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ABSTRACT. The conversion of CDP-4-keto-6-deoryglucose to CDP-4-keto-3,6-dideoxyglucose is a

key step in biosynthesis of ascarylose, the terminal dideoxyhexose OFdmtigen tetrasaccharide of the
lipopolysaccharide fromYersinia pseudotuberculosis. VThis transformation is catalyzed by two
enzymes: CDP-6-deoxy-threo-p-glycera4-hexulose-3-dehydrase {Ewhich contains a pyridoxamine

and a [2Fe-2S] center, and an NADH-dependent CDP-6-dedRkyeo-D-glycero4-hexulose-3-dehydrase
reductase (), which contains both an FAD and a [2Fe-2S] centei.rdacts to form a Schiff base with
CDP-4-keto-6-deoxy-glucose and catalyzes the elimination of the hydroxyl at position 3 of the glucose
moiety, resulting in the formation of a covalently bound CDP-6-deaXf-glucoseen intermediate. 3 E
transfers electrons from NADH to;Fwhich uses these to reduce thé*glucoseen bond to produce
CDP-4-keto-3,6-dideoxp-glucose. In this work, we have investigated the reductive half-reaction of E
using both single wavelength and diode array stopped flow absorbance spectroscopy. We find that NADH
binds to both oxidized{y = 52.5+ 2 uM) and two-electron-reduced§ = 12.1+ 1 uM) forms of E.
Hydride transfer from NADH to the FAD moiety occurs at 10&3 s and exhibits a 10-fold deuterium
isotope effect when &)-[2H]NADH is substituted for NADH. Following the hydride transfer reaction,
NADT is released at 42.5- 1 s! and electron transfer from the reduced FAD to the [2Fe-2S] center
occurs rapidly. The extent of the intramolecular electron transfer reaction is pH-dependent itbfa p
7.3+ 0.1, which may represent the ionization state of the N-1 position of the FAD hydroquinone of E
Finally, Es is converted to the three-electron-reduced state in a slow disproportionation reaction that
consumes NADH. The [2Fe-2S] center of Eas selectively disassembled by titration with mersalyl to
give Bs(apoFeS). The properties of this form of the enzyme are compared to those of the holoenzyme.
Similarities and differences of the reductive half-reactions oaid related iron-sulfur flavoenzymes

are discussed.

Five unusual dideoxyhexoses (abequose, ascarylose, coli- CDP-ascarylosell) is the precursor of the nonreducing
tose, paratose, and tyvelose) have been isolated from thederminal ascarylose, in th@©-antigen tetrasaccharide of
membranes of Gram-negative bacteria (Lindberg, 1990; Yersinia pseudotuberculosis(@vodovet al, 1992). Itis
Griffiths & Davies, 1991a,b; Matsuhaséi al., 1966). These  synthesized from CDP-glucosg) (n a pathway that includes
sugars are localized in th®-antigen component of the an unusual NADH-dependent deoxygenation of CDP-4-keto-
lipopolysaccharide (LPS)where they serve as key antigenic  6-deoxyp-glucose to form CDP-4-keto-3,6-dideoxy-
determinants in the immune response to invasive microor- glucose 9) (Rubenstein & Strominger, 1974a,b; Liu &
ganisms (Lderitzet al,, 1966). CDP-glucos&(in Scheme Thorson, 1994). This reaction is catalyzed by two en-
1) or GDP-mannose is the starting material for the biosyn- zymes: CDP-6-deoxy-threop-glycerc4-hexulose-3-de-
thesis of all of these sugars, which is thought to proceed hydrase (&) and CDP-6-deoxy-threo-p-glycera4-hexulose-
through a common 4-keto-3,6-dideomyhexose intermediate  3-dehydrase reductdséEs). E; is a 49 kDa monomeric
(9) (Grisebach, 1978; Shibaev, 1986; Gonzalez-Pergu enzyme that contains a pyridoxaminephosphate (PMP)
Strominger, 1972; Ywet al,, 1992). Subtle differences in and a [2Fe-2S] center (Weiget al, 1992a,b; Thorson &
the subsequent reactions result in the five unique nucleotidyl Liu, 1993a). It catalyzes the formation of a Schiff base
dideoxyhexoses that are used later in the construction of thebetween PMP and C-4 of the 4-keto-6-deoxyglucdle (
O-antigen (Health & Elbein, 1962; Matsuhagtial., 1966;
Liu & Thorson, 1994; Kessleet al., 1993). 1 Abbreviations: 5-dRFI, 5-deazariboflavin; CAPS, (cyclohexylami-
no)propanesulfonic acid; CDP, cytidiné-diphosphate; E CDP-6-
deoxy+-threop-glycero4-hexulose-3-dehydrase; EEDP-6-deoxyt--
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Scheme 1. Biosynthesis of CDP Ascarylose from Glucose 1-Phosphate aid CTP

Me E, ' 03PO

: DaP
o |
(CTP) NAD(HZ PMP_ | ﬁ 788 Me H
OH ~—— HN¥
opoa OCDP (H20) OCDP ! —( H ﬁ_ +
i Me o} OH N
OH ; = H ‘ocDP Me O H\, OCDP,
3 E 4 OH
E ;%K E
<> ocop |
; H+ OH |
: B3PO BP0 :
NAD" NADH ° E;ﬂ :
(H20) H = H e H
Ered : N+ \ _ o E
OCDP OCDP OCDP H N_ N E
OCDP o H ‘ocop |
7 OH :

2 The reactions enclosed in the dashed box are catalyzed bylﬂfiég Bystem.

substrate. As shown in Scheme 1, this is followed by a 1,4 tor (Amicon, Beverly, MA), excess mersalyl was removed
dehydration to form aA3“glucoseen intermediat®) Ez by gel filtration over a disposable Sephadex G-10 column
is a 39 kDa monomeric [2Fe-2S]- and FAD-containing (1 x 5 cm, Bio-Rad Laboratories, Hercules, CA) with 50
reductase (Milleet al., 1993; Loet al., 1994). Itacceptsa mM potassium phosphate (pH 7.5). The protein solution
hydride from NADH and transfers two electrons stepwise (2.8 mL) was treated with 16L of S-mercaptoethanol and

to E; where they are used to reduce the CDP-6-def%§- allowed to incubate for about 20 min. This mixture was
glucoseen intermediate to give CDP-4-keto-3,6-didenxy- purified on a different Sephadex G-10 column using the same
glucose. ltis proposed that reduction of CDP-6-ded®y- buffer. E; irreversibly lost FAD during the course of this
glucoseen proceeds via a radical mechanism (Thorson & Liu, preparation such that only a low yield of(BpoFeS) could
1993b), since the electron equivalents used in this reactionbe obtained. Attempts to reconstitutg&oFeS) with FAD
are transmitted from the reductase to the dehydrase sequerwere unsuccessful. The final concentration was about 11.5
tially through iron centers, which are limited to single uM (based oOresssrap = 11 900 Mt cm™3).

electron transfer. Single mixing stopped flow studies of the deuterium
In this paper, stopped flow absorbance spectroscopy isisotope effect were performed with a Kinetic Instruments,
employed in the inveStigation of the reductive half-reaction |nC Stopped flow Spectrophotometer Conﬁgured for photo-
of the iron-sulfur flavoenzyme Ewith NADH. The results multlpller tube (PMT) detection as described by Gasster
of these studies are discussed and compared with relatecy|. (1994). A Hi-Tech SF-61 stopped flow spectrophotom-
electron transferases. eter configured for both PMT detection and diode array
detection [described previously by Gassner and Ballou
MATERIALS AND METHODS (1995)] was employed in all other single mixing stopped flow
Es was expressed irEscherichia coli strain JM105 studies. The pH jump studies were performed using an
containing the pOPI plasmid and purified, with minor Applied Photophysics Laboratories stopped flow instrument
modifications, as described previously (Ploetxal., 1995).  configured for double mixing.
The modifications were as follows. (1) Buffer A was 20 MES, MOPS, TRIS, and CAPS buffers used in these
mM TRIS-HCI (pH 7.5), 1 mMB-mercaptoethanol, and 0.1  studies were from Sigma (St. Louis, MO). Phosphate was
mM EDTA. (2) The enzymatically active fractions after the from Mallinckrodt (Paris, KY). Grade Il NAD (98%) and
DEAE-Sepharose step were pooled and concentrated usingyrade | NADH (100%) were from Boehringer Mannheim
an Amicon ultrafiltration unit (YM-10). (3) The MonoQ  (Indianapolis, IN). NADD was prepared enzymatically from
FPLC purification utilized a flow rate of 3 mL/min and a NAD™ using a previously described method (Gasstel,,
linear gradient from 0.16 to 0.36 M NaCl in 12 min following  1994).

a 1 min wash in the absence of NaCl. Programs used for fitting and simulation of kinetic data
Es(apoFeS) was prepared by titrating Ou&rBiol of B (5.6 [as described in Gassnet al. (1994, 1995)] were Program
mg) with 64 equiv of mersalyl (Aldrich, Milwaukee, WI)in - A (developed in the Ballou laboratory), KISS software
20 mM TRIS-HCI (pH 8.0) and incubating for 30 min. After  (Kjnetic Instruments, Inc.), HopKINSIM [1990 version
concentration of the enzyme using a Centricon 10 concentra- -adapted by D. Wachstock from the KINSIM program of

Barshopet al. (1983) and Zimmerelle and Frieden (1989)],
2This enzyme (B) has been previously called CDP-6-deak§* and Specfit (Spectrum Software Associates, 1993). All
glucoseen reductase. Realizing that the function pisEactually to stopped flow reactions included AM PCD and 100uM
transfer electrons to CDP-6-deoxythreo-p-glycerc4-hexulose-3- . . . H
dehydrase (B, we now refer to it as CDP-6-deoxythreon-glycero PCA for maintaining anaerobic conditions (Bull & Ballou,

4-hexulose-3-dehydrase reductase. 1981). The Applied Photosystems stopped flow instrument
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Scheme 2: Mechanism of the Reductive Half-Reaction of
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Ficure 1: Wavelength dependence of the reduction reaction.
Reaction of 7.8uM E3 with 506 uM NADH at 4 °C in 100 mM
TRIS buffer at pH 8.0. Reaction monitored ®)(450 nm, Q)

550 nm, () 650 nm, and4) 725 nm. Dashed lines are fits to the
data. The solid vertical line indicates the stop of flow.

k=425
15t
FADH ~ 47—
NAD*
FeSox

NADH

Kg=12.1
+1uM

FADH™

FeSox

E—
e ——

required more stringent preparations in order to ensure
anaerobic conditions, since the polyethylene tubing used in
this instrument is oxygen permeable. This instrument was
prepared as follows. All syringes, tubing, and valves were
first filled with 5 mM sodium dithionite in 100 mM
phosphate buffer and allowed to sit for 4 h to scrub out
oxygen. Just prior to the experiment, the dithionite was
replaced with an anaerobic solution containing AGPCA
and 1uM PCD. Finally, this PCA and PCD solution was
replaced with the enzyme, NADH, and buffer solutions used
in the pH jump study, which also contained PCA and PCD.
Photoreductions (Massey & Hemmerich, 1977, 1978) were
performed by irradiating samples with a 650 W tungsten
halogen Sun Gun (Smith-Victor Co.). These reactions were
carried out under an argon atmosphere in anaerobic cuvettes
containing 100 mM MOPS (pH 7.0) or CAPS buffer (pH
10.0), 5 mM EDTA, and 50 nM 5-dRFl in a @ bath at 4
°C. Visible absorbance spectra were recorded periodically
using a Cary 3E spectrophotometer in order to monitor the
extent of the reduction.
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a Stick diagrams represent intermediate forms gfriolved in the
reduction reaction. Rate and equilibrium constants are derived from
the experiments described in the text.

RESULTS

Reaction of Ewith NADH Absorbance changes occur-

ring at four different wavelengths in the reaction afvidth transfer complex and reduction of the [2Fe-2S] center,

506u4M NADH are presented in Figure 1. Analysis of these
data allowed us to identify steps of NADH binding, hydride
transfer, and NAD release. The NADH binding reaction

resulting in a net increase in absorbance. In the last phase
of the reaction (out te~100 s), the absorbance at 450, 550,
and 650 nm decreases as the enzyme is slowly converted to

occurs in the first 5 ms and causes a slight decrease inthe three-electron-reduced state as it reacts with excess
absorbance between 400 and 500 nm and an increase iftNADH.
absorbance at wavelengths greater than 520 nm that are Concentration Dependence of the Reaction efwith

indicative of the formation of a charge transfer complex of
NADH and oxidized FAD. Subsequently (outtal0 ms),

NADH. Data from the concentration dependence of the
reduction reaction could be fit with a consecutive model

there are decreases in absorbance at 450 and 550 nm andontaining a minimum of five exponentials (see the first four

further increases in absorbance at 650 and 725 nm that aresteps and last step in Scheme 2).

consistent with FAD reduction and the formation of a second
charge transfer complex between NABNd reduced flavin
anion. The third phase of the reaction (out+80 ms) is

The observed rate
associated with the first step of the reaction increases linearly
with NADH concentration and represents the binding of
NADH to oxidized E to form the NADH— FAD,x charge

seen as decreases in absorbance at 450, 550, and 725 ntnansfer complex (Figure 2Kg = 52.5+ 2 uM; kon = 1.98

and a slight increase in absorbance at 650 nm, and thesex 10 M~ s,

¢ = 103.9 s1). Following this initial

changes continue in the fourth phase of the reaction (out tobinding step, hydride is transferred from NADH to the FAD

~100 ms). The loss of charge transfer absorbance ¢gAD
— NADT) at 725 nm marks the release of NABrom the

moiety (107.5+ 3 s73), resulting in flavin reduction and the
formation of a charge transfer complex of flavin hydro-

enzyme. A decrease in absorbance at 450 and 550 nm occurguinone and NAD. This phase of the reaction is seen as
as the [2Fe-2S] center is reduced. At 650 nm, the increasean increase in absorbance in the 2800 nm region (charge

in absorbance due to the formation of flavin semiquinone is

transfer complex formation) and as a larger decrease in

slightly greater than the decrease in absorbance due to theabsorbance in the 466600 nm region (FAD reduction)

dissociation of NAD from the (FAD, — NAD™) charge

(Figures 1 and 2A). After the hydride transfer reaction, the
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Ficure 3: Deuterium isotope effect on hydride transfer. Kinetics
of the reaction of 4&M E3 with 245uM (O) NADH or (Od0) NADD

at 4°C in 20 mM TRIS buffer at pH 8.0. Solid lines are the
observed data; dotted lines are simulations of the data assuming
the model shown in Scheme 1.

equation (eq 1).

0.125 L — L L
0 100 200 300 400 500 A=||E,+ NADH; + K, —
[NADH] uM 3 T
FiIGURE 2: Concentration dependence of the reaction ofnh 1

NADH. (A) Reaction of 21uM E3 with (O) 54 uM, (A) 169uM, \/(Es + NADHT + Kd)2 — 4[§3|\|,/.\DHT
and @) 417 uM NADH at 4 °C in 50 mM phosphate buffer at pH

7.5. (B) Dependence on NADH concentration of the first observed e gependent variablerepresents the enzyme absorbance
reaction rate calculated from exponential fits to the data presented

in panel A. (C) Hyperbolic decrease at 550 nm due to the binding & 590 nm at any NADH concentrationAr is the total
of excess NADH to two-electron-reduced @uring the reduction ~ €nzyme absorbance at 550 nm when the NADH concentra-
reaction. tion is saturating. Ao is the constant background enzyme
absorbance E; is the total concentration ofsE NADH+ is
enzyme isomerizes (79562 s'!) and then NAD isreleased  the total NADH concentration. Ky is the equilibrium
from the reduced enzyme at 42451 s'*. These last two  dissociation constant for the;ENADH complex. The best
steps are characterized by the loss of flavin hydroquinone fit through the data at 550 nm givég = 12 &+ 1 uM with
to NAD* charge transfer absorbance (see absorbance dea maximum absorbance changar) of 0.021 + 0.003
creases at 550 and 725 nm in Figure 1). As NADB (Figure 2C).
released from the two-electron-reduced enzyme, free NADH  Deuterium Isotope Effect on Hydride TransfeBinding
binds tightly to the coenzyme binding site. The complex of of NADH to E; poises the system for hydride transfer from
two-electron-reduced #and NADH has lower absorbance NADH to the FAD moiety withpro-R stereoselectivity (Han
at 550 nm than free two-electron-reducefdg&ee Figure 2C et al., 1990); the change in the reduction kinetics that occurs
and the data in Figure 2A between 100 ms and 1 s). Theupon the substitution of @-[’HI[NADH (NADD) for
absorbance of two-electron-reducegdad its complex with NADH was used to identify the second observed phase of
NADH (calculated from sequential exponential fits through the reaction as being representative of hydride transfer (see
NADH concentration dependence data collected at 550 nm)Figure 3). The initial NADH binding step is followed by a
is hyperbolically related to the total concentration of NADH 107.5 s reaction characterized by a 8 micm™ decrease
remaining following the hydride transfer reaction (see Figure in enzyme extinction at 456 nm, a 0.3 mMcm™! decrease
2C). The dissociation constant of the NABHE; complex at 550 nm, and a 1.1 mM cm ! increase at 740 nm (Figure
was estimated by fitting the data to the ligand binding 4). These changes are consistent with FAD reduction and

I2E4|A; + A, (1)
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FIGURE 4: Spectra of the major intermediates occurring in the "“fl?s_l
reductive half-reaction of £ Spectra were derived through global ko=
Marquardt fitting of the diode array data collected during the sl
reaction of 40uM E; with 245uM NADD or NADH in 20 mM NAD
TRIS buffer at pH 8.0. The displayed spectra are most representa- [._
tive of (O) oxidized E, (O) the NADH and FAD charge transfer FADH -
complex, @) the NAD" and FAD, charge transfer complexaj
NADH bound to the reduced irersulfur and neutral flavin =39
semiquinone form of g and @) three-electron-reducedE Lo FNADJ{
the conversion of a charge transfer complex between NADH
and FAD into a charge transfer complex between NADd EADH.

F_ADhq' Data from the reactlop of Fwith NADD could be a|ntermediate species are represented by stick diagrams; rate
simulated closely by decreasing the 107.5mte constant  constants shown pertain to the reaction g\ Ex(apoFeS) with 135

to 10.4 st and otherwise using the same intermediate xM NADH.

extinctions and reaction rates that gave the best fits to the
NADH data (Figure 3). Charge transfer complexes of
NADH and FAD have greater absorbance at 550 nm and
lesser absorbance at 740 nm than do charge transfer
complexes of FAR, and NAD" (Batie & Kamin, 1984;
Gassneret al, 1994; Gassner & Ballou, 1995). Thus,
substitution of NADD for NADH selectively decreases the
rate constant associated with hydride transfer and results in
greater accumulation of the FAD and NADH-type charge 0.006 ! L ! ! 0.05
transfer complex. This would have the effect of elevating 0001 0.01 9r}:ne (seg) 10

the transient absorbance observed at 550 nm and depressing
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are in fact observed in the data (see Figure 3), so it can bej, 50 mm phosphate buffer at pH 7.5.

concluded that the second observed phase in the reductive

half-reaction of i with NADH represents hydride transfer.  steps of B(apoFeS) are very similar to those occurring in
Diode array spectra were recorded during the reactions ofthe reaction of holo-Eup to the step of [2Fe-2S] reduction.

Es with NADH and with NADD. These data were fit  After about 1 s of reaction time, the 550 nm absorbance of

globally using the Marquareilevenberg routine built into  holo-E; begins to decrease as the enzyme becomes fully

the program Specfit (Spectrum Software Associates, 1993).reduced during an NADH-consuming disproportionation

The spectra resolved by this fitting procedure, presented inreaction. Since FapoFeS) contains no irersulfur center,

Figure 4, are reasonable representations of the intermediatét cannot undergo this type of reaction. Thus, following the

species involved in the reduction reaction. The composition release of NAD, Ez(apoFeS) remains in the flavin hydro-

of these species is shown in the stick diagrams in quinone state, and the absorbance at 550 nm remains nearly

Scheme 2. unchanged.
Reductie Half-Reaction of fapoFeS) We investigated The reactions of fapoFeS) with NADH or NADD are
the kinetic properties of ftapoFeS), a form of &rom which compared in Figure 6. The spectral changes and kinetic data

the [2Fe-2S] center was removed by titration with mersalyl obtained closely resemble those from the reaction of the
(see Materials and Methods). The reductive half-reaction holoenzyme (Figure 3). Apparently, the [2Fe-2S] center has
of Es(apoFeS) is kinetically simpler than that of, end the little influence on the FAD reduction and NADelease steps
results of these studies corroborate the steps proposed in the the reductive half-reaction of £ The similar kinetic
reaction mechanism of the holoenzyme detailed in Schemebehavior of i and B(apoFeS) is consistent with a structure
2. These studies were limited due to the relative instability in which the flavin and pyridine nucleotide binding domains
of Es(apoFeS). FAD was lost continuously during the course are well-resolved from the [2Fe-2S] binding region.

of the experiment, and attempts to reconstitujaoFesS, pH Dependence of the ReduetiHalf-Reaction In the
apoFAD) with FAD were unsuccessful. Approximate rates reaction of i with NADH, the steps of coenzyme binding,
for the observed transitions are presented in Scheme 3hydride transfer, and NADrelease (upper half of Scheme
Figure 5 shows that the reductive half-reactions gfaid 2) are found to be quite independent of pH over the range
Es(apoFeS) at 550 nm are nearly identical in thel®0 ms of 6.5-10.0. The similarity between the kinetics of the
time frame. Thus, the flavin reduction and NADelease formation and decay of the FAD and pyridine nucleotide
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Ficure 6: Deuterium isotope effect in the hydride transfer reaction
of Eg(apoFeS). Comparison of the reaction ofildl Es(apoFeS)
with (O) 1354M NADH or (O) 135uM NADD at 4 °C in 50 mM
phosphate buffer at pH 7.5.

charge transfer complexes at pH 7.0 and 10.0 observed a

725 nm is shown in Figure 7A. At both high and low pH

values, intramolecular electron transfer is observed to occur

as rapidly as NAD is released from the enzyme. Following
the release of NAD, free NADH, if present in solution,
binds tightly to the two-electron-reduced; EFigure 2).
However, this binding does not appear to significantly alter
the distribution of electrons between the FAD and the
[2Fe-2S] center. Following the release of NADower half

of Scheme 2), the extent of the intramolecular electron
transfer from the flavin hydroquinone to the oxidized
[2Fe-2S] center of E which yields an enzyme containing

t
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equal absorbance (Figure 4). The amount of 650 nm
absorbance following intramolecular electron transfer after
1 s plotted as a function of pH is presented in Figure 7D. A
hyperbolic fit to this data gives ak of 7.3 at 4°C.

pH Jump Studies In the reductive half-reaction of;E
the steps of NAD release and intramolecular electron
transfer are observed as a single reaction phase, suggesting
that the rate of electron transfer may be controlled by the
dissociation of NAD. We were able to resolve the
intramolecular electron transfer and NAelease reactions
by using double mixing stopped flow and pH jump meth-
odology. In the first stage of mixing, s;Ewas rapidly
combined with excess NADH at either high or low pH. After
250 ms, hydride transfer and the dissociation of NABm
the enzyme is complete. At this reaction time, the enzyme
exists almost exclusively in the two-electron-reduced state,
and the influence of the relatively slow bimolecular dispro-
portionation reaction of £molecules, which results in the
formation of three-electron-reduced enzyme, is insignificant
(Scheme 2, Figure 7). In the second stage of the experiment,
the pH of the 250 ms reaction mixture was rapidly changed
by mixing it with a buffer solution of either higher or lower
pH, triggering a redistribution of electrons between the FAD
and [2Fe-2S] centers.

Reactions following a jump of pH (pH 7.0 to 10.0 and
pH 10.0 to 7.0) are presented in Figure 9. In the pH 7.0 to
10.0 jump, 7&M Ez was mixed in an Applied Photophysics
Laboratories instrument with 1 mM NADH in 100 mM
MOPS buffer at pH 7.0 and 2Z. At 250 ms, this reaction
mixture was mixed with 100 mM CAPS buffer containing
excess KOH such that the pH of the final mixed buffer
solution was 10.0. Since the double mixing experiment
diluted the initial reactants by a factor of 4, the final
concentration of Eparticipating in the pH jump reaction
was 19.54M. In this reaction, a rapid increase Mso of
about 1300 s!, consistent with electron transfer from FAD
to the oxidized [2Fe-2S] center to form FAPand [2Fe-
2S}eq Was observed.

In the pH 10.0 to 7.0 jump, 78M E3z was mixed with 1
mM NADH in the 100 mM CAPS buffer. After 250 ms,
the reaction mixture was diluted with 2100 mM MOPS buffer
containing excess HCI such that the pH of the final mixed
buffer solution was 7.0. In this reaction, a 220 decrease
in absorbance occurs, indicative of electron transfer from
the reduced [2Fe-2S] center to the FARo form FADy
and [2Fe-2S). Thus, it appears that, following the release

neutral FAD semiquinone and a reduced [2Fe-2S] center, isOf NAD™, the equilibration of electrons between the [2Fe-
highly dependent on pH (see the kinetic data collected from 2S] and FAD centers is rapid and that during turnover NAD

50 ms to longer times in Figure 7AC and spectra in Figure
8). At pH 7.0, intramolecular electron transfer is less
favored; following the release of NAD a significant fraction

regulates the rate of electron transfer.

Photochemical ReductionPhotochemical reductions of
E; conducted at pH 7.0 and 10.0 in the absence of pyridine

of the enzyme remains stabilized in the oxidized [2Fe-2S] nucleotides are shown in Figure 10A,B. These reactions
and flavin hydroquinone state. At pH 10.0, intramolecular occurred in two stages that are revealed by the difference
electron transfer gives a high yield of the reduced [2Fe-2S] spectra presented in Figure 10C,D. The first difference
and flavin semiquinone state, suggesting that the redoxspectrum calculated at both low and high values of pH is
potential vs pH curve is more shallow for the [2Fe-2S] center consistent with the selective reduction of the [2Fe-2S] center
than for the FAD moiety. Thus, at high pH values, the of the enzyme. Subsequently, at high pH, the flavin moiety
FADs{FADyq redox potential is lower than that of the is reduced by two electrons without the intermediate forma-
[2Fe-2S] center. The amount of semiquinone stabilized at tion of semiquinone. At low pH, the second stage of
various pH values was estimated from spectral data at 650photoreduction involves the conversion of oxidized flavin
nm where the FAD semiquinone absorbs strongly, and theto neutral flavin semiquinone as indicated by the negative
fully oxidized and reduced forms of;thave low and nearly  difference absorption near 66650 nm in Figure 10C. The
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Ficure 7: pH dependence of the reduction of iy NADH. Reaction of 8.6:M E3z with 500 uM NADH at 4 °C in (O) 100 mM MOPS

buffer at pH 7.0, £) 100 mM TRIS buffer at pH 7.5,4€) 100 mM TRIS buffer at pH 8.0, andl) 100 mM CAPS buffer at pH 10.0. Data

are compared at (A) 725 nm, (B) 450 nm, and (C) 650 nm. (D) Plot of the pH dependence of the absorbance change at 650 nm used to
estimate the I§, associated with semiquinone formation.

0.2

0.03 -

0.1
0.02 [ S

Absorbance

e kY
0.05 TeeiAane Y
0 1 1 L 1 I 1 0.01 L L 1
0.0001 0.001 0.01 0.1 1
400 450 500 550 600 650 700 Time (sec)

02 Ficure 9: pH Dependence of the rate of intramolecular electron

transfer in B. The plot shows fits (dashed lines) through data

recorded in pH jump studies performed with the double-mixing

stopped flow at 650 nm. The upper trace reflects the reaction that
occurs in the pH 7.0 to 10.0 jump. The lower trace reflects the
reaction that occurs in the pH 10.0 to 7.0 jump. See the text for
further details.
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FiGURE 8: Spectra of the reduction ofBy NADH at pH 10 and The interchange of hydride and. single electron transfers
7. Spectra were recorded with a High-Tech stopped flow instrument catalyzed by NAD(P)H-dependent iresulfur flavoenzymes
by rapidly scanning the monochromator (200 nris (A) 8.3 uM follows highly conserved chemistry and has been found in
E; reacting with 500uM NADH at pH 10.0 ©) before mixing diverse biochemical pathways, such as photosynthesis,
‘é"r']tg FB?%Héﬂ(la)ég rAé :nggrmgﬁ'g%'i&dﬁkégg ztagtﬁr;.n(;xg?, respiration, and oxidative catabolism (Karpktsal., 1991;
before mixing with NADH, (1) 1—4 s after mixing with NADH, Correllet al, 1992). These modular enzymes all have well-
and (0) 606 s after mixing. defined flavin and pyridine nucleotide binding domains, and
they contain an additional flavin, [2Fe-2S], or cytochrome
neutral semiquinone could not be completely converted to that is attached N-terminally or C-terminally or exists in a
the fully reduced state even after extended photoirradiation. separate peptide. The conserved structure of the flavin and
These equilibrium redox states observed in the photochemicalpyridine nucleotide binding domains relates all of these
reactions are different from the intermediates observed in enzymes to the ferredoxirNADP reductase (FNR) family
the reaction of Ewith NADH following the release of NAD of flavoenzymes (Karplust al., 1991; Correllet al., 1992,
(FADnq and [2Fe-2S) at pH 7.0; FAQg and [2Fe-2S}q at 1993). Analysis of the primary sequence gftas identified
pH 10.0). This suggests that kinetic intermediate states ofit as another member of the FNR family of flavoenzymes
E; observed in the reductive half-reaction may differ in both with a ferredoxin domain located at the N-terminus (Ploux
their structural and their electronic properties from the stateset al., 1995). With the addition of £o the FNR family of
of Es that are stabilized at equilibrium. Exact redox iron—sulfur flavoenzymes, a novel biological conversion has
potentials of the equilibrium states of Bre being investi- been added to the repertoire of this rich and interesting class
gated. of proteins.
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Ficure 10: Photochemical reductions of.E Spectra of Etaken at pH 7.0 (A) ©) before and after@) 7 min and &) 14 min of
photoirradiation with a 650 W tungsten lamp. (B) Spectra gfdken at pH 10.0@) before and after{) 1 min, (A) 2 min, () 3 min,
and @) 6 min of photoirradiation and (- - -) after mixing in air. (C) Spectral differences betw@gmXidized and 7 min-photoreduced
enzyme and{) 7 min-photoreduced and 14 min-photoreduced enzyme at pH 7.0. (D) Spectral differences bé&tjveridized and
air-reoxidized enzyme andj air-reoxidized and 6 min-photoreduced enzyme at pH 10.0.

Several steps characteristic of the reaction of flavoenzymes The absorbance decreases in the next two phases as the
with pyridine nucleotides are found in the reductive half- NAD* and FAD, charge transfer complex decomposes. The
reaction of i (Scheme 2). NADH initially binds £to form first phase of the decay, which occurs at 775 snay be
a charge transfer complex with the oxidized FAD moiety. due to an isomerization of enzyme structure that weakens
A similar complex is observed in the reductive half-reaction the NAD*—FADy charge transfer interaction. In the second
of the closely related enzymes, phthalate dioxygenasestep, all charge transfer absorbance is lost at 42'5as
reductase (PDR) (Gassnet al, 1994) and adrenodoxin  NAD™ is released from the enzyme. The proposed isomer-
reductase (Lambeth & Kamin, 1976), and in the oxidative ization step of this NAD dissociation reaction is not
half-reaction of FNR (Batie & Kamin, 1986). The assign- observed in PDR where the release of NABccurs as a
ment of this intermediate as a charge transfer complex monophasic 358 decrease in charge transfer absorbance
between the oxidized FAD and the reduced nicotinamide ring (Gassneet al., 1994).
of associated NAD(P)H is based on studies with model
compounds and on the crystal structures of NAD(P)H-bound
FNR (Paiet al, 1988), glutathione reductase, and PDR

(Karpluset al, 1991; Correlket al, 1992, 1993). In k; the from the enzyme, and the NADrelease rate is independent

rate of formation of this complex increases linearly with of solution pH. NAD' release also precedes electron transfer
NADH concentration, suggesting that it represents the initial . pr. ) P O
Michaelis complex of NADH and the enzyme. This differs in the reductive half-reaction of PDR; it was proposed that

from the two-step mechanism observed in PDR, where ppR Ntramolecular electron transfer is blocked until NADs
binds NADH in rapid equilibrium to form a Michaelis relﬁasedlfgrg? thg.er]lzyr\e.(Gisseeal.,_1994; Glassr:jerb&
complex that has no charge transfer absorbance and therpallou, _ )- Similarly, in the r_eact|on C"’?ta yzed Dby a
isomerizes to form the NADH and oxidized FMN charge related iron-sulfur ﬂavoenzyme, trimethylamine dehydro-
transfer complex (CT-1) (Gassner al, 1994). Thus, if a genase (TMADH), intramolecular electron transfer appears

separate Michaelis complex does initially form in the reaction t© Pe prohibited until product dissociates (Singeal, 1980;
of E; with NADH, it must isomerize very rapidly to the Steenkamp & Beinert, 1982). Thus, in these enzymes, it
observed charge transfer complex. appears that the intramolecular electron transfer from the

Following the binding of NADH, the absorbance increases flavin_ to the iron center may be triggered by the release of
at 725 nm and decreases at both 454 and 550 nm with a ratd€action products, probably through some small structural
of 107.5 s (Figures 1 and 4). These changes are consistentChange'
with hydride transfer and the conversion of the NADH and  Immediately following the release of NAD excess
oxidized flavin charge transfer complex to an NAD{R)nd NADH in solution binds tightly to the two-electron-reduced
flavin hydroquinone charge transfer complex (Batie & form of Es. The formation of this complex, which results
Kamin, 1984; Gassnaat al., 1995). The 10-fold deuterium  in a slight attenuation of the enzyme absorbance at 500 nm
isotope effect on this phase of the reaction confirms that it and longer wavelengths, poises the enzyme for subsequent
is indeed a hydride transfer step. A similar 7-fold effect is hydride transfer. A similar complex of NADH with two-
observed on the hydride transfer reaction of PDR (Gassnerelectron-reduced enzyme has been reported for the-iron
et al, 1994). sulfur flavoenzyme PDR (Gassner al., 1994).

Intramolecular, single electron transfer from the flavin
hydroquinone to the oxidized [2Fe-2S] center of B
observed to occur at the same rate at which NA€released
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The extent of the intramolecular electron transfer reaction  In order to distinguish the kinetically stabilized states of
from the FAD to the [2Fe-2S] center ings prototropically Es, it was necessary to perform the pH jump studies using
controlled by an ionizable group with &p of about 7.3 the double mixing stopped flow instrument. Under condi-
(Figure 7D). On the basis of the pH-dependent distribution tions free of the influence of bound NAD the measured
of electrons between the [2Fe-2S] and FAD centerssoitE  rates of intramolecular electron transfer from reduced FAD
can be concluded that at low pH the FABADnq couple is  to the [2Fe-2S] center ofat pH 7.0 or 10.0 are quite similar
more positive than the [2Fe-2J[2Fe-2S]eq couple, since  to those reported for the related enzyme, trimethylamine
a spectrum consistent with a FAPand oxidized [2Fe-2S]  dehydrogenase (TMADH). In the latter enzyme, intramo-
center is observed following the release of NA@ee Figure  |ecular electron transfer from 6-cysteinyl-FMN to the [4Fe-
8B). However, at pH 10.0, immediately following the release 4s] cluster is controlled by the protonation state of one of
of NAD™, an enzyme spectrum consistent with FgBnd a the three ionizable groupsKp ~ 6.0, Kaz~ 8.0, and Kas
reduced [2Fe-2S] center is observed (see Figure 8A).. g 5) (Rohlfset al, 1995; Rohlfs & Hille, 1991).
é;(lzjordmgly, at high pH, the midpoint poten_'ual of th_e Fap In contrast to those of the TMADH and;Eystems, the

ng COUple is lower than that of the [2Fe-232Fe-2S]q ' .
couple, resulting in an increase in the extent of the intramo- 'rate of hydrlde tr{ansfer (from NADH to the FMN moiety)
lecular electron transfer from the FAIo the oxidized [2Fe- 1N PDR is sensitive to pH 0. ~ 7.8) (G. Gassner,
25] center following dissociation of NAD Flavin hydro- ~ Unpublished results). The subsequent steps of Nrdlease
quinones are frequently ionized at position N-1 when they and_ intramolecular electron_ trgnsfer_ in PDR are relatively
are bound to flavoenzymes (Mer et al, 1987); it was pH-mdependent._ The gqumbrlum distribution of electrons
recently suggested that the protonation state of the N-1 betwegn the flavin and iron center that develops asa result
position of the 6-cysteinyl-FMN moiety of trimethylamine of the intramolecular electron transfer also remains unper-
dehydrogenase plays a key role in the regulation of electronturbed in PDR under different pH conditions. Thus, variation
transfer from the FMN to the [4Fe-4S] of this enzyme (Rohlfs in pH can have quite distinct effects on these irsalfur
et al, 1995). Similarly, the K, of 7.3 associated with the  flavoenzymes despite their structural and mechanistic simi-
prototropic control of electron transfer ins Bnay represent  larities.
the ionization state of the N-1 position of the FAD in this  The characteristic modular domain structure of the-ron
enzyme. sulfur flavoenzymes in the FNR family makes them par-

The two-electron-reducedsEmaintains a neutral blue ticularly good subjects for studies of the function of
semiquinone after intramolecular electron transfer with no individual domains and their interactions. The fact that the
evidence for the formation of_rec_i flavin semiquinqn_e anion, reductive half-reaction of fapoFeS) closely parallels that
even at pH 10.0. Red semiquinone would exhibit strong of the holoenzyme up to the point of intramolecular electron
absorbance near 380 nm and would have essentially nOyansfer strongly suggests that the [2Fe-2S] center has little
absorbance at wavelengths longer than 540 nm (Massey &gffect on the reaction kinetics of the flavin domain of E
Palmer, 1966). Neutral and anionic forms of free flavin iy pyridine nucleotides. Similarly, the reductive half-

semiquinone are related by reversible ionization at the N-5 o5tions of PDR and PDREeS), a truncated form of PDR
position of the isoalloxazine ring system, which haska P yhat |acks an irorsulfur domain, are nearly the same up to

of balé)out'g IS':;.'ft Hog‘ever, f|:h|sﬂnqt uncommon to hf|nd the point of intramolecular electron transfer (Gassner &
substantial shifts in thelf of the flavin semiquinone when Ballou, 1995). Thus, it may be concluded that the flavin

'([ehn?/iﬂc?r:/rl:egst ?&TJZ? |r119t9h1e) can;?ﬁtr]sc;;r?C:pzclﬂc dféog? and pyridine nucleotide binding domains of these systems
' ’ ' ydrog remain functional even in the absence of a catalytically

bonding interaction at the N-5 position of the FMN in moetent [2Ee-2S] center
flavodoxin is thought to stabilize the blue semiquinone form competent [2Fe-2S] center.
of this enzyme at high pH (Ludwigt al., 1990). Similarly, This work has concentrated on the electron transfer
the flavin of B appears to resist ionization of N-5 to yield reactions involved with £and its interactions with pyridine
an anionic red semiquinone at high pH; consequently, the hucleotides. Since its redox partner, theeizyme, which
pKa of the N-5 position of FAD bound to Fis probably contains a [2Fe-2S] center and a pyridoxamine cofactor, is
greater than 10. intimately involved in the redox reactions of; Eluring
The transient distribution of electrons between the iron normal catalysis, it is relevant to consider how bound E
and flavin centers of Eobserved following the release of ~might alter the redox properties of,Encluding intramo-
NAD™ during the reductive half-reaction at pH 7.0 or 10.0 lecular electron transfer. Studies are well under way on the
is different from that found at equilibrium following the complete system. It is found that, while in complex, the
photochemical reduction of;&at the same pH values. Since individual cofactor units act largely as they do independently,
the photochemical reductions exclude pyridine nucleotide, except, of course, for the intermolecular electron transfers.
it was initially postulated that bound NADH could modulate This work will be reported in considerable detail in separate
the redox potential of the FAD moiety. It has been shown publications about the redox potentials and about the kinetics
in some cases that binding of pyridine nucleotides affects and spectral properties.
flavin midpoint potentials (Lambeth & Kamin, 1976).
However, there is no evidence for this in.EAs the ACKNOWLEDGMENT
concentration of NADH is varied from stoichiometric to
superstoichiometric, the concentration of flavin semiquinone ~ The authors thank Dr. M. J. Coon for the use of the Cary
observed following the release of NADpenultimate to the ~ 3E spectrophotometer, Dr. R. Neubig for the use of the
disproportionation reaction, remains nearly constant. Thus, Applied Photosystems stopped flow instrument, and Dr. V.
it appears that the thermodynamically and kinetically stabi- Massey for the 5-deazariboflavin used in the photoreduction
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