydroquinone anion, should be described
9). In our previous report, similafa values were assigned by the linked equilibria shown in Scheme 1. This linkage
to His98 through the redox-linked model; however, direct predicts that the g, of His98 should be directly dependent
experimental proof of this assignment was not available on the redox state of the flavin and, concurrently, the pH-

(Swenson & Krey, 1994). dependent shift in the midpoint potential of the sg/hq couple
(AEy) is determined by the difference in th&pvalues for
DISCUSSION this residue in each redox state according to

The differential stabilization/destabilization of the various HO s
redox states of the flavin cofactor through both short- and ~ AEq, = E, — E, = (2.30RTnF) (pK,™ — pK,>9
long-range electrostatic interactions with ionizable amino acid
residues within and around the cofactor binding site repre- whereE, and E, represent the midpoint potentials for this
sents an important mechanism in the modulation of the one-couple when His98 is protonated or neutral, respectively.
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The K, of His98 established by NMR spectroscopy in and lipoamide dehydrogenase displays apparptvplues
this study was quite clearly dependent on the redox state ofas high as 9.3 (Sahlman & Williams, 1989).
the FMN cofactor, providing direct experimental proof of It is of importance to note that the underlying mechanism
the redox-linked ionization phenomenon. The,shifted of the redox-linked ionization model in which His98
from a value of 7.02t 0.08 in the oxidized state to 8.48 modulates the oxidatiereduction potential of the FMN in
0.11 in the fully reduced state. Because thg of His98 in the Y98H flavodoxin (Scheme 1) is conceptually different
the semiquinone state could not be determined directly by from that reported for the covalent flavin analogxgN-
NMR due to paramagnetic line broadening, we were forced imidazolyl)riboflavin. This derivative is of physiological
to assume that theqq is similar to that in the oxidized state, importance as it represents a model for an important class
in our opinion, a reasonable assumption (see Results forof flavoproteins with covalently bound flavin cofactors
justification). Given this assumption, the experiment&} p  attached through either @(N°*-histidinyl) or 8-o-(N<*-
values determined in this work correlate very well with the histidinyl)flavin linkages. The K, values for the imidazole
previous theoretical values and accurately predict the ob-group of 8e-(N-imidazolyl)riboflavin in all three redox states
served pH dependency of the midpoint potential of the sq/ have been established through the analysis of the pH
hq couple in this mutant. These results establish with greaterdependency of its oxidatierreduction potential and more
certainty that it is the redox-linked ionization of His98 in directly by*H NMR spectroscopy of the oxidized and fully
this flavodoxin mutant that is responsible for the pH- reduced states (6.& 0.1 and 7.0+ 0.1, respectively)
dependent changes in the midpoint potential. (Williamson & Edmondson, 1985a,b). The increase in the

The K4 shift from 7.0 to 8.43 for the His98 upon reduction PKa is attributed to the change in the more direct through-
demonstrate the model that the flavin hydroquinone anion Pond inductive effect in going from the electron-withdrawing
was stabilized by the favorable electrostatic interaction from characteristics of the oxidized flavin to that of an electron-
the positive charge on the imidazole ring of histidine donating properties of the fully reduced flavin in this covalent

(Swenson & Krey, 1994). The contribution of Gibbs free a@nalog. The K, of the imidazole in the semiquinone form
energy by the electrostatic interaction upon the ionization 1S estimated to be intermediate between that of the oxidized

of His98 can be determined by and fully reduced states (Williamson & Edmondson, 1985a,b).
Thus, the ionization of the imidazolyl group in such flavin
AG = 2.30RT(pK." — pK 59 adducts may represent an important means by which redox
) a a

potentials are regulated in this class of covalently linked

) ) _ flavoproteins (Williamson & Edmondson, 1985a). For
The Gibbs free energy change calculated by this equationgyample, in theE. coli fumarate reductase, which contains

is 2.0 kcal/mol equivalent to a shift in reduction potential of 5 8¢-(N<2-histidinyl)FAD with an elevated midpoint po-
about 85 mV, consistent with the shift of the midpoint - tentjal, substitution of His44 (to which the FAD is attached)
potential of the sg/hq couple from-240 mV to ap-  jth other amino acids results in an enzyme that still retains
proximately —325 mV upon deprotonation of His98. In  the apility to bind FAD tightly but noncovalently yet is
agreement with our original prediction based on curve-fitting naple to oxidize succinate, presumably because the redox

to the experimental data to the redox-linked ionization model potential of the flavin has now become too negative, although
(Swenson & Krey, 1994), the NMR results confirm that the 5 direct evidence was given (Blaet al., 1989).

midpoint potential of the sqg/hq couple for the Y98H mutant  Te sjtuation presented in this study is fundamentally
at high pH when His98 is fully deprotonated is still about gjfferent from that of the 8-(N-histidinyl)linked flavopro-
100 mV less negative than that for the wild-type flavodoxin. +teins. In our case, the effect of the ionization of His98 are
This represents a stabilization of the FMN hydroquinone npecessarily indirect, involving through-space electrostatic
anion of about 2 kcal/mol by the neutral imidazole side chain jnteractions rather than more direct through-bond inductive
of His98 relative to the tyrosine in wild type. This effects. Thus, the Y98H flavodoxin mutant provides a good
phenomenon is not completely understood but may in part gxample of perhaps the more general redox-linked ionization
be the result of the destabilization of the semiquinone state phenomenon in which ionizable groups adjacent to the flavin
in this mutant (Swenson & Krey, 1994). cofactor in flavoproteins indirectly modulate the reduction
Electrostatic interaction energies of this magnitude result- potential of the flavin. This is likely to be a relatively
ing in large X, shifts are not uncommon in proteins. For common situation in flavoproteins. Such groups could
example, the ion pairing between His31 and Asp70 in T4 represent catalytically essential amino acid residues in the
lysozyme results in the increase in thié,f the histidine active site of the flavoenzyme that as a consequence of their
to a rather high value of 9.1 as compared to a more typical participation in acie-base catalysis change ionization state
value of 6.8 in the unfolded state, contributing between 3 during the catalytic cycle. A good example is found in
and 5 kcal/mol of stabilization to the native structure of this flavocytochromeb, (yeast.-lactate dehydrogenase) and the
protein (Andersoret al, 1990). The catalytically relevant structurally (and perhaps mechanistically) related enzymes
imidazolium—cysteine thiolate ion pair in papain and various glycolate oxidase and-lactate oxidase (Ghisla & Massey,
chemically mutagenized subtilisins results in the shift of the 1991). The active-site histidine [His373, His254, and His290
histidine p<, to rather high values=(8.6) (Lewiset al.,1981, in flavocytochromeb,, glycolate oxidase, and-lactate
Plouet al., 1996). For papain, the methylthiolation of the oxidase (by homology), respectively] in these flavoenzymes
active-site cysteine, Cys25, results in the decrease inkhe p is stacked in a coplanar fashion over the pyrimidine ring of
of the adjacent histidine by more than K units, demon- the si face of the FMN in a manner not unlike that in the
strating the effect of destroying the ion-pairing interaction Y98H flavodoxin (Lindgvist & Branden, 1989; Xia &
between these two residues. In the flavoprotein family, the Mathews, 1990; Ghisla & Massey, 1991; Stocknwral.,
histidine in the analogous ion pair in glutathione reductase 1994). The replacement of His373 by a glutamine residue
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in flavocytochrome pby site-directed mutagenesis provides  Thus, both short- and long-range electrostatic interactions
evidence that this residue is essential for activity, serving asmust be considered as part of an important general mecha-
a general base and perhaps influencing electron transfemism for the modulation of reduction potentials in flavopro-
between substrate and the flavin (Gaumie al, 1995). teins and other redox systems. The deviation of the pH
Various experiments suggest that th, pf this histidine is dependency of the midpoint potentials from that expected
dramatically increased upon reduction of the FMN such that for the direct protonation of the flavin upon reduction in
proton exchange from the imidazolium cation is very slow, various flavoproteins has been reported and generally
leading to estimates of th&gas high as 10 or greater. Such explained by the influence of ionizable groups in the flavin
a large shift is very unusual and needs to be confirmed; binding site. It is likely, therefore, that the redox-linked
however, it apparently has not been possible to measure itdonization mechanism is of general significance in flavoen-
pK, directly by NMR spectroscopy because of the size of zymes, and the thorough characterization of this phenomenon
this protein (Lederer, 1992; Balme & Lederer, 1994). These is of importance.

observations have led to the conclusion that His373, after
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