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ABSTRACT: Putidaredoxin reductase (PdR) is the flavin protein that carries out the first electron transfer
involved in the cytochrome P450cam catalytic cycle. In PdR, the flavin adenine dinucleotide (FAD/
FADH,) redox center acts as a transformer by accepting two electrons from soluble nicotinamide adenine
dinucleotide (NAD/NADH) and donating them in two separate, one-electron-transfer steps to the iron
sulfur protein putidaredoxin (Pdx). PdR, like the two more intensively studied monoflavin reductases,
adrenodoxin reductase (AdR) and ferredexiMADP™ reductase (FNR), has no other active redox moieties
(e.g., sulfhydryl groups) and can exist in three different oxidation states: (i) oxidized quinone, (ii) one-
electron reduced semiquinone (stable neutral species (blue) or unstable radical anion (red)), and (iii) two-
electron fully reduced hydroquinone. Here, we present reduction potential measurements for PdR in support
of a thermodynamic model for the modulation of equilibria among the redox components in this initial
electron-transfer step of the P450 cycle. A spectroelectrochemical technique was used to measure the
midpoint oxidation-reduction potential of PdR that had been carefully purified of all residual NAD

= —3694 10 mV at pH 7.6, which is more negative than previously reported and more negative than the
pyridine nucleotide NADH/NAD (—330 mV). After addition of NAD', the formation of the oxidized
reductase-oxidized pyridine nucleotide complex was followed by the two-electron-transfer redox reaction,
PARXNADT + 2e- — PdR%“NAD™, when the electrode potential was lowered. The midpoint potential
was a hyperbolic function of increasing NADoncentration, such that at concentrations of pyridine
nucleotide typically found in an intracellular environment, the midpoint potential woule’be —230

4+ 10 mV, thereby providing the thermodynamically favorable redox equilibria that enables electron transfer
from NADH. This thermodynamic control of electron transfer is a shared mechanistic feature with the
adrenodoxin P450 and photosynthetic electron-transfer systems but is different from the kinetic control
mechanisms in the microsomal P450 systems where multiple reaction pathways draw on reducing power
held by NADPH-cytochrome P450 reductase. The redox measurements were combined with protein
fluorescence quenching of NADbinding to oxidized PdR to establish that the PARAD* complex

(Kp = 230 uM) is about 5 orders of magnitude weaker than PdAD™ binding. These results are
integrated with known structural and kinetic information for PdR, as well as for AdR and FNR, in support
of a compulsory ordered pathway to describe the electron-transfer processes catalyzed by all three
reductases.

Putidaredoxin reductase PHR the flavin protein (46 kDa;  reductase (AdR), its functional analog in the catalytic cycle
E.C. 1.18.1.3) that carries out the first electron transfer of the adrenal steroid-hydroxylating cytochrome P4505ec (
involved in the cytochrome P450cam catalytic cycle. The 7). In PdR, the flavin adenine dinucleotide (FAD/FARH
crystal structure has recently been publishdd. (PdR redox center is reduced by two-electron transfer from
function has been the subject of numerous investigatidas ( nicotinamide adenine dinucleotide (NAINADH). PdR
4), especially for making comparisons with adrenodoxin channels these reducing equivalents via the -suifur

protein putidaredoxin (Pdx) to the terminal cytochrome P450
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1 Abbreviations: E, midpoint oxidation reduction potential; Pdr, ~hydrocarbon and oxygen substrates and Pdx, converge for
putidaredoxin reductase; PeiRputidaredoxin reductase in oxidized —completion of the hydroxylation reaction. Sligar and Gun-

state; PdR, putidaredoxin in reduced state; P4RIAD*, putidaredoxin salus 8, 9), Peterson and colleague€)( 11), and Kuznetsov
reductase in oxidized state with bound oxidized pyridine nucleotide; | ' ,f ish th ’ | .
AdR, adrenodoxin reductase: FNR, ferredexhADP* reductase; Pdx, €t @l. (12) furnish the measurements and concepts leading

putidaredoxin; Adx, adrenodoxin; Fd, ferredoxin. to our understanding of the driving forces and coupling
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equilibria in these final reactions of the catalytic cycle. In the modulation of PdR redox equilibrium, and (iv) to

this article, we present reduction potential measurements forcontribute understanding of the comparative mechanisms for

PdR in support of a thermodynamic model for the modulation electron transfer to the monoflavin reductases of the bacterial,

of the equilibria among the redox components in the initial mitochondrial, and microsomal P450 cycles, and those that

electron-transfer step. serve as the terminal enzymes of the photosynthetic electron
Flavoproteins like PdR and AdR, with no other active transport chain.

redox moieties (e.g., sulfhydryl groups), can exist in three

different oxidation states: (i) oxidized quinone, (ii) one- EXPERIMENTAL PROCEDURES

electron reduced semiquinone (stable neutral species (blue) . . idaredoxin red btained
or unstable radical anion (red)), and (iii) two-electron fully _ Protein PreparationPutidaredoxin reductase was obtaine
by heterologous expression i coli clones using growth,

reduced hydroquinone. These states are in dynamic equilibria™ | =™’ . o .
with one another, and the distribution of states is affected purlflcatlon, qnd catalytic reconstitution procedures described
by the character of the apoprotein and often by ligands that !N '€f 2. Protein released from harvested cellsmg PdR/g
bind to the protein13). This distribution of redox states plays C€ll Paste) was purified in three chromatographic steps using
a critical role in determining the direction and ease of electron Media from Pharr(rjama Biotection-exchange using DEAE
transfer with the many potential redox partners with which Sepharose (2640% purity), hydrophooblc Interaction (HIC)
the flavoprotein interacts in a typical intracellular environ- using Pheny] Sepharose 6 FF (680% fu”ty),' and size
ment. Indeed, stabilization of the semiquinone state gives €XClusion using Sephacryl S-200HR48% purity). In the
some flavoproteins the ability to split electrons between single redox titration _experlment where we wanted to ensure
obligatory one- and two-electron carriers. This appears to that there was no residual bound NAINAD was removed

be the case especially with reductases that are known to

from an aliquot of the PdR preparations as per the methods
furnish reducing power to microsomal P45054+16).

described in reB0. Briefly, the protein was unfolded using
Semiquinone stability (instability) is critical to the one- versus 8 M guanidine HC, followed by separation of the protein
two-electron delivery by ferredoxinNADP* reductase, the

from small molecules using size-selective membranes and
terminal monoflavin protein in the photosynthetic chdid-

protein refolding in the presence of FAD to reconstitute the
21). In AdR, stabilization of the semiquinone state has been 2Ctive proteir. Absorbance of this preparation (NAD-free
identified with the protonation of the FAD isoalloxazine N5 PdR) was measured from 350 to 550 nm prior to unfolding
atom by a water molecule fixed by hydrogen bonds to and after the final refolding wash. Spectra were superim-
residues surrounding the redox cent2f)( However, in

posable with the characteristic peaks at 378, 454, and 480
addition to these structural features, the electron transfer from

nm. These spectra were distinctly different relative to similar
NADPH to AdR is also strongly influenced by binding of spectra for free, unbound FAD. The quantitation of the folded

NADP* ligand 6, 6). The structure of PdR has not been pro_t<lain was based on absorbance at 454 am (0 mM™
found to support stabilization of the semiquinone radigpl (M ) (29

but binding of NAD" is an important influence on PdR Spectroelectrochemical Redox Titration and Equilibrium
electron-transfer function through mediation of its redox Binding MeasurementSpectroelectrochemical experiments
potential €3, 24). were conducted using a thin-layer quartz cell (Figure 1) that

Previous measurements of oxidation/reduction potential for Provides exhaustive electrolysis in a sandwiched solution
PdR two-electron transfer give 285 @5) and —320 mV layer 31—33). The absorbance of protein solution in the 0.1
(26) by dye photoreduction methods 6270 to—317 mV mm gap between two electrodes coated with nanocrystalline
by titration with NADPH or NADH @3, 27). The influence ~ antimony-doped tin oxide3{l, 32) was measured in the
of the tight binding of the oxidized pyridine nucleotide to direction parallel to working electrode surfaces, providing a
PdR on oxidation/reduction potential has not been studied

systematically, in part because this binding is sufficiently 2 certain commercial equipment, instruments, and materials are
strong so that pyridine nucleotide is copurified with PdR identified in this paper to specify adequately the experimental procedure.
whether the protein is purified from the natural source Inno case does such identification imply recommendation or endorse-

i ; ; ment by the National Institute of Standards and Technology or the FDA,
(camphor-induced expressionfiseudomonas putigizor as nor does it imply that the material or equipment is necessarily the best

recombinant protein frori. coli cultures for determination  available for the purpose.
of the PdR structure by X-ray diffractiorL), At the most 3PdR (106-200 nmol,>98% pure) was added to 5200 mL of
positive values of this reported range, and using the formal denaturation buffer (50 mM TrisHCI, 200 mM KC| 8 M guanidine-

. HCI, 2 mM DTT, pH 7.4) and stirred slowly on ice for an hour. The
potential for the NADH/NAD' couple to be-330 mV 28), solution was reduced in volume t910 mL using an Amicon stirred

the rationale for thermodynamic mediation of electron cell (200 mL volume) equipped with a YM10 membrane (10 K MW
transfer from the pyridine nucleotide into the P450cam cycle cutoff). The protein solution was transferred to 4 mL centrifugal

; P i ,sconcentrators with YM10 membranes and reduced in volume further
is on reasonable standlng, however, the more negative ~0.5 mL). Additional denaturation buffer (4 mL) was added to the

potential measurements r_aise issues _W_ith this concept anGoncentrated protein solution, and the centrifugation was repeated to
open up the need to consider other driving forces to supply wash the protein free of small molecules. This step was repeated four

reducing power, as in the case of the microsomal P450 or more additional times. The final volume of protein retrieved from
catalytic cycles 29) the concentrator was about 1 mL. PdR was refolded in the presence of
y y 7" . . FAD by very slow addition to a stirred solution of renaturation buffer
The goals of this work were (i) to explore and quantify (50 mM Tris—HCI, 200 mM KCI, 200 mM guanidine HCI, 1 mM DTT,
the binding of the oxidized pyridine nucleotide NADvith 25uM FAD, pH 7.4). The solution was stirred on icerfb h and then

oxidized and reduced PdR, (ii) to measure the midpoint reduced in volume using the Amicon cell and then centrifugal
’ concentrators as before. Finally, the protein was washed in a centrifugal

oxidation—reduction potential of PdR as a function of NAD ¢ gncentrator with a buffer of 50 mM TrisHCI buffer, 200 mM KCI.,
concentration, (iii) to develop a thermodynamic model for pH 7.4 until all free FAD was removed from the protein solution.
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Ficure 1: Schematic of the thin-layer spectroelectrochemical cell used for protein absorbance measurements. A nanocrystalline metal
oxide film was sot-gel coated on glass substrates as shown in the inset. The absorbance of protein solution in the 0.1 mm gap between two
electrodes coated with nanocrystalline antimony-doped tin oxide is measured in the direction parallel to the working electrode surfaces (5
mm optical path length). The working electrodes are pressed against a 0.1 mm Pt wire that serves as the 0.1 mm spacer and provides an
electrical contact. The gap between the electrodes fills due to capillary action, thus minimizing total solution volume. The airtight quartz
cell also contains a Pt wire counter electrode, Ag/AgCI reference (Microelectrodes, Inc., Bedford, NH), and provides for solution and Ar
gas delivery.

5 mm optical path length. Before titration, solutions were for the absorptive screening by NADat the excitation
poised at the initial potential for at lea® h while purging wavelength. Data were fit to a single-site model of NAD
with oxygen-free, water-saturated Ar gas. A gas blanket was binding @, 23) with the dissociation constant determined by
maintained in the cell headspace during the anaerobica Scatchard plot.
potential scans. The reference electrode was placed outside
the gap, and the cell was calibrated against pheno:safraniné?ESULTS
(E” = —257 mV vs NHE) as an internal standard. Solutions  PdR Redox Potential without and with NADhe absor-
for the spectroelectrochemical titration contained 0.2 M KCI, bance spectra of oxidized, NAD-free PdR, recorded during
0.02 M MgCh, 0.05 M Tris—HCI, pH 7.6, and also a the potential sweep from 100 (top curves of Figure 2, parts
mediator soup (kM each: phenazine methosulfdf® = A and B) to—500 mV (bottom curves) in the thin-layer cell,
+140 mV; indigo carmineE” = —125 mV; phenosafranine,  contains maxima at 380, 454, and a shoulder at 480 nm,
E” = —257 mV; benzyl viologenE®” = —330 mV; methyl typical for the FAD domain. When the electrode potential
viologen,E” = —450 mV). Addition of small concentrations was scanned in the direction of more negative values, there
of multivalent cation M§" and the mediator soup facilitate was a gradual reduction of the flavin moiety, as indicated
electron transfer between redox proteins and metal oxideby decreases in the main absorbance peaks. Spectral changes
electrodes 1, 33). All experiments were conducted at 20 were fully reversible when the potential was returned to the
°C using the thermoelectric cell holder (Quantum Northwest, initial value (—-100 mV). Absorbance changes at wavelengths
Spokane, WA). Typically, absorbance was recorded every >520 nm were insignificant throughout the anaerobic reduc-
3 mV at several wavelengths during the 0.05 mV/s potential tion of the 9uM PdR solution, suggesting the absence of
ramp. All potentials are given with respect to the standard significant quantities of semiquinone speciéd, (37).
hydrogen electrode (SHE). Figure 2B shows the long-wavelength bard600 nm)
Equilibrium binding of oxidized pyridine nucleotide NAD that appears during the reduction of PdR in the presence of
to oxidized putidaredoxin reductase was determined using5x excess NAD. The intensity of this band grows in parallel
absorption difference spectrophotometB4,(35) and an with the decrease in FAD center absorbance. Such absor-
NAD*-dependent fluorescence quenching mett&%) 36). bance features are indicative of charge-transfer complex
Preliminary measurements by both methods indicated rela-formation between reduced PdR and oxidized pyridine
tively weak binding Kp ~ 200-350 uM), although the nucleotide 87). The absorbance increases in Figure 2B at
fluorescence quenching method gave more reproduciblewavelengths<350 nm reflect NADH formation that follows
results for repeated experimental trials with different prepara- FAD reduction.
tions of protein and pyridine nucleotide. In the fluorescence  The evolution of the NAD-free PdR redox state was
guenching method, the attenuation of the fluorescence of thefollowed at 454 nm during the 0.05 mV/s linear scan (Figure
aromatic residues in the range of 31840 nm of 20uM 3). This spectroelectrochemical titration gives the slope 35
PdR solutions excited at 290 nm was recorded using a=+ 5 mV/decade corresponding to two-electron transfer, and
LM800 spectrofluorimeter (SLM Inc.). Small aliquots of 20 the midpoint reduction potential 6f3694+ 10 mV, a value
mM NAD™ solution were mixed to a 7.5 mM final thatis significantly more negative than the midpoint potential

concentration, and fluorescence emission reading at 338 nnof its biological electron source NABNADH, E” = —330
was plotted as a function of NADconcentration (Figure  mV at pH 7.6 28).
7). The fluorescence intensity dEacetyltryptophaneamide Upon addition of 45:M NAD *, the spectroelectrochemi-

as a function of NAD concentration was used to correct cal measurements shown in Figure 4 indicate that the PdR
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Ficure 2: Reduction/oxidation absorbance spectra of NAD-free
PdR without added NAD (A) and with 454M NAD * (B). Spectra
were acquired in a thin-layer spectroelectrochemical cell 20
PdR (9uM) was titrated in deaerated 50 mM Tris buffer (pH 7.6)
also containing 200 mM KCI and 20 mM Mg£ISpectra were
recorded during potential sweeps frord00 (top spectra) te-500
mV (bottom spectra) at 0.05 mV/s.

redox wave shifts to-268 + 10 mV, more than 100 mV
more positive than the NAD-free PdR midpoint potential.
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Ficure 3: Absorbance change at 454 nm as function of electrode
potential recorded in same solution as Figure 2 wiitlh® NAD-

free PdR. The redox wave centered on abe870 mV is used to
find the reduction/oxidation midpoint potential of the reaction PdR
+ 2e — PdRd from the Nernst equatioB = E® — (RT/nF) In Q'
(whereE is applied potential; the reaction quotie@t = [PdRY]/
[PARY = (1 — X)/x, with x = (A — A)/(A% — A), during the
roundtrip potential scans betwee50 and—500 mV at 0.05 mV/

s; Ais absorbance at 454 nm witkid for fully reduced PdR and

A for fully oxidized PdRX). The inset shows lo@' to be linear

for 4 orders of magnitude d& giving the slope 35t 5 mV/decade

for this two-electron process and midpoint reduction potential of
—369+ 10 mV.

L L L
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Addition of similar amounts of NADP did not produce a
measurable effect on PdR titration curves (data not shown).
Upon addition of putidaredoxin (Pdx) to a concentration
that is in 2-fold molar excess of PdR, the spectroelectro-
chemical measurements shown in Figure 6 indicate that the

midpoint potential of PAR:NADis unaffected by this natural
redox partner of PdR. The redox wave centered 289 mV

is comparable to the PdR titration redox wave without Pdx
(curve c in Figure 5A). This redox wave Als, in Figure 6

The Nernst slope (Figure 4 inset) in the presence of NAD a5 3 slightly more rapid absorbance decrease than curve ¢
indicates two-electron transfer, the same as the neat PdRyf Figure 5A for E = ~ —250 mV due to considerable

titration. Absorbance bleaching at 454 nm starts at —190
mV together with the formation of the PdR:NAxharge-

overlap with a Pdx redox wave&{ ~ —240 mV). The rise
in 750 nm absorbance (dotted line) reflects formation of the

transfer complex as monitored by the absorbance rise at 750pgR:NAD* charge complex.

nm. The rise in 340 nm absorbance r< —300 mV, just

Binding of NAD and PdR* Equilibrium binding of

as PdR reduction is nearly completed, indicates NADH NAD* to oxidized putidaredoxin reductase was determined
formation. Since this 340 nm absorbance rise is proportional by measuring fluorescence quenching of PdR due to NAD

to the amount of total added NAD(data not shown), this
rise is consistent with reduction of free, unassociated NAD

Given that NAD induces a positive PdR redox potential

association. Figure 7 shows the decline in fluorescence for
increasing total NAD, relative to an initial value for free,
unbound 2QuM PdR*. These data were fit to a single-site

shift, we conducted the series of PdR spectroelectrochemicalmodel of NAD* binding @, 23):

titrations with varying amounts of NADshown in Figure
5A. All experiments were conducted in® PdR solutions
with NAD*/PdR molar ratio ranging from 0 to 33. The values
of E” for PdR, calculated from Nernst plots of the titration
curves, show thaE” asymptotes to—230 mV at high
concentrations of NAD (Figure 5B). This indicates that in
the presence of oxidized pyridine nucleotid, is shifted
sufficiently positive to create thermodynamically favorable
conditions for the electron transfer from NADH to PdR.

PdR*+ NAD* PAR*NAD™"

K3: l/KD3

where Kps is the dissociation constant determined by a
Scatchard plot:Kpz = 230 £ 30 uM.

DISCUSSION

PdR Midpoint Reduction Potential as a Function of NAD
First attempts to make precision measurements of the
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Ficure 4: Absorbance changes as function of electrode potential
for 9 uM PdR and 45:M NAD*. Reduction of PdR, evolution

of PdR:NAD" complex, and reduction of NAD are followed
simultaneously at 454, 750, and 340 nm, respectively. The lower 2501
arrow indicates the beginning of formation of the reduced charge-
transfer complex as the potential is made more negative 60 2

mV, and the upper arrow indicates the onset of NARduction o~ 3001
(see text). The inset is thiys, Nernst plot from whiclm = 2 and w
the midpoint potential is-268 mV.

-350
oxidation—reduction potential for PdR showed that variables
associated with protein preparation and NAD(H) levels in 400
the measurement buffer strongly influenced repeatability.
Others had suggested a role for the pyridine nucleotide when
using photochemical dyes or NADPH to titrate PdR prepara- 4% ; - - - - - ;
tions that were derived from P450cam proteins expressed in °o s om0
P. putidacultured with camphor23, 26). The possibility
that a PdR:NAD complex could influence PdR redox FIGURE 5: (A) Absorbance at 454 nm as a function of electrode
potential has also been informed by earlier studies showingﬁ‘xgrf.'agfoliﬂ ’\,'\IAA%fjee Pde(CulNeMa?\,zBd+ for PdR W'Atfh %‘dee‘j
more than 90 mV positive sh!ft in the reduction potential of NAD+.(d),ﬂQOyM NAg:Er(Vej ghd azugmM NAD‘E”(;)V_eP‘Q)h V?gs 9
AdR due to complex formation with NADP(5). We set ;M in solution as described in Figure 2. Panel B shows PdR redox
about building a reproducible correlation between PdR redox potential as a function of the molar PdR/NADatio, calculated
potential and NAD influence that included a measurement from the titration curves in panel A.
on a recombinantly generated protein preparation that was )
repurified to ensure pyridine nucleotide-free protein. Dena- Only take about 1:1 NAD-to-PdR molar ratio (free plus
tured protein was washed free of pyridine nucleotide, Pound) to shift this potential more positive by-680 mV,
refolded in the presence of FAD, and washed free of excesswhich is in the range of the previous values. The recently
FAD. Refolded preparations gave a spectrophotometric reported crystal structure of PdR indicates the presence of
signature that showed no free FAD absorbance and wasPound pyridine nucleotide that was probably copurified using
superimposable with the characteristic peaks at 378, 454,commonly accepted PdR purification protocdly (We also
and 480 nm of the starting material. conducted PdR spectroelectrochemical titration in the pres-

Figure 2 shows that addition of NADIleads to the ence of NADP or putidaredOXin (de), the natura"y OCCUI’ring
characteristic tail at long wavelengths in the PdR spectra, Fedox partner protein of PdR. In both cases, the midpoint
indicative of the formation of the PdR:NADcomplex @3). reduction potential of PR was unaffected within measure-
Absorbance changes in Figure 3, representing almost 4 ordergnent precision. These observations are consistent with those
of magnitude in the ratio of PdR redox species [PHR of others who have suggested that NADies not form a

[PdR™, were acquired for the Nernst plot showing a two- complex with PdR 23) and that Pdx acts simply as an

[NADJ/[Pdr]

electron process and a m|dpo|nt potentiamgi 10 mV. “electron shuttle” between PdR and P450cam dUring Only a
This is significantly more negative than previously reported fleeting interaction with PdR3g).
values of midpoint potential2@, 25—27), but as will be In Figure 4, reduction of PdR in the presence of 1:5 molar

described later, the data from Figure 5 indicate that it would ratio of NAD proceeds from right to left as the applied
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— " ' ' of the AdR and NADP partners in the charge-transfer
complex 6, 6).

Because in vivo concentrations of pyridine nucleoti@s (
40) are likely to be orders of magnitude greater than those
of reductase enzymes, we decided to measure PdR redox
potential as a function of NAD concentration. Figure 5
shows measurements of reduction potential up to the ratio
of [NAD *]/[PdR] = 33. From the most negative value for
E” = —369 mV for the repurified/refolded preparation with
no NAD", the potential approachee?30 mV asymptotically
at high concentrations of NAD Therefore, it is likely that
in a cellular environment, the effect of NATassociation is
to shift PdR’s redox potential sufficiently positive so that it
is favorably positioned thermodynamically to use the reduc-
ing power of the NADH/NAD" couple to drive the P450
...... ereasestesssssennnnnne] - CYCIE.

1 Adrenodoxin reductase and ferredoxiNADP* reductase
(FNR) are two of the best-characterized monoflavin reduc-
tases, and each appears to have evolved an intrinsic redox
E, mV character of the FAD center to fit specific functional needs.

FIGURE 6: Absorbance at 454 nm (PdR reduction) and 750 nm The two-electron i{ = 2) oxidation/reduction potential of
(evolution of PdR:NAD complex) as a function of electrode fee FAD is —162 mV at pH 6,—219 mV at pH 7, and

potential for solutions containing@V PdR+ 18 uM putidaredoxin o I :
+ 18 uM NAD *. The inset shows the Nernst plot for PdR reduction 280 mV at pH 8 £8). In the case of FNR, specific residues
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from whichn = 2 and the midpoint potential is288 mV. have been implicated for their effects on the redox behavior
of the FAD through influence on the protonation, orientation,
T and distortion of the isoalloxazine rindg, 20, 22). These

influences lead to shifts in FAD redox potential to more
negative values, and in the cases of AdR and FNR, to
stabilization of the semiquinone state such that two super-
imposed reversible one-electron-transfer processes can be
split into two separately measurable single-electron transfers.
The large negative reduction potential for neat PdR is in the
range of values reported for neat FNE'(= —342 mV for
n=2, pH 7 ande® = —325 to—442 mV forn = 2, pH
8—8.4) from a variety of sources (spinach chloroplasts,
Anabaenacyanobacterium, and recombinant DNA) as de-
termined by both dye titration and spectroelectrochemical
04 ‘ ‘ ‘ ‘ , , , methods 18—20, 41). For AdR, the influence of the protein
0O 1000 2000 3000 4000 5000 6000 7000 8000 matrix leads to a smaller negative shift in the FAD redox
Total NAD, uM potential toEY = —295 mV,n = 2, pH 7.5 @2). The more

FiGuRe 7: Quenching of intrinsic PdR fluorescence due to NAD ~ NOteworthy difference in PdR relative to FNR or AdR is the
binding. PdR was 2@M in 20 mM phosphate buffei- 100 mM size of the positive shift in redox potential that results from
KClI, pH 7.4 and 20C. The range of three determinations is shown binding the pyridine nucleotide ligand. For PdR, we have

for each NAD" concentration. A Scatchard fit using the equilibrium  megsured ther139 mV shift that accompanies saturation
binding equatiorkp = [PAR*|[NAD *]J/[PdR*:NAD*] gives the binding of NAD* ([NAD *J/[PdR] > 33'1)'pfor FNR there
curve shown in the figure with dissociation const&pt= 230+ . . L o

20 uM. is a+70 mV shift upon binding of NADP at [NADP"]/

[FNR] ~ 2:1 (41); for AdR there is at+93 mV shift upon
potential is varied from-100 to less thar-400 mV. The binding NADP" at [NADP']/[AdR] ~ 5:1 (5). These shifts
changes in absorbance bands at 454, 750, and 340 nm wer& AdR and FNR potentials are referenced to redox potentials
recorded in order to establish the sequence of PdR reductionthought to be measured on ligand-free proteins (neat AdR
PdR:NAD' charge-transfer complex formation, and free or neat FNR) since X-ray diffraction structures have not
NAD™ reduction to NADH, respectively. The transitions in reported the presence of copurified NADRr either AdR
the 454 and 750 nm absorbance bands as—190— —300 (22) or FNR @3). If, however, the AdR and FNR redox
mV, and the Nernst plot showing that these transitions are potentials are as sensitive to small concentrations of oxidized
accompanied by a two-electron-transfer process, suggest thapyridine nucleotide shown for PdR in Figure 5B, it would
the charge-transfer process is that of PARAD ™ — PdR¢: take as little as 23 uM of NADP* (free plus bound) to
NAD™" with a reduction midpoint potential of 268 = 10 increase the redox shifts of AdR:NADRr FNR:NADP*

mV. There were no detectable spectral signatures in the 520 by an additional 60 mV, which is then in the range of the
600 nm range where semiquinone formation might be PdR:NAD' redox potential.

expected 37). Similar redox transitions have been investi- Binding of NAD" to PdR*and PdR. Although formation
gated for the reduction of AdR during titration with dyes or of a charge-transfer complex between NA&nd PdR has
NADPH. There was no clear resolution of the redox states been known for a long time2g), and the spectral features

F338 nm
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Scheme 1: Association and Redox Equilibria for
Putidaredoxin Reductas@&ladt Complex

PdR™ + NAD" PdR*:NAD"

|

PdR™+ NAD"

K3=1/Kp;

K, Ky || 2¢

K4=1/Kp,

PdR™:NAD"

Table 1: Redox and Binding Equilibria Parameters for
Putidaredoxin Reductase and Nad

reaction measurements  AG, me\® Kp, M
(1) PAR* + 2e” < E” =-369+10mV  +742
PdRd
(2) PAR*NAD* « E” =-230+10mV  +462
PdR%NAD*
(3) PAR*+ NAD*t <  Kpz= 230+ 30uM —212 2.30x 1074
PdRXNAD*
(4) PdRY 4+ NAD* < —492%  3.58x 107°
PdR%NAD*

a Calculated fromAG = 2FE” or AG = RTIn Kp. P AG4 = AG; +
AG3 — AG.
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uM is about 50-fold lower than the range cited above for
FNR>*NADP" binding, Kpz ~ 6—14 uM (32, 44).
Comparatve Pathways of Electron Transfer to and from
Monoflavin ReductasesThe function of PdR is the same as
AdR and FNR. In catalyzing the reaction of pyridine
nucleotide oxidation/reduction to ferredoxin reduction/oxida-
tion, the three reductases display large asymmetries in
binding equilibria that result from the intermolecular electron
transfers and act as two-to-one electron transformers between
the NAD(P)H and ferredoxin redox partners. The measure-
ments reported here reveal that PdR is different only in regard
to the degree of these common features: (i) lower affinity
in the oxidized state for its natural oxidized pyridine
nucleotide partner, (i) greater affinity in the reduced state
for the oxidized pyridine nucleotide, and (iii) greater instabil-
ity of the isoalloxazine semiquinone redox state. Although
the intent of this study was not to develop a mechanistic
model of the in vivo redox catalysis carried out by these
reductases, the compulsory ordered pathway of Figure 8 is
proposed in order to show how these features work together
with the large amount of kinetic and structural data that has

at long wavelengths have been descrik#g),(measurement  been generated on these three systems over the last 3 decades.
of binding equilibria or kinetic characterization have not been The pathway splits the two-electron reducing equivalents
possible due to the high affinity and rapid association of the received by the reductase (Rd) from a reduced pyridine
ligand—protein complex. Similarities in the spectra, binding nucleotide (NH) into two separate one-electron transfers to
equilibria, and kinetics between the P#@RAD™ complex partner ferredoxin proteins (Fx). This scheme has been
and that of AR:NADP (for which Kp has been calculated considered as an electron-transfer model (in the reverse
to be 0.01uM (5)) led us to do a free energy coupling direction of Figure 8) for the Fd/FNR/NADP(H) system
calculation of pyridine nucleotide binding to P#Rvith the during photosynthesid 8) and as part of an earlier proposed
redox potential shift, thereby completely characterizing the model based on kinetic measurements in the NAD(H)/PdR/
redox and binding equilibrium. Pdx system Z4).

PdR*NAD™ complex formation, determined from fluo- Several features can be brought together from the reported
rescence quenching of free PdR as a function of NAD X-ray diffraction structures of these reductases to support
concentration (Figure 7), provided a simple Scatchard binding an ordered pathway. First, separate binding domains for the

isotherm from whichKp was determined to be 238 30

uM. This is more than 16-fold larger tha&, for the charge-

transfer complexes AdGRNADP* (14 uM) (5), FNRX:

NADP* (6—14 uM) (32, 44), or the reductase component

of cytochrome P45Q:3, BMRNADP" (10 uM) (35);
however, it is only 7-fold higher thakp for PAR*:NADH

pyridine nucleotides and ferredoxin are observed for the
FNR:Fd complex 46) and are to be expected from the
analysis that accompanies the structure reports for A&R (
and PdR 1). Second, close separation of the FAD and on
sulfur redox centers upon Rd:Fx binding is observed in the
FNR:Fd complex, abdu6é A (46), and is derived from

(26) which is the preferred ligand in a catalytically competent modeling studies for the AdR:Adx complex, 415 A (22),
process. and for PdR:Pdx complex;y15 A (4). Third, some stabiliza-
The redox potential measurements are used to calculatetion of the semiquinone form in AdR and FNR is achieved
the free energies of reactions 1 and 2 in Scheme 1 and aréby hydrogen bonds to the isoalloxazine N5 atom from active
combined with the PdRNAD™" binding free energy to  site side-chain residues in the case of FNR)(or im-

determine the dissociation constant for NADinding to
reduced PARAAG, = AG; + AG; — AG; andKpy4 = exp-
(AG4RT).

mobilized water in the case of AdRZ). Although such
hydrogen bond stabilization is missing in PdB),(a very
short-lived semiquinone form has been observed by laser

These data and calculations, summarized in Table 1, showflash photolysis techniqued). These features support the

that NAD" binding to the reduced form of PdRK{, =

concepts of (i) ternary complexes RdFx between the two

0.00358uM) is almost 5 orders of magnitude stronger than separate one-electron transfers to Fx, (ii) rapid—Ho

to the oxidized form. Comparable data sets for estimating electron transfer, and (iii) difficulty of semiquinone detection
NADP* binding to reduced AdR and FNR reductases are in PdR relative to detection in AdR and FNR.

not available, although on the basis of potential shift Considering all reported kinetic studies on these three
measurements alone, binding of oxidized pyridine nucleotidesreductases, rates for individual steps in the ordered pathway
to the reduced forms of these reductases is much strongeshown in Figure 8 reveal that the lifetimes of specific
than to their oxidized forms5( 17). In a recent paper, Tejero intermediate species are highly dependent on whether the
et al. used stopped flow kinetic experiments with multi- redox components (NH, Rd, and Fx) are studied individually,
wavelength spectroscopic measurements and a deconvolutioin pairs, or altogether. Among many examples to illustrate
algorithm to isolate a spectral signal for each charge-transferthis point is our observation of a decrease in the absorbance
species in the equilibrium reaction FRENADPH < FNR™: at long wavelengths, suggesting that, in the presence of Pdx,
NADP* (45). Their estimate for the upper limkp, < 0.2 the PdR:NAD charge-transfer complex is diminished. Also,
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NH Fx* Fx" Fx® Fx®  N*
k.i\Lki k.jlkj k..% k,lk, k.mTkm k.;Tk;
Rd™  (RAY, =Rd¥) (R :Fx™ =Rd% iFx¥)  Rd% (RS :Fx™ = Rd% iFx'¥)  Rd%  Rd™

RA%, iFx®

Ficure 8: Possible compulsory ordered pathway for the transfer of two-electron reducing equivalents from a pyridine nucleotide NH
(NADH or NADPH) to a monoflavin reductase Rd (putidaredoxin reductase PdR, adrenodoxin reductase AdR, or ferfeADRM
reductase FNR), followed by two consecutive one-electron transfers from fully reduced reducdtasedrithe semiquinone reductaseRd

to a ferredoxin Fx (putidaredoxin Pdx, adrenodoxin Adx, or ferredoxin Fd). Other terms in the figure represent the followjgorRd

Rd\j’ﬂ or R(ﬁl are the complexes PdR:NADor AdR:NADP*, or FNR:NADP" with the reductase in either the fully oxidized (ox), fully
reduced (rd), or semiquinone (sq) oxidation state?* Bxd Fxd are the oxidized and reduced forms of Pdx, Adx, or Fd; ternary complexes

of pyridine nucleotide, reductase, and ferredoxin (e.g.,°PNRD*:Pdxd) are represented as FdFx®.

Kp for the FNR:NADP complex increases from 1M with < FNRYpp: :Fd?), and (iii) a sequential order of binding

no Fd present to 31kM at 4.6 uM Fd (34), and ionic to FNR have been suggestes). A ping—pong reaction
strength and NAD concentration have significant effects mechanism has also been ruled d8)( as is to be expected

on the rate of disproportionation of semiquinone to fully when both substrates have separate binding domains. For

reduce_d _a_nd fully _oxidized PARI®). _ _ the putidaredoxin system, steady-state and rapid stopped flow
The initial step in the ordered pathway is formation of kinetic measurements using the cytochrarmeduction assay
the charge-transfer complex, (§d which rapidly equili- (Pdxd + cyt ¢ — Pd¥* + cyt ¢¥) have shown that the

brates with its charge-transfer counterpart LEBdIn the ternary complex is the activated redox species for describing
AdR and FNR systems, the on-rate of this stefis 28 the rates of cytochromereduction 24). Although the PdR
and ~300 s, respectively, when equimolar mixtures of redox species was not identified, the second electron-transfer
NADPH and the reductase are mixed, but on-rates drop step PdRY2 — Pdx was much slower than the first, and
significantly when excess NADPH is presebt 17, 34, 45). classic ping-pong kinetics did not fit measurements of
In these studies, an equilibrium distribution of the charge- cytochromec reduction when concentrations of the three
transfer species (Rflppy < Rdiapp:) Was formed by  redox component species, NADH/NADPdx, and PdR,
either mixing oxidized pyridine nucleotide with reduced were varied 24).
reductase or by mixing reduced pyridine nucleotide with Finally, we note that in vitro measurements of the
oxidized reductg;e._ For FN.R, rates of hydride transfer ;oquction of the one-electron acceptors cytochraand
between the equilibrium species were found to be at least astgricyanide have been used extensively in steady-state and
high as the on-rates, and for AdR and FNR the off-rétes  raniq stopped flow experiments to test the kinetic limitations
were found to be slow relative to on-rates. For the PdR , ihese three systems. Under conditions of excess pyridine
sy;stem, the on-rate for NADH is extremely fakt,> 600, cleotide and ferredoxin, steady-state cytochrameduc-
s %, and the inability to resolve the charge-transfer species i turns over the flavin of PdR at 55075(27), which is
(PdRYaon = PdRGp+) (23) would be consistent with the  faster than ferredoxinNADP* reductase flavin turnover, 200
view that the charge-transfer rate is much greater than ratess-1 (44, and much faster than adrenodoxin reductase flavin
of pyridine nucleotide association or dissociation. turnover, 4.5 st (5). These higher rates for PdR activity may
Rates of association and electrog transfer of the reducedye consistent with its lower affinity for its oxidized pyridine
charge-transfer complex (R < Rd:) with partner ferre-  nucleotide partner relative to the affinity of ABRand FNRX
doxins (F¥* and Fx’) have also been investigated for AdR  for NADP*, the last step in Figure 8. However, it is worth
(49-51), FNR (44, 52, 53), and PdR 4, 24, 48). These  considering the relevance of the cytochromeeduction
measurements are complicated due to rapid reoxidation ofassay to in vivo activity of PdR. In vivo, the function of
FX“ by even traces of oxygen and by difficulties in  pgR is to maintain sufficient reduced Pdx such that P450cam
distinguishing the two rapid one-electron transfersi&  can maintain a viable rate of hydrocarbon conversion to meet
— Fx and R'™ < Fx. For the adrenodoxin system, metabolic needs. In this intracellular environment, rates of

stopped flow techniques show that semiquinone #dR diffusive transport and intrinsic chemical conversion of
formed when equimolar NADPH and AdR(two-electron hydrocarbon and oxygen cosubstrates are probably more
reduction) are mixed with an equimolar amount of(E&)e>~ limiting than availability of reduced Pdx, the needs for which

(one-electron oxidation) and that the first electron transfer are likely supplied by rates well below the rates of in vitro
to Adx from the preformed AdR:NADPAdx complex is cytochromec reduction. To this point, it is noteworthy that
faster than the second electron transf9) (Formation and the intracellular ratio of the three proteins is estimated as
breakdown of the AdR:Adx complex is rapid compared to 1:8:8 for PdR:Pdx:P450can27). To our knowledge, no in
the intermolecular electron-transfer rate, and complex as-vitro experiments varying the multiple P450cam substrates
sociation is weakened upon Adx reducti@®,(51). For the (oxygen, hydrocarbon, putidaredoxin) required to complete
ferredoxin-NADP* reductase photosynthesis system operat- the catalytic cycle have been done to investigate the rate-
ing in reverse of Figure 8, the essential features of (i) limiting steps of diffusion, electron transfer, or intrinsic
facilitation of Fd< FNR electron exchange by NADP(ii) chemical kinetics at concentrations approaching in vivo
the rapidly equilibrating ternary complex (FNRyp: :Fd™ significance.
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