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The oxygenation of unactivated aromatic compounds is
a common event in soil bacteria and is very important
for the environmental breakdown of such compounds‘.
The phthalate diooxygenase system from Pseudomonas
cepacia provides a typical example of the reactions that
occur in such metabolic pathways. Here phthalate is
converted to its cis-dihydrodiol, with the incorporatio

of molecular oxygen atoms and using NADH as a source
of reducing equivalents. The phthalate diocoxygenase
system is composed of two enzymes: a terminal dioxy+
genase that contains a Rieske iron-sulfur center and a
ferrous iron center, and an iron-sulfur flavoprotein re

ductase that is responsible for transfer of reducing
equivalents from NADH to the dioxygenase. In this ar-
ticle the authors present a detailed analysis of the
events occurring when NADH reacts with the reductase,
tracing the sequence of hydride and electron transfer
reactions among the two redox centers and relatmg
these steps to known crystal structure forms of the en-
zyme. |

ABSTRACT Transfer of electrons between pyri-
dine nucleotides (obligatory two-electron carriel{s)
and hemes or [2Fe-28S] centers (obligatory one-elec-
tron carriers) is an essential step mediated by flavins
in respiration, photosynthesis, and many oxygenase
systems. Phthalate dioxygenase reductase (PDR), a
soluble iron-sulfur flavoprotein from Pseudomonas
cepacia, is a convenient model for the study of this
type of electron transfer. PDR is folded into thrFe
domains; the NHz-terminal FMN binding and central
NAD(H) binding domains are closely related to fer-
redoxin-NADP* reductase (FNR) The COOH-ter-
minal [2Fe-2S] domain is similar to plaht
ferredoxins, and can be removed by proteolysis
without significantly altering the reactivity of the
FNR-like domains. Kinetic studies have identified
sequential steps in the reaction of PDR with NA H
that involve pyridine nucleotide binding, hydnfie
transfer to FMN, and intramolecular electron trans-
fer from the reduced flavin to the [2Fe-2S] cluster.
Crystal structures of reduced and liganded PDR
correspond to some of the intermediates formed
during reduction by NADH. Small structural changes

that are observed in the vicinity of the cofactors upon
reduction or NAD(H) binding may provide part of
the reorganization energy or contribute to the gating
mechanism that controls intramolecular electron
transfer.—Gassner, G. T., Ludwig, M. L., Gatti, D.
L., Correll, C. C., Ballou, D. P. Structure and mecha-
nism of the iron-sulfur flavoprotein phthalate dioxy-
genase reductase. FASEB J. 9,1411-1418 (1995)
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PYRIDINE NUCLEOTIDES PROVIDE A SOLUBLE POOL of reducing
equivalents for cellular metabolic activities. Electron
transfer chains involved in respiration, photosynthesis, and
oxygenation of unactivated aromatic compounds are all
able to exchange electrons with the pyridine nucleotide
pool via the transfer of hydrides between NAD(H) or
NADP(H) and flavin containing enzymes. The phthalate
dioxygenase system from Pseudomonas cepacia is a repre-
sentative multienzyme complex that catalyzes such an ex-
change. In this system phthalate is converted to its
cis-dihydrodiol, utilizing molecular oxygen and reducing
equivalents from NADH. Similar cis-dihydroxylations of
aromatic compounds are catalyzed by related dioxygenase
systems in other bacteria.

Each of the known dioxygenase systems uses an FAD- or
FMN-containing reductase, an electron transfer array of
[2Fe-2S)3 centers, and a terminal dioxygenase that re-
quires ferrous iron (1, 2). In addition to the ferrous iron,
which is the site of oxygenation, each oxygenase compo-
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FMN,,; oxidized, semiquinone, and reduced forms of the FMN bound to
PDR phthalate; PDO, dioxygenase.’
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TABLE 1. Bacterial dioxygenase systems®

Intermediate

Type Red Electron Transfe Oxygenasae

I FMN/Cysy[2Fe-2S] None Cys; Hisz[2Fe-2S]
Fe2+

I FAD/Cys, [2Fe-2S) None Cys: His; [2Fe-2S
Fe2+

I FAD Cysq [2Fe-2S]  Cysz Hisz [ 2Fe-2S]
Fez+

Iz FAD Cys: Hisz [2Fe-2S] Cys; His; [2Fe-2S]
) Fe?t

Il FAD/Cyss [2Fe-2S] Cysz Hisz 2Fe-2S] Cys; His; [2Fe-2S)
Fe2+

*Distribution of flavin and metal centers between the reductase, intermediate
electron transferase, and oxygenase components of NADH-dependent bacterial
dioxygenases.

nent contains a Rieske [2Fe-2S] center? (3). These dioxy-
genase systems have been classified into three groups
based on the number of proteins required in the transfer of
electrons from NADH to oxygen and whether there is an
iron-sulfur center in the reductase (1) (Table 1). Type I
systems, which hydroxylate phthalate, benzoate, p-sul-
fobenzoate, 4-chlorophenylacetate, and 2-halobenzoate
(4-8), are composed of only two protein components: a
monomeric reductase and a separate multimeric oxy-
genase. The reductase contains both a flavin and a plant-
type [2Fe-2S] center. Type II systems, which hydroxylate
benzene, toluene, pyrazon, and dibenzofuran (9-12), use a
reductase that contains FAD, but no iron-sulfur centers. In
these systems, an intermediary Rieske or plant-type ferre-
doxin transfers electrons from the reductase to the oxy-
genase. Finally, the reductase components of the type III
systems, which hydroxylate naphthalene and o-haloben-
zoate (13-15), are similar to those of type 1. Type III
systems differ from those of type I due to the presence of
an additional small Rieske-type protein that transfers elec-
trons between the reductase and the dioxygenase.

The phthalate dioxygenase system (type I) has two com-
ponents: phthalate dioxygenase reductase (PDR), a 36 kDa
protein with both an FMN and a [2Fe-2S] center; and
phthalate dioxygenase (PDO), an oligomeric enzyme with
one Rieske center and one mononuclear ferrous iron per
50 kDa monomer (4) (Fig. 1). In this review, we consider
the structure of PDR as it relates to the kinetics of the
reaction of NADH with the bound FMN and the control of
the subsequent intramolecular electron transfer from re-

duced FMN to the [2Fe-2S] center.

THE STRUCTURE OF PDR, A MEMBER OF
THE FNR FAMILY

The structure of PDR determined by X-ray crystallography
reveals a modular arrangement in which the FMN,
NAD(H), and [2Fe-2S] binding sites are associated with

4The Rieske center has a [2Fe-2S] core, but has two cysteine and two
histidine ligands in place of the four cysteine ligands found in plant-type
ferredoxins (3).

distinct NHa-terminal, central, and COOH-terminal do-
mains (Fig. 2). X-ray analyses of PDR in various redox
states and of PDR in complex with NAD, NADH, or pyri-
dine nucleotide analogs have been used to identify the
pyridine nucleotide binding site and to characterize struc-
tures that may correspond to intermediates in the catalytic
cycle of this enzyme (16). As shown in Fig. 2, the NHa-ter-
minal FMN binding domain of PDR is a B-barrel composed
of six strands of antiparallel sheet. FMN is bound to the
outside of the barrel in a position adjacent to NADH. The
central NAD(H) binding domain is an o/f fold, closely
resembling the pyridine-nucleotide binding domains of de-
hydrogenases (17). Comparison of the crystal structures of
PDR and of ferredoxin NADP* reductase (FNR) indicates
that these proteins are close relatives. Although the amino
acid sequence identity between PDR and FNR is low
(~15%), the o.-carbons of the FMN and NADH binding
domains of PDR can be superimposed on the correspond-
ing atoms of the FAD and NADP* binding domains of FNR
with an rms deviation of only 1.5 A (18). This structural
similarity classifies PDR as a member of the FNR family
of flavoprotein reductases (19). Members of the FNR fam-
ily are distinguished by their novel flavin binding folds,
with topologies completely unrelated to the o/p flavin
binding domains of glutathione reductase and its family of
disulfide flavoenzymes (19, 20). Sequence homologies
identify a number of other proteins, including cytochrome
P-450 reductase, sulfite reductase, nitrate reductase, cyto-
chrome bs reductase, and NO synthase, as part of the FNR
family (16, 19, 21). The 3-dimensional structures of nitrate

NADH
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NAD  Ep7(NADgyred) = -320 mV
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Em.7 (FMNoysq) = -174 mV
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[2Fe-2S]

|
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Figure 1. Cartoon of the phthalate dioxygenase system. The three
domains of PDR are represented by ellipsoids. A single subunit of PDO

is designated by a circle. Inter- and intramolecular electron transfers are
represented by arrows.

Em7 ([2Fe-2S])oyred) = -150 mV
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FMN

[2Fe-25]

Figure 2. A drawing of PDR with NAD+ bound: FMN is associated
primarily with the NH,-terminal domain, and pyridine nucleotide with
the central domain. The substrate and prosthetic groups are bmuéhl
together at the interface between the domains. This view emphasizes the
modular nature of the enzyme and shows the linker attaching the [2Fe-2S)
domain to the rest of the protein.

reductase (22) and cytochrome bs reductase (23), which
have been recently described, confirm that these proteins
are structural relatives of FNR. Considerable variation ex-
ists in the domain connectivities of bacterial dioxygenle
reductases belonging to the FNR family. Vanillate de-

methylase oxidoreductase (24) is organized like PDR with
a COOH-terminal ferredoxin domain. In contrast, the re-
ductase components of the naphthalene (25) and benzoate
(26) dioxygenase systems have NHa-terminal ferredoxin
domains. As can be seen in Fig. 2, addition of several
residues at the COOH terminus of the ferredoxin domain
could link the [2Fe-2S] domain to the NHy terminus rather
than to the COOH terminus of PDR while still preserving
the overall structure and interfaces of the three domains
(27). The observed variation in domain connectivity among
the iron-sulfur flavoprotein reductases of the FNR family
supports the idea that these enzymes have evolved by gene
fusions.

Flavin and pyridine nucleotide binding sites in
PDR and FNR

Despite the sequence and structural similarities between FNR
and PDR, these proteins have different pyridine nucleotide and
flavin binding specificities. FNR binds FAD and NADP(H),
whereas PDR binds FMN and NAD(H). The flavin nucleotide
binding specificity is defined in part by residues preceding the
major O-helix of the FMN binding domain. In PDR, arginine-
80 in the sequence (G-R-G-G-S) binds to the ribityl phosphate
of FMN (Fig. 3). In the corresponding phosphate binding
sequence (K-G-V-C-S) in FNR (based on structure alignment),
the arginine is replaced with glycine-130 (19). Comparison of
the flavin binding sites of PDR and FNR suggests that the
arginine side chain would interfere sterically with the binding
of the adenosine phosphate portion of FAD. This sequence is
therefore an important determinant of flavin binding specificity.

Structural features have been identified that are critical to
the preferential binding of NADH to PDR and NADPH to FNR.
The 2’-phosphate of the adenine portion of NADP? is bound to
FNR through interactions with Ser® and Arg?5, Ser® is
replaced in PDR by Asp!”® (Fig. 3), which hydrogen bonds
directly to the 2"-OH of NADH (18). Residues interacting with
the 2’-phosphate of NADPH were first identified in glutathione
reductase as the primary structural features that discriminate
between NADH and NADPH (20).

0P

foe

Figure 3. A drawing showing the mode of bind-
ing of NADH to PDR;..: the prosthetic groups
and cofactor are shown with black bonds and the
protein with gray bonds. In this complex, which-
may correspond to the intermediate MC-3

(Scheme 1), the ring of Phe? lies between the

80R flavin and the nicotinamide. Side chains stabi-

° lizing the NADH (Asp'™, Arg'®®) and FMN,,
(Arg®) are visible.
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Domain interfaces

The tri-lobed structure of PDR is held together primarily
by interactions at two major interfaces, one between the
FMN and NADH domains and the other between the FMN
and [2Fe-2S] domains. Interactions between the NADH
and iron-sulfur domains may nevertheless be important for
catalysis (see later text). The contacts connecting the FMN
and NADH binding domains of PDR are typical for inter-
domain surfaces, with a large number of hydrophobic van
der Waals contacts and interdigitating aromatic side
chains. In contrast, the interface between the [2Fe-2S] and
FMN binding domains includes salt bridges, direct inter-
domain hydrogen bonds, and indirect hydrogen bonding
through bridging water molecules. These contacts are more
typical of surfaces where water-soluble polypeptides asso-
ciate (18). The nature of the interface and the structural
similarities of PDR to ferredoxin NADP* reductase and
ferredoxin suggest that both the ferredoxin and FNR-like
portions of PDR may be able to exist as separate entities.
Indeed, we have been able to produce a truncated form of
PDR that lacks an iron-sulfur domain.

TRUNCATED PDR

PDR can be cleaved selectively at residue 229 in the
linker that attaches the [2Fe-2S] domain to the NADH
binding domain (Fig. 2) (28). Presumably the backbone
solvent accessibility and disorder of this region (16) make
it an especially good target for proteolytic cleavage. The
[2Fe-2S]-containing peptide is destroyed by proteolysis af-
ter its initial release from PDR; however, the FNR-like
domain of PDR is recovered in high yield. This proteolysis
can be monitored spectrally by observing the loss of the
iron-sulfur component of the spectrum and the formation of
a spectrum that closely resembles that of FNR. FMN re-
mains tightly bound to the surviving 25 kDa peptide, which
is stable at 4°C for several days and has been extensively
characterized. This truncated form of PDR is referred to as
PDR(-FeS). The ability of PDR(-FeS) to retain the FMN
prosthetic group is consistent with the crystal structure of
PDR; only one residue from the [2Fe-2S] domain, Ser™,
interacts directly with FMN (27). NHz-terminal amino acid
sequence analysis shows that PDR(-FeS) retains the entire
NH; terminus of holo PDR. Accurate determination of the
molecular weight of PDR(-FeS) by electrospray mass spec-
troscopy identifies the cleavage site in the linker region as
the bond linking Asn?2% and Thr 230 in the subsequence
T-N-T. Despite the loss of the 10 kDa [2Fe-2S] domain,
PDR(-FeS) retains many properties of the holoenzyme as
discussed later.

SPECTROSCOPIC AND REDOX PROPERTIES
OF PDR

Both the plant-type [2Fe-2S] center and the FMN cofactor
contribute to the visible absorbance spectrum of PDR. The
spectrum of PDR(-FeS) is representative of the flavin com-
ponent and is quite similar to the spectrum of ferredoxin-
NADP? reductase. The ferredoxin component of the PDR

spectrum can be calculated from the difference of the spec-
tra of PDR and of PDR(-FeS) (see Fig. 54) and closely

resembles the absorbance spectrum of adrenodoxin (29).
Redox potentials

Reductive titrations of PDR with NADH or dithionite pro-
ceed in two stages. In the first phase, the iron-sulfur and
FMN moieties appear to react simultaneously, giving rise
to a form of the enzyme containing a reduced iron-sulfur
center and a flavin semiquinone (SQ). The maximum
semiquinone concentration reached during this part of the
titration is ~80% of the total enzyme concentration. The
[2Fe-2S] and FMN,y/sq redox couples are closely matched
(both about -174 mV at pH 7). In the second phase of the
titration, the SQ form of PDR is converted to the three-
electron reduced enzyme (see spectra representative of
MC-3 and PDR3e.. in Fig. 4). The FMNghq couple, with a
midpoint potential of -287 mV at pH 7, is well resolved
from the FMN,y/sq couple. The FMN,/sq potential of
PDR(-FeS) is the same as the FMN,ysq couple of PDR
(28). However, during the reduction of PDR(-FeS), a maxi-
mum of only ~60% of the total enzyme is stabilized as
semiquinone; this diminished level of semiquinone is due to
an increase in the FMNgq/nq potential to -235 mV, about 50
mV more positive than the FMNgqnq couple of PDR. It is
possible that the negative charge (-3) associated with the
reduced [2Fe-2S] center of PDR interacts with the anionic
flavin hydroquinone to decrease the FMNgyhq midpoint
potential in PDR relative to that of PDR(-FeS), where the
iron-sulfur cluster is absent.

The midpoint potentials of PDR favor spontaneous elec-
tron transfer from NADH to FMN to [2Fe-2S] (Fig. 1). This
flow of electrons is opposite to the direction of electron
transfer in the ferredoxin-NADP* reductase system, where
two electrons from ferredoxin are passed sequentially to
FAD and subsequently transferred as a hydride to NADP*.
The redox potentials of FNR Ep 7 (FMNgyhq = -360 mV
(30) facilitate formation of NADPH from reduced ferre-
doxin. Efforts have been made to correlate differences in
protein structure in the region of the [2Fe-2S] binding sites
of PDR and ferredoxin to differences in the redox potential
of these sites (18). Calculations of electrostatic interactions
suggest that hydrogen bonds to the cysteine and inorganic
sulfide ligands of the [2Fe-2S] center of PDR are the most
important structural features contributing to the relatively
high redox potential of this center compared with that of
ferredoxin.

EPR spectroscopy

The EPR spectrum of two-electron reduced PDR has g-val-
ues at 2.041, 1.949, and 1.900, representative of a [2Fe-
2S] center, and 2.008, corresponding to the neutral blue
flavin semiquinone (31). Strong electronic interactions be-
tween the paramagnetic [2Fe-2S]eq and SQ radical would
be expected because these centers are only 4.7 A apart at
their closest approach. It is therefore surprising that the
spectra of frozen solutions approximate the sum of the
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Figure 4. Spectra of kinetic intermediates in the reaction of PDR \thh
NADH: A) oxidized PDR ({); diode array spectrum representauvc of
CT-1 (O); diode array spectrum representative of CT* (CJ); spectrum
representative of MC-3 (A); spectrum representative PDR3,. (@). B)
Kinetics of the reaction of PDR with NADH monitored at 462 nm (O),
610 nm (A), and 740 nm (<). Formation of CT-1 is most evident between
2 ms and 10 ms at 740 nm and 610 nm. The maximum concentration of
CT*, most obvious at 740 nm, is reached at ~32 ms. CT* formation is
paralleled by hydride transfer and flavin reduction, observed as a de-
crease in absorbance at 462 nm. NAD release occurs with a loss of

absorbance at 740 nm. There is a simultaneous increase in absorbance
at 610 nm, which reports the formation of MC-3. Disproportionation of
PDR to form PDR;.. is detected as a further decrease in 610 nm absor-
bance beginning at about 1 s after the mixing of reactants.

spectra of isolated paramagnetic species (R. W. Dunham,
personal commumcation) Preliminary simulations of these
spectra employing the “magic angle” between the FMN
and [2Fe-2S] center can account for some of the results
(32). Studies are currently under way to characterize the
electronic interactions in this system (33).

REACTION OF PDR WITH PYRIDINE |

NUCLEOTIDES i

The natural substrate for PDR is NADH, although NADPH
will slowly reduce PDR. This is consistent with the pfes-
ence of Asp!™ and the other structural features conferring
specificity for NADH (discussed previously). Product for-
mation during the steady-state reaction of the phthalate
dioxygenase system occurs with a broad pH optimum in the
pH range 6.8-8.2. At 4°C, the maximum steady-state reac-
tion velocity with PDO as an electron acceptor is 12 N:\E})H
oxidized/s; Kn (NADH) is 10 uM and K,, (PDO) is ~1.4

UM (34). This latter Ky, value is close to the dissociation
constant of the PDO-PDR complex (~1 uM), calculated
from changes in flavin fluorescence that occur during the
titration of PDO with PDR (35).

We have used stopped flow spectrophotometry in a study
of the kinetics of the reductive half-reaction of PDR with
pyridine nucleotides (28, 29). These investigations have
identified the intermediates of Scheme 1 and have deter-
mined the reaction rate constants included in that scheme.
NADH first binds to oxidized PDR, forming a primary
Michaelis complex (MC-1). This process is a rapid equilib-
rium with respect to subsequent steps in the reduction
reaction, and it is complete within the mixing time of the
instrument (~2 ms). Because NAD* binds about two or-
ders of magnitude more weakly than does NADH to oxi-
dized PDR, only a small amount of MC-2 (Scheme 1) forms
when NAD* and NADH are present at equal concentrations.

The first observed kinetic phase (116 s™!) is signaled by
a slight decrease in absorbance at wavelengths shorter than
500 nm and an increase in absorbance beginning at ~550
nm and extending beyond 800 nm (Fig. 44 and Fig. 4B).
These changes are consistent with the formation of a
charge-transfer complex between NADH and oxidized
FMN (CT-1 in Scheme 1). The analogous intermediate
observed in the reaction of PDR(-FeS) with NADH shows
the spectral features of this complex in the absence of the
absorbance contribution from the oxidized iron-sulfur cen-
ter (Fig. 5C). The intermediate CT-1 is spectrally quite

similar to the charge-transfer complex formed between

— NAD* NAD*
—FMNox PDROX MC'2 ‘_FMN“
——2Fe2S ——2Fe2S
NADH ~|| K4=50puM
/NADH
—— FMN,, MC-1
—— 2Fe2S
k.w =116s

NAD
Emuo CT-1

2Fe2

©2Sox ky=70s
ko=10§
—NAD
——FMNH; % cT
——2Fe2S
o / k=35s"
NAD*

E FMNH sa NADH _ MC-3 [—NADH.

2Fe2S g Ky= 10 uM —— FMNH’

2F62$M

Scheme 1. Mechanism of the reductive half-reaction of PDR with
NADH. Stick diagrams detail the redox and complexation state of inter-
mediate species in the reaction (crystal structures for PDR,,, MC-2, and
MC-3 have been determined).
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NADPH and oxidized FNR (36).
The second kinetic phase is consistent with the reduc-
tion of the flavin moiety and the formation of a charge-
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Figure 5. Components of the phthalate dioxygenase system: A) absor-
bance spectra of oxidized PDR (O) and PDR(-FeS) (0OJ); difference
spectrum representative of the [2Fe-2S] component of the PDR absor-
bance spectrum, generated by subtraction of the spectrum of PDR (-FeS)
from PDR (—e¢ ¢ ¢—). B) Spectra of oxidized PDR (-FeS) (A); PDR
(-FeS) semiquinone, generated by reductive titration (); PDR (-FeS)
MC-4 (charge-transfer complex of FMN,.4 with NAD) (O); two-electron
reduced PDR (-FeS) ((J). C) Spectra of intermediates in the reaction of
PDR (-FeS) with pyridine nucleotides; oxidized PDR (-FeS) (®); CT-1’
(0); CT* (O); two-electron-reduced PDR (-FeS) (A).

transfer complex between FMNH- and NAD* (CT* in
Scheme 1). It is observed as a further increase in absor-
bance in the long wavelength region and a large decrease
in absorbance between 300 and 500 nm. The spectrum of
the analogous intermediate occurring in the reductive half-
reaction of PDR(-FeS) is shown in Fig. 5B. The spectrum
of the CT* species is similar to that of the charge-transfer
complex formed between NADP* and the reduced FAD of
adrenodoxin reductase (37). When NADD is substituted
for NADH in the reduction reaction, the rate of formation
of CT* is decreased from 70 s™! to 10 s’!. This sevenfold
deuterium isotope effect identifies this reaction phase as
hydride transfer.

After hydride transfer, NAD* is released from PDR
(Scheme 1). This phase of the reaction (35 s’! in PDR) is
observed as a decrease of the charge-transfer absorbance
at wavelengths greater than 700 nm, an increase in absor-
bance at wavelengths between 520 nm and 650 nm, and a
decrease in absorbance below 520 nm (Fig. 4). The loss of
the charge-transfer absorbance represents NAD* release,
and the increases in the 500-600 nm region are consistent
with the formation of a neutral blue flavin SQ that results
from intramolecular electron transfer. Small decreases in
absorbance in the 400-500 nm region result from a com-
bination of flavin oxidation to semiquinone and [2Fe-2S]
reduction (Fig. 44, B). This semiquinone species does not
occur in the reductive half-reaction of PDR(-FeS) with NADH.
(The spectrum of the flavin semiquinone of PDR(-FeS), gener-
ated by reductive titration, is presented in Fig. 5B.) Be-
cause NAD? release, flavin oxidation to semiquinone, and
iron-sulfur reduction are observed to occur as a single
kinetic phase with PDR, it is unclear which one of these
events controls this phase of the reaction.

As noted, PDR(-FeS) proceeds through the same types
of flavin-pyridine nucleotide intermediates that are ob-
served in the reductive half-reaction of PDR. However,
after NAD* release from PDR(-FeS), both hydride elec-
trons remain localized on the flavin (compare Fig. 5C and
Fig. 4A4). Titration of this reduced form of PDR(-FeS) with
NAD? results in the formation of a charge-transfer com-
plex (Fig. 5B) that spectrally resembles the flavin compo-
nent of CT* formed in the reductive half-reaction of PDR.
This species presumably involves a direct stacking inter-
action of the reduced flavin and NAD™ in a complex simi-
lar to the complex of NADPH with reduced glutathione
reductase (20, 27).

Structures related to intermediates in the
reductive half-reaction

Crystal structures of oxidized PDR in complex with NAD*
or AAD?, of two-electron reduced PDR in complex with
NADH (PDR32e.:NADH), and of fully reduced PDR3,. have
been determined (16, 38). The nicotinamide ring does not
contact the flavin ring in any of the crystallographically
observed pyridine nucleotide complexes. When NAD* or
AADY is bound to PDR, the nicotinamide ring cannot be
discerned, implying that it is mobile. The crystal structure

of PDRg..:NADH (thought to represent MC-3) (36) shows
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Figure 6. Local changes near the iron-sul-
fur center that accompany formation of the
species PDR,..:NADH. Ligand-free oxi-
dized PDR is shown with thin bonds and
PDR,..: NADH with thick bonds. the loop
including residues 273-279 readjusts when
nucleotide binds. In PDR,..: NADH, altera-
tions in interdomain contacts are observed
that show how pyridine nucleotide binding
may affect the environment of the [2Fe-2S)
cluster. Residues 224-227, at the COOH
terminus of the NAD* domain, move toward
the iron-sulfur cluster and two new interdo-
main hydrogen bonds are formed. One con-
nects the backbone NH 227 of the NAD*
domain to carbonyl 0 of 274 of the [2Fe-2S]
domain and the other connects Oy of Ser®*
with 0y of Thr?"®from the iron-binding loop.
In order to make the second hydrogen bond,
the Thr?"® side chain rotates, breaking the
interaction between Thr*? and Cys Sy 272,
an iron ligand. These subtle rearrangements
in the interactions between the NAD and
[2Fe-2S] domains of the MC-3 type complex
may provide thermodynamic linkage among
the redox centers of PDR (39).

the benzene ring of Phe?25 intervening between the flavin
and nicotinamide rings (Fig. 3); as expected, this species
shows no charge-transfer absorbance. In the oxidized
structure of glutathione reductase, Tyr!%? intervenes simi-
larly, and it has been shown that when NADPH binds,
Tyr197 moves to permit direct interaction between the pyri-
dine nucleotide and the flavin (20). Thus, during catalysis
it might be expected that Phe225 of PDR moves to permit
the nicotinamide to come in contact with the isoalloxazine
ring of the flavin. Such interaction is required for both
charge-transfer and hydride transfer.

Regulation of intramolecular electron transfer in

PDR

The crystal structure of PDR indicates that the flavin and
iron-sulfur centers are separated by an edge-to-edge dis-
tance of only 4.7 Py (16). The driving force favoring elec-
tron transfer from fully reduced flavin to [2Fe-2S] is
approximately 100 mV (30).5 Based on the contributions of
distance and thermodynamic driving force (39, 40), the
intramolecular electron transfer from FMN to [2Fe-2S] in
PDR is predicted to be several orders of magnitude faster
than the observed rate of 35 s-1. In PDR(-FeS), the rate of
NAD™* release closely matches the rate of intramolecular

5The difference in midpoint potential between the SQ/PDR,, 'and
PDR;3./SQ couples provides an estimate of the thermodynamic driving
force for a single electron transfer from the flavin hydroquinone of the
CT* intermediate to the oxidized [2Fe-2S] center. However, this is likely
to be an overestimation, because an interaction of the negatively charged,
reduced iron-sulfur center in PDR3,. may decrease the FMNyg,q couple
of PDR;.. relative to the FMNy,q couple of CT* in which the iron center
is oxidized.

electron transfer and NAD* release in PDR. This supports
the idea that the release of NAD* controls the rate of
intramolecular electron transfer; it is inconsistent with in-
tramolecular electron transfer controlling the rate of NAD*
release. Thus, structural changes effected by the NAD*
release may control the electron transfer by contributing to
the reorganization energy (39) and/or by gating the transfer
directly (41).

Crystal structures of reduced and ligated states of PDR
show changes in the vicinity of the [2Fe-2S] center that are
linked to reduction and to pyridine nucleotide binding (16,
38) and may reflect the reorganization predicted by the
Marcus theory (39) (Fig. 6). Hydrogen bonds to the cyste-
ine ligands of the [2Fe-2S] center appear to shorten, and
the geometry of Fe-1 (the iron of the [2Fe-2S] center clos-
est to the FMN moiety) is distorted toward trigonal
bipyramidal (38).

CONCLUSIONS

PDR illustrates some of the complexities of how hydride
and single electron carriers are coupled in biological sys-
tems. Scheme 1 shows that in PDR at least five species are
involved in this process. The structures of some of these
species have been determined and support the kinetic
scheme. Structural information is not yet available for the
kinetically important charge-transfer intermediates CT-1
and CT*, which occur only transiently in the reductive
half-reaction. Pyridine nucleotide complexes with PDR
that have been observed so far do not show the nicoti-
namide ring interacting with the isoalloxazine of the flavin
as required for both charge-transfer interactions and hy-
dride transfer. However, changes observed in glutathione
reductase, oxidized or reduced in complex with NADPH,
provide a model for the sequence of events that must ac-

MECHANISM OF PHTHALATE DIOXYGENASE REDUCTASE

1417



SERIAL REVIEW

company pyridine nucleotide binding and hydride transfer
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