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SUMMARY
Rat liver DT-diaphorase is inactivated by 5’-[p-(fluorosul-
fonyl)benzoyl]adenosine (5’-FSBA), following pseudo-first-order
kinetics. A double-reciprocal plot of 1/k,,� versus 1/[5’-FSBA]
yields a straight line with a positive y intercept, indicative of
reversible binding of the inhibitor before an irreversible incorpo-
ration. The dissociation constant (Kd) for the initial reversible
enzyme-inhibitor complex is estimated at 2.86 m�i with k2 = 0.22
min� (at pH 7.5 and 25#{176}).A stoichiometry of 2 mol of 5’-FSBA
bound/mol of enzyme (i.e., 1 mol of the inhibitor bound/mol of
subunit), at 1 00% inactivation, was determined from inactivation
kinetics and from incorporation studies using 5’-[p-(fluorosul-
fonyl)benzoyl]-[14C]-adenosine. The irreversible inactivation as

well as the covalent incorporation could be completely prevented
by the presence of NAD(P)H during the incubation. These results
indicate that 5’-FSBA inactivates DT-diaphorase by occupying
its NAD(P)H binding site. Reverse phase high pressure liquid
chromatography of tryptic digests of [14C]5’-FSBA-labeled DT-
diaphorase revealed one radioactive peak containing two comi-
grating peptides. They are 1461-T-T-G-G-S-G-S-M-Y155 and 262S-
l-P-A-D-N-Q-l-K270. By comparison of these sequences to those
of the nucleotide binding sites of several kinases and dehydro-
genases, it is suggested that the peptide l-T-T-G-G-S-G-S-M-Y
is the one modified by 5’-FSBA and would be predicted to be
the region where the pyrophosphate group of NAD(P)H binds.

DT-diaphorase EEC 1.6.99.2; NAD(P)H:quinone acceptor re-

ductase] catalyzes a two-electron reduction of many types of

quinones, including vitamin K:3 (menadione), to hydroquinones

by either NADH or NADPH (1-3). This enzyme plays an

important role in protecting tissues against the toxicity of

quinones, which occur widely in nature, e.g., production of

superoxide radicals and semiquinone free radicals (4-6). In

addition, the liver enzyme is involved in the metabolism of

vitamin K, which regulates the blood coagulation mechanism

(7). Sequra-Aguilar et al. (8) presented data suggesting that the

majority of NADPH-diaphorase activity measured in the brain

can be attributed to DT-diaphorase. On the other hand, Ku-

onen et ci. (9) suggested that the NADPH-dependent reduction

of nitroblue tetrazolium HC1 in brain tissue may be catalyzed

by a different enzyme. Abnormally high NADPH-diaphorase

activity in the brain has been implicated in the pathology of

Huntington’s disease (10). Neurons containing NADPH-dia-
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phorase are selectively resistant to the endogenous toxic amino
acids quinolinate and L-qlutamate. Selective sparing of neurons

containing this enzyme is a hallmark of Huntington’s disease
(11), but the relationship between this enzyme and the disease

has not been fully elucidated.

DT-diaphorase has unusual catalytic properties, in that it
can utilize either NADH or NADPH as its coenzyme. There-

fore, the active site of this enzyme can accommodate either
NADH or NADPH. As a first step to determine the structure
of the nicotinamide nucleotide binding site of this enzyme, we
carried out an affinity labeling study using 5’-FSBA. This
adenine analogue has been proven to be a useful affinity label
for studies of many adenine nucleotide- and nicotinamide nu-
cleotide-dependent enzymes (12), including our recent work on
NADH-cytochrome b5 reductase (13). Results presented here
show that 5’-FSBA can be used to modify the nicotinamide

nucleotide binding site of rat liver DT-diaphorase, resulting in
inactivation of the enzyme. We have also attempted to char-
acterize the 5’ -FSBA-labeled peptide(s), and the results are
discussed.

Experimental Procedures

Materials. 5’-FSBA was obtained from Sigma Chemical Co. (St.

Louis, MO). 5’-Fluorosulfonylbenzoyl-[adenine-8-’4C)adenosine (36.2

mCi/mmol) was from New England Nuclear Corp. (Wilmington, DE).
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DT-diaphorase was purified from livers of female Wistar rats that

were treated daily for 3 days with 3-methylcholanthrene (4 mg/100 g

of body weight), using a procedure described by Haniu et al. (14).

Enzymatic assay. DT-diaphorase activity was determined spectro-

photometrically by measuring the oxidation of NADH at 340 nm (340=6.22 x iO� M’ cm’) at 25’. The assay mixture (1 ml) contained 50

mM sodium phosphate, pH 7.4, 197 �M NADH, and 160 �tM menadione.

The reaction was initiated with addition of the enzyme. The enzymatic

assays were always performed in duplicate, and good agreement was
always found between the two measurements. The specific activity of

this enzyme preparation was 373 �smol of NADH oxidized/mm/mg of

protein.
Reaction ofDT-diaphorase with 5’-FSBA. The reaction of DT-

diaphorase with 5’-FSBA was carried out at 25’ in 50 mM sodium

phosphate buffer that contained 10% dimethylformamide, at pH 7.4.

Inclusion of dimethylformamide at a level of 10% was required to

maintain the solubility of 5’-FSBA over the incubation period but had
no effect on the activity of DT-diaphorase. The extent of inactivation

was monitored by measuring the residual enzyme activity at given time

intervals with 10 �sl of the 10-fold diluted incubation mixture.
Determination of the stoichiometry of 5’-FSBA labeling. DT-

diaphorase (170 zg/ml) was incubated with [‘4CJ5’-FSBA (1.33 mCi!
mmol) from 0 to 1.3 mM under the conditions given above. After 1 hr

of incubation, the reaction mixture was immediately cooled to 4*� A
10-id aliquot of each mixture was withdrawn for measurement of the

residual enzyme activity. The rest of the sample was denatured in the

presence of 1% SDS by incubation in a boiling water bath for 2 mm.
The labeled enzymes were then electrophoresed on SDS-polyacryl-

amide gel. The Coomassie blue-stained protein bands were sliced from

the gel, and the gel pieces were dissolved in 0.1 ml of 30% hydrogen

peroxide. The bound radioactivity was then evaluated. As a further
confirmation of results, we also determined the amount of radioactivity

associated with the enzyme by isolating the modified enzyme with

reverse phase HPLC, using a Pierce RP-300 column (2 mm x 30 mm;

300 A pore; 7 �m particle size). The modified proteins were well
separated from the free analogues and were recovered in a good yield

(above 90%).

Preparation and proteolytic digestion of 5’-FSBA-modified
DT-diaphorase. DT-diaphorase (0.26 mg) was incubated with 3.6

�zmol of [‘4C]5’-FSBA (specific activity, 0.58 mCi/mmol) in a final

volume of 2 ml. After a 1-hr incubation, the enzyme solution was

dialyzed against water overnight, followed by a 4-hr dialysis against
100 m�i ammonium bicarbonate, pH 8.0. The [‘4C]5’-FSBA-modified

protein was then digested with TPCK-trypsin in 100 mM ammonium

bicarbonate for 24 hr at 37’. The ratio of TPCK-trypsin to 5’-FSBA-

modified protein was approximately 1:50 (w/w).

Separation of peptides by reverse phase HPLC. The tryptic
digest was subjected to reverse phase HPLC using an Altex Ultrasphere

C18 column (4.6 mm x 250 mm; 5 �zm particle size). The peptides were

eluted with a linear 90-mm gradient from 100% of solvent I (0.1%

TFA) to 60% of solvent II (TFA/H20/CH3CN, 0.1:9.9:90). Peptides

were detected by absorbance at 220 nm and were collected manually,

and 20 � from each peak fraction were counted for radioactivity.

Rechromatography of the radioactive peak was performed by reverse

phase HPLC using an Ultremex 5 C18 column (4.6 mm X 250 mm)

from Phenomenex, Inc. (Rancho Palos Verdes, CA), with a linear 60-
mm gradient from 95% of solvent I to 50% of solvent II.

Sequence analysis of the isolated peptide. Automated sequence
analyses were performed on a gas phase sequencer, as described by

Hawke et a!. (15).

Results and Discussion

Inactivation of DT-diaphorase by 5’-FSBA. A time-
dependent inactivation of rat liver DT-diaphorase was observed

upon incubation with 5’-FSBA at 25#{176}in 50 mM sodium phos-

phate buffer (pH 7.4) that contained 10% dimethylformamide.

The initial inactivation followed pseudo-first-order kinetics, as

indicated by the linear semilogarithmic plot of residual enzyme

activity versus time of incubation (Fig. 1). The observed initial

rate constants for inactivation (k0b,) at 0.435, 1.30, 1.74, 2.17,

and 2.61 mM 5’-FSBA (these are concentrations during the

incubation) were 0.029, 0.068, 0.077, 0.084, and 0.116 min’,

respectively. Because the enzyme assay was performed with

only 10 � of the 10-fold diluted incubation mixture, the final

concentrations of 5’ -FSBA in the assay were 1/1000 of those

during the incubation. 5’-FSBA concentrations up to 2.61 �sM

did not affect the DT�diaphorase activity when added directly
during the enzyme assay.

The double-reciprocal plot of 1/k0). versus 1/[5’-FSBA]

yielded a straight line with a positive y intercept (Fig. 2),

indicative of reversible binding of the inhibitor to the enzyme

(E) before the irreversible incorporation (also see Ref. 16):

Kd K2

E + 5’-FSBA �± E- - -5’-FSBA -+ E-5’-FSBA (1)

From the y intercept of this double-reciprocal plot, we calcu-

lated the value of the first-order rate constant for inactivation,

K2 = 0.22 min’, and from the x intercept we calculated the

dissociation constant for 5 ‘ -FSBA from the reversible complex

.�.
U

U

0�

255 )O 15 20

Incubation Time (mm)

Fig. 1. Inactivation of DT-diaphorase by 5’-FSBA. Rat liver DT-diaphor-
ase (170 �g/ml) was incubated with 0.435 (0), 1 .30 (#{149}),1 .74 (h), 2.17
(A), or 2.61 mM (x) 5’-FSBA at 25#{176}in 50 m� sodium phosphate buffer
(pH 7.4) containing 1 0% dimethylformamide. At the times indicated,
aliquots were withdrawn and assayed for enzyme activity.

20

10

1/FSBA (mM�)

Fig. 2. Dependence of pseudo-first-order rate constants of inactivation

reaction on 5’-FSBA concentration. The pseudo-first-order constants for
the loss of enzyme activity, k� was calculated from curves as illustrated
in Fig. 1.
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(i.e., E- - -5’-FSBA), Kd 2.86 mM. The control, which

contained 10% dimethylformamide but not 5’-FSBA, main-

tamed full activity under the same incubation conditions (data
not shown).

Effect of nicotinamide nucleotide coenzymes on mac-
tmvation of DT-dmaphorase by 5’-FSBA. NADPH, NADH,
NADP� and NAD� all protected DT-diaphorase against 5’-

FSBA inactivation in a concentration-dependent manner (Fig.

3). These results indicate that the 5’-FSBA modification occurs

at the nicotinamide nucleotide binding site of DT-diaphorase.

Presumably because of its lower affinity for the active site of

the enzyme, NAD� is comparatively less effective in protection

of DT-diaphorase from inactivation. We measured the enzyme

activity with the diluted incubation mixture without the re-

moval of nicotinamide nucleotides present in the mixture. As

described above, the enzyme assay was performed with only 10

�l of the 10-fold diluted incubation mixture. Therefore, the

final concentrations of protecting nucleotides were 1/1000 of

those during the incubation. Because the amount of nicotina-

mide nucleotides present in the 10 �l of the diluted enzyme

solution was much lower than that of the NADH we used as

the substrate for enzyme assay (i.e., 197 nmol/ml), the nucleo-

tides present in the diluted enzyme solution should not affect

the enzyme activity. Indeed, we found that incubation of the

enzyme with nicotinamide nucleotides up to 640 zM without

5’-FSBA did not affect the enzyme activity. This led us to

conclude that reduction in the degree of 5’-FSBA inactivation

of the enzyme by nicotinamide nucleotides was due to a com-

petition between 5’-FSBA and protecting nucleotides for bind-

ing to the active site of the enzyme.

Stoichiometry of reaction of DT-diaphorase with 5’-
FSBA. The stoichiometry of 5’-FSBA inactivation of DT-

diaphorase was first determined by inactivation kinetics. Be-

cause the inactivation of DT-diaphorase by 5’-FSBA has been

shown to proceed according to pseudo-first-order kinetics with

respect to the concentration of 5’-FSBA, enzyme inactivation

by this compound can be described by the following equation:

.�

‘5

q

0I

E + 5’-FSBA -� E-[5’-FSBA]”

700

(2)

200 300 400 500 600

Nucleotide Concentration (SM)

Fig. 3. Protection from 5’-FSBA inactivation of DT-diaphorase by pyndine
nucleotides. The nucleotides used in this study are NADH (#{149}),NAD�,
(0), NADPH (A), and NADP� (is). DT-diaphorase (1 70 �g/ml) was incu-
bated with 5’-FSBA at 1 .5 m� and protecting nucleotides at the indicated
concentrations. After a 1 5-mm incubation at 25#{176},the enzyme activity
was determined. The activity of a control without 5’-FSBA treatment
was taken at 100%.

where n is the number of 5’-FSBA molecules bound per active

site. Under our experimental conditions, where the concentra-

tion of 5’-FSBA is much greater than that of enzyme, the rate

of enzyme inactivation is

? = k[E][5’-FSBA]”
(3)

and the pseudo-first-order rate constant (k0b,) is described by

and

k0b. k [5’-FSBA]n

log k0b. fl log [5’-FSBAJ + log k

(4)

(5)

Eq. 5 can be used to determine the value of n, the inactivation

stoichiometry. As illustrated in Fig. 4, the slope of the line

obtained from a double logarithmic plot of K0b. versus [5’-

FSBA] is 0.8, indicating that DT-diaphorase was inactivated

by reaction with 1 mol of 5’-FSBA/mol of active site.

We also investigated the stoichiometry of the reaction of 5’-

FSBA with DT-diaphorase by [‘4C]5’-FSBA labeling. A plot of

the enzyme inactivation versus moles of reagent incorporated

per mole of enzyme revealed that 100% inactivation of the

enzyme activity would be observed at 2 mol of 5’-FSBA bound!

mol of enzyme (Fig. 5). Because this enzyme contains two

identical subunits and one active site per subunit (17), these

results confirm that DT-diaphorase was inactivated by reaction

with 1 mol of 5’-FSBA/mol of active site or coenzyme binding

site. Because the result obtained from labeling studies agrees

very well with the results derived from inactivation kinetic

analysis, we can conclude that 5’-FSBA binds very specifically

only at the active site of the DT-diaphorase under our labeling

conditions, resulting in inactivation of the enzyme. The nature

of the slightly biphasic binding curve (Fig. 5) is not clearly

understood, but it may suggest that a cooperative relationship

exists between the two coenzyme binding sites in the two

subunits. As described in Experimental Procedures, the [‘4C]-

5’-FSBA incorporation has been estimated by two different

methods, determined after separation of the labeled enzyme

from the unbound analogue either by SDS polyacrylamide gel

electrophoresis or by reverse phase HPLC.

Attempted characterization of 5’-FSBA-labeled pep-

.�

E

0

In
.0
0

0

2

1.5

2 3 4 5

Log [FSBA] �M

Fig. 4. Kinetic determination of the stoichiometry of the DT-diaphorase
inactivation. The pseudo-first-order constant of inactivation of DT-dia-
phorase, k,,,,�, was obtained from Fig. 1.
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Fig. 5. Incorporation of 5’-FSBA into DT-diaphorase as a function of
enzyme inactivation. DT-diaphorase (1 70 ,ig/ml) was incubated with
[14C]-5’-FSBA (1 .33 mCi/mmol) from 0 to 1 .3 m� for 60 mm under the
same conditions as those described in Fig. 1 . After incubation, an aliquot
of each sample was withdrawn for assay of enzyme activity. The labeled
enzymes were isolated by either reverse phase HPLC (#{149})or SOS
polyacrylamide gel electrophoresis (0) and counted for radioactivity as
described in Experimental Procedures.
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.Approximately 50 pmol of peptide was subjected to sequence analysis.
5 Approximately 25 pmol of peptide was subjected to sequence analysis.
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TIME (mm)

Fig. 6. Fractionation of [14C]5’-FSBA-labeled peptides by reverse phase
HPLC. The tryptic peptides of labeled enzyme were separated on an
Altex Ultrasphere ODS Cl 8 column (25 cm x 4.6 mm). A 90-mm gradient
program was run from 100% solvent I (0.1% TFA) to 60% solvent II
(TFA/water/acetonitrile, 0.1 :9.9:90, v/v/v) at a flow rate of 1 mI/mm.
Fractions were manually collected and a 20-�l aliquot from each peak
fraction was counted for 14C radioactivity.

TABLE 1

Sequence analysis ofpeptides in fraction C-28

Peptide 1 Peptide 2�

Cycle Amino acid
released

Amino aad
amount

Amino acid
released

Amino acid
amount

pmol pmol

1 lIe 43 Ser 3
2 Thr 13 lIe 16
3 Thr 16 Pro 13
4 Gly 24 Ala 19
5 Gly 35 Asp 8
6 Ser 3 Asn 11

7 Gly 17 GIn 4

8 Ser 3 lIe -�

9 Met 2 Lys -
10 Tyr 2

tides. In view of the very specific interaction of 5’ -FSBA with

DT-diaphorase, we decided to examine the site modified by this

nucleotide probe in the enzyme. As described in Experimental

Procedures, 0.26 mg of [‘4C]5’-FSBA-labeled DT-diaphorase

(corresponding to 70% inhibition of enzyme activity) was pre-

pared. The stoichiometry of labeling was 1.24 mol of inhibitor

incorporated/mol of enzyme. An NADH-protected enzyme, i.e.,

enzyme treated with [‘4C]5’-FSBA in the presence of 5.3 mM

NADH, was also prepared. These enzyme preparations were

dialyzed against water overnight and digested with TPCK-

trypsin in 100 mM ammonium bicarbonate. The tryptic frag-

ments of the enzyme labeled in the absence of NADH, which

were fractionated by reverse phase HPLC, yielded one major

peak of ‘4C radioactivity, C-28 (Fig. 6), whereas the NADH-

protected preparation had full enzymatic activity and revealed

no significant radioactive peak (results not shown), suggesting

that this C-28 fraction of nonprotected sample contained the

active site peptide(s) modified by 5’-FSBA. The radioactivity

present in fraction C-28 was 48% of the original modified

preparation, suggesting that approximately half of the radio-

active derivative dissociated from the enzyme during trypsin

digestion and the first HPLC separation. Rechromatography

of fraction C-28 on an Ultremex 5 C18 column with a different

solvent gradient resulted in two peaks, each of which contains

one peptide. However, the radioactivity associated with fraction

C-28 was lost following rechromatography, indicating that the

labeling is not stable under such separation conditions, i.e.,

extensive incubation in acid. So far, we have not found sepa-

ration conditions that would not release the labeling.

Although we have demonstrated kinetically that 5’-FSBA is

a very specific active site-directed affinity label of DT-diaphor-

ase, we were not able to definitively identify the 5’-FSBA-

labeled peptide(s) because of the instability of the modified

complex under analytical conditions. The amino acid sequences

of two peptides in the radiolabeled fraction were determined.

They are Ile-Thr-Thr-Gly-Gly-Ser-Gly-Ser-Met-Tyr and Ser-

Ile-Pro-Ala-Asp-Asn-Glu-Ile-Lys (Table I). The amino acid

sequence of rat liver DT-diaphorase has been deduced from the

cDNA sequence (18, 19) and by direct protein sequencing (14).

These two peptides are segments containing residues 146-155

and 262-270, respectively.

Because we did not find any additional sequences in the

fraction C-28, we conclude that 5’-FSBA must have bound to

at least one of these two peptides. Because of the instability of

the labeling, we could not determine which of the two peptides

contained the label or which amino acid residue(s) was involved

in binding. The possibility that the radioactivity associated

with this HPLC fraction was due to comigration of unbound

[14C]5’-FSBA or its derivatives was eliminated because 5’-

FSBA and its derivatives migrate at different rates under the

same separation condition. In addition, the radiolabeled frac-

tion (C-28) was absent from the NADH-protected sample. It

is, therefore, unlikely that the radioactivity associated with this

fraction is due to the unbound ligand or due to nonspecific

labeling.

5’-FSBA has been reported to react with amino acids that

contain nucleophilic groups, such as cysteine, serine, histidine,

lysine, and tryosine (20). Among these potentially reactive

amino acids, only the reaction products with tryosine and lysine

residues are stable under acidic conditions (21, 22). Because of

the instability of the 5’-FSBA labeling in this study, it is
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suggested that the affinity probe may react with amino acid

residues other than tryosine or lysine in these peptides. The

first peptide, ‘4611e-Thr-Gly-Gly-Ser-Gly-Ser-Met-Tyr’55, con-

tains two serine and two threonine residues, which are potential

candidates for reaction with 5’-FSBA. The second peptide,

262Ser-Ile-Pro-Ala-Asp-Asn-Gln-Ile-Lys270, contains one serine

which could be the residue modified by 5’-FSBA. The length

of the first peptide has been confirmed by fast atom bombard-

ment mass spectral analysis and was probably generated as a

result ofthe contaminating chymotrypsin activity in the trypsin

we used, because its last amino acid residue is tyrosine. It has

been shown that the nucleotide binding sites of many kinases

(23) and dehydrogenases or oxidoreductases (24) contain a so-

called “glycine-rich” region, GXGXXG, which maintains the

appropriate secondary or tertiary structure for nucleotide bind-

ing. This region is usually adjacent to the region where the

adenine-ribose-diphosphate moiety of the nucleotide molecule

binds. The first peptide (I-T-T-G-G-S-G-S-M-Y) found in the

radioactive fraction is a glycine-rich region of the enzyme,

although it does not have a GXGXXG type of arrangement.

The amino acid sequence of rat liver DT-diaphorase deduced

from the cDNA sequence (18, 19) and by direct protein sequenc-

ing (14) does not contain the usual GXGXXG sequence. Fur-

thermore, the identified peptide is rich in hydroxy amino acids,

which have been suggested to form hydrogen bonds with the

phosphate moiety of the nucleotide molecules (25). 5’-FSBA

has a structure with the fluorosulfonylbenzoyl group at the 5’-

position of the ribose moiety of the molecule. Therefore, it is

reasonable to think that 5’-FSBA labels the enzyme near the

region where the pyrophosphate group of the nucleotide mole-

cule binds. With these analyses in mind, the peptide I-T-T-G-

G-S-G-S-M-Y could be the peptide modified by 5’-FSBA and

could be near the region where the pyrophosphate group of the

NAD(P)H molecule binds. Interestingly enough, in a recent

paper by Prochaska (26), the same region (residues 142-158)

was suggested to be a region of pyrophosphate binding for

NAD(P)H or FAD, based on a limited sequence homology

comparison with rabbit adenylate kinase, rat liver alcohol de-

hydrogenase, Drosophilia Dras 2 oncogene, and human gluta-

thione reductase.

In conclusion, we have presented results demonstrating that

5’-FSBA is an active site-directed reagent for rat liver DT-

diaphorase. A stoichiometry of 1 mol of 5’ -FSBA bound/mol

of active site of the enzyme was determined from inactivation

kinetics (Fig. 4) and from incorporation studies using [‘4C]5’-

FSBA (Fig. 5). We found that the irreversible inactivation (Fig.

3) as well as the covalent incorporation could be completely

prevented by the presence of NAD(P)H during the incubation.

These results indicate that, as expected, 5’-FSBA binds only

to the pyridine nucleotide binding site of the enzyme. The

potential pyrophosphate binding region of the NAD(P)H bind-

ing site is suggested by labeling experiments with [‘4C15’-

FSBA.
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