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ABSTRACT: Fhit is the protein product ofFHIT, a candidate human tumor suppressor gene. Fhit catalyzes
the hydrolysis of diadenosine triphosphate (Ap3A) to AMP and ADP. Fhit is here shown to catalyze the
hydrolysis in H2

18O with production of adenosine 5′-[18O]phosphate and ADP, proving that the substitution
of water is at PR and not at Pâ. The chain fold of Fhit is similar to that of galactose-1-phosphate
uridylyltransferase, which functions by a double-displacement mechanism through the formation of a
covalent nucleotidyl-enzyme intermediate and overall retention of configuration at PR. The active site of
Fhit contains a histidine motif that is reminiscent of the HPH motif in galactose-1-phosphate
uridylyltransferases, in which the first histidine residue serves as the nucleophilic catalyst to which the
nucleotidyl group is bonded covalently in the covalent intermediate. In this work, the Fhit-catalyzed cleavage
of (RP)- and (SP)-γ-(m-nitrobenzyl) adenosine 5′-O-1-thiotriphosphate (mNBATPRS) in H2

18O to adenosine
5′-[18O]thiophosphate is shown to proceed with overall retention of configuration at phosphorus.γ-(m-
Nitrobenzyl) adenosine 5′-O-triphosphate (mNBATP) is approximately as good a substrate for Fhit as
Ap3A, and both (RP)- and (SP)-mNBATPRS are substrates that react at about 0.5% of the rate of Ap3A.
The stereochemical evidence indicates that hydrolysis by Fhit proceeds by a double-displacement
mechanism, presumably through a covalent AMP-enzyme intermediate.

FHIT is a candidate human tumor suppressor gene that
spans the FRA3B fragile site and the t(3;8) translocation
breakpoint at chromosome 3pl4.2 (1). Homozygous deletions
in the FHIT locus have been observed in cell lines derived
from a number of different tumors, and aberrant transcripts
have been observed in different types of primary tumors (2-
5). Recently, Siprashvili et al. (6) demonstrated that stable
transfection ofFHIT- cancer cell lines withFHIT suppressed
tumorigenicity of the cells in nude mice.

Insight into the function of the Fhit1 protein was provided
by its homology to Ap4A asymmetrical hydrolase from the
fission yeast,Schizosaccharomyces pombe(1, 7). Fhit proved
to be a dinucleoside 5′-oligophosphate hydrolase as well,
although its preferred substrate is Ap3A (EC 3.6.1.29) (8).
Another Fhit homologue, theSaccharomyces cereVisiae
Aphl/Hnt2 protein, has recently been shown to also be an
Ap3A hydrolase (9). These proteins constitute an exclusively
eukaryotic branch of the HIT family of proteins. HIT proteins

contain four conserved histidine residues, three of which
occur in a triad, HxHxHxx, where x represents a hydrophobic
residue (10). The other branch of the HIT family includes
the Hint proteins, which occur in all branches of life (11).
They are probably nucleotidyl transferases or hydrolases, but
no good substrate has yet been reported. More distant
relatives of the HIT proteins, galactose-l-phosphate uridyl-
yltransferases (EC 2.7.7.12) (GalT) and Ap4A phosphorylases
(EC 3.6.1.17), were identified on the basis of limited
sequence similarities surrounding the histidine triad region
(7).2 In these enzymes, glutamine replaces histidine in the
third position of the triad. The conserved sequence includes
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magnetic resonance; UV/vis, ultraviolet/visible.
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the active site region ofEscherichia coliGalT (12). The
structural relationship among these proteins was confirmed
upon determination of the three-dimensional structures of
E. coli GalT (13), rabbit and human Hint (11, 14, 15), and
human Fhit (16, 17). This group of nucleotidyl transferases
and hydrolases has been designated as the GAFH (GalT,
Ap4A phosphorylase,Fhit, andHint) superfamily (5).

The structural similarities among these enzymes, including
the close correspondence of nucleotide-bound forms, suggests
that they function by similar mechanisms. The catalytic
mechanism ofE. coli GalT has been characterized exten-
sively. The enzyme catalyzes the reaction of galactose-l-
phosphate with UDP-glucose in a double-displacement
mechanism by way of a nucleotidylated histidine-enzyme
intermediate (18, 19). The reaction proceeds with overall
retention of the stereochemical configuration at theR-phos-
phorus, a result expected for the ping-pong bi-bi kinetic
mechanism of the reaction (18, 20). Each of the two steps
of the double displacement mechanism proceeds with inver-
sion of configuration at P, leading to overall retention of
configuration (21). The histidine that serves as a nucleophile
and is uridylylated in the reaction is residue 166 (12, 22,
23). His166 in E. coli GalT corresponds to the central
histidine in the histidine triad in HIT proteins in general,
and specifically to His96 in Fhit.

Previous studies have indicated that His96 of Fhit is critical
for activity. A His96Asn mutation had only a small effect
on Km but decreasedkcat 106-fold (17). Similar mutations of
the other conserved histidines had much smaller effects (8).
Evidence has also been reported for formation of a covalent
nucleotidyl-enzyme intermediate in a reaction of ATP with
Fhit (24). The nucleotidyl-enzyme intermediate was not
characterized stoichiometrically or structurally or as an
intermediate. It was thus of interest to determine if the
reaction of Fhit would proceed with retention of configuration
at P, as expected for a double-displacement mechanism. Here
we report the stereochemistry of the reaction catalyzed by
Fhit using diastereomers of an ATP analogue. We observed
retention of configuration at theR-phosphorus in the hy-
drolysis of these substrates. This study extends the sequence
and structural similarity among proteins of the GAFH
superfamily to include mechanistic similarity.

EXPERIMENTAL PROCEDURES

Enzymes. Human Fhit was isolated fromE. coli strain
SG100 transformed with pSGA02, harboring the Fhit gene,
according to the methods of Brenner et al. (25) with slight
modifications. Bacteria (15 g) were disrupted in a French
press in a total volume of 50 mL [50 mM HEPES (pH 6.8)
and 10% glycerol] in the presence of 3 mM DTT, 0.5 mM
PMSF, 2 mM EDTA, 5 mM benzamidine, and 5 units/mL
Benzonase. The crude enzyme extract was centrifuged at
100000g for 30 min at 4°C and diluted 2-fold with water/
10% glycerol to 25 mM HEPES (buffer A). The enzyme
solution was then loaded onto a DEAE-Fractogel column
(30 cm× 2.5 cm) equilibrated in buffer A via a Superloop
(150 mL, Pharmacia) on a FPLC system. After a 300 mL
wash, a gradient from 0 to 50% buffer B (400 mM NaCl in
buffer A, pH 6.8) in a total volume of 1200 mL (flow rate
of 5 mL/min) was started. Two peaks showing Fhit activity
were well-resolved and checked for purity via SDS-PAGE.

The active fractions were pooled and concentrated under N2

pressure on a Amicon YM 10 membrane to a final volume
of 7.5 mL. The total activity was 100 units/mg protein. The
enzyme was stored at-20 °C.

Adenylate kinase was from Boehringer Mannheim. Pyru-
vate kinase and lactate dehydrogenase were from Sigma.
Benzonase was from E. Merck.

Chemicals. Alumina B, Super I (activated Al2O3, basic),
was from Alltech. PMSF, EDTA-Na2, HEPES, Ap3A, adeno-
sine, and benzamidine were from Sigma. DTT, triethylamine,
and glycerol were from Fisher. Anhydrous solvents (DMF,
pyridine, 1,4-dioxane, diethyl ether, methanol, and acetoni-
trile) as well asm-nitrobenzyl bromide, tetra-n-butylammo-
nium hydroxide (40% in water), diphenyl phosphorochlori-
date, triethyl phosphate, tri-n-octylamine, and tri-n-butylamine
were from Aldrich. H2

18O (99%) was from Isotec. Triethyl
phosphate and tri-n-butylamine were dried over CaH2,
vacuum distilled, and stored at 4°C in a desiccator. Dioxane
and ether were passed over activated basic Al2O3 prior to
use. Triethylammonium bicarbonate (TEAB, 1 M) buffer was
prepared by passing CO2 through a glass fritted tube into a
solution containing 2250 mL of water and 350 mL of freshly
distilled triethylamine until the pH of the solution was 7.3.

Chromatographic System. Most nucleotides and Fhit were
purified using a FPLC system (Pharmacia). For nucleotides,
a Superformance glass cartridge (2.5 cm× 30 cm or 2.5 cm
× 15 cm, EM Science) was packed with DEAE-Sephadex
A-25 (Pharmacia) under a flow rate of 10 mL/min in 1 M
TEAB on the FPLC system. Anion-exchange separation of
Fhit from the crude cell extract on DEAE-Fractogel (EM
Science) was performed using a Superformance glass
cartridge (2.5 cm× 30 cm, packed in 1 M NaCl as described
for the A-25 column). Epimeres ofmNBATPRS were
separated on a preparative RP-18 column (2.2 cm× 30 cm,
Econosil, 5µm, Alltech) using a Waters HPLC system.
Enzyme kinetics were determined on a Beckman HPLC
system connected to an autosampler (Shimadzu) using an
analytical anion-exchange column (25 cm× 4.6 cm, SAX)
from Vydac.

Enzyme Kinetics. The method described by Barnes et al.
(8) was used for rate measurements to determine the kinetic
parameters for the reactions ofmNBATP and its phospho-
rothioate analogues. The enzymatic reaction (in 1 mL) was
quenched with 2 M HClO4 on ice and the mixture brought
to pH 4 with 10 N KOH. A 200µL aliquot was injected
onto the column using the autosampler. The gradient was
5% B from 0 to 2 min, 5 to 75% B from 2 to 15 min, and
75% B from 15 to 18 min (A is 50 mM Na2HPO4 at pH 4.1;
B is 1 M NaCl in A at pH 3.8). The separation of AMP (Rf

) 4.8 min), AMPS (Rf ) 7 min), ADP (Rf ) 7.7 min),
mNBDP (Rf ) 9 min), and the respective substrates [Ap3A
(Rf ) 12.2 min),mNBATP (Rf ) 13 min), and (SP)- and
(RP)-mNBATPRS (Rf ) 15.5 min)] was monitored at 260
nm. The peak areas under the product and substrate peaks
were added and corrected for the ratio of the absorbance
coefficients for the individual compounds [εAp3A ) 24µmol/
cm2, εmNBATP ) ε(Sp)-mNBATPRS ) ε(Rp)-mNBATPRS ) 20.66µmol/
cm2, εAMP ) εADP ) εAMPS ) 15 µmol/cm2, andεmNBDP )
5.8 µmol/cm2]. To calculate the percent hydrolysis of the
substrate, only the area under one product peak (e.g., AMP
in the case ofmNBATP) was divided by the area of the sum
of the areas of AMP andmNBATP. This number was then

Stereochemistry of the Action of Fhit Biochemistry, Vol. 38, No. 12, 19993669



multiplied by the amount of substrate in the reaction mixture
to yield the total amount of substrate hydrolyzed per time
unit (usually 10 min). These data points were plotted against
the substrate concentration and fitted by the Michaelis-
Menten equation.

A coupled spectrophotometric enzyme assay (26) for
determining the concentrations of AMP and ADP simulta-
neously was used as a control of the kinetic parameters
obtained by the HPLC assay. The method was also useful
for checking active fractions from the Fhit purification. This
method in combination with the analytical HPLC method
was also used to obtain the extinction coefficient ofmN-
BATP at 260 nm (data not shown).

31P NMR. Routine31P NMR was performed on a Bruker
WP200 spectrometer. Sample concentrations were 100 mM.
Analysis of chemical isotope shifts in18O-labeled nucleotides
was performed on a Bruker AM 500 spectrometer (observa-
tion frequency of 202.3377 MHz, sweep width of(12135.9
kHz, and 32 768 data points). The sample concentration was
>10 mM in the presence of 1 mM EDTA (pH 8.0).

UV/vis spectroscopy was performed on a Hewlett-Packard
DAD spectrophotometer.

Synthesis of mNBDP.The strategy of this synthesis is
described by Davisson et al. (27). Pyrophosphate (30 mmol,
disodium salt) was passed over a AG 50W-X8 column in
the H(+) form (5 cm× 30 cm). Fractions were checked for
conductivity or pH and pooled, and tetra-n-butylammonium
hydroxide was added to raise the pH from 1 to 7.5. The
solvent was evaporated, and the remainder was dried for 2
days under high vacuum. The white tris(tetra-n-butylammo-
nium) pyrophosphate (29 mmol, 97%) was then stored in a
desiccator over P2O5. To 5 mmol ofm-nitrobenzyl bromide
in 1 mL of anhydrous acetonitrile was added 6.25 mmol of
the dry pyrophosphate, and the mixture was stirred under
N2 at room temperature. After 8 h, the31P NMR spectrum
showed completion of the reaction, and the solvent was
removed under reduced pressure. The residue was dissolved
in 100 mL of water, and the pH was adjusted to 7.8 with 1
N NaOH. The solution was loaded onto a DEAE-Sephadex
A-25 column (2.5 cm× 45 cm, equilibrated in 200 mM
TEAB). The column was washed with 800 mL of 200 mM
TEAB, and subsequently, a 4 L gradient from 200 to 500
mM TEAB was started.mNBDP (4 mmol) coeluted with
pyrophosphate in 0.35 M TEAB. Fractions were pooled and
evaporated to dryness. The compound (2 mmol) was passed
over a cation-exchange column in the pyridine form, lyophil-
ized, and then suspended in 20 mL of anhydrous MeOH.
Solution was effected upon addition of 4.8 mmol of tri-n-
octylamine. The solvent was removed in vacuo, the residue
dissolved in 10 mL of anhydrous DMF, and the solution
stored in a desiccator at-20 °C: 31P NMR δ -4.75 ppm
(d, JR,â ) 22.9 Hz, Pâ), -11.0 ppm (d,JR,â ) 22.9 Hz, PR);
optical absorptionλmax ) 270 nm.

Synthesis of AMPS.This compound was synthesized
according to the method of Murray and Atkinson (28), with
modifications. Adenosine (5 mmol) was dried at 110°C over
P2O5 in vacuo for 12 h and then dissolved in 12 mL of dry
triethyl phosphate by carefully heating the reaction flask
under N2. The flask was cooled on an ice/water bath, and
15 mmol of PSCl3 was added. The reaction mixture was
stirred for another 30 min on the ice/water bath under N2

and then transferred into a cold room (4°C) and stirred for

another 12 h. To the white viscous solution were added 5
mL of water and 1 g ofsodium acetate in the cold, and the
mixture was stirred for 4 h at 4°C. At room temperature, 5
N NaOH was added slowly over a period of 1 h to hold the
pH at 8. The solution was diluted with 200 mL of 100 mM
TEAB and then charged on a DEAE-Sephadex A-25 column
(2.5 cm× 45 cm, equilibrated with 200 mM TEAB). After
the column had been washed with 600 mL of 200 mM
TEAB, a 3000 mL gradient from 200 to 400 mM TEAB
was started. AMPS (4 mmol), free of thiophosphate, eluted
at 300 mM TEAB. The compound was passed over a cation-
exchange column in the pyridine form, lyophilized, and then
suspended in 20 mL of anhydrous MeOH. Solution was
effected upon addition of 4 mmol of tri-n-octylamine. The
solvent was removed in vacuo and the residue dissolved in
10 mL of anhydrous DMF and stored in a desiccator at-20
°C: 31P NMR δ 44.250 ppm.

Synthesis of (SP)-mNBATPRS and (RP)-mNBATPRS.The
general method of Michelson (29) for the synthesis of
nucleotide phosphoanhydrides by anion exchange was adopted
in the preparation of these compounds. AMPS (1 mmol, tri-
n-octylammonium salt) was evaporated three times from 10
mL of anhydrous DMF. The compound was dissolved in 2
mL of anhydrous dioxane that had been passed over
aluminum oxide prior to use to remove contaminating
peroxides, and it was activated upon addition of 1 mmol of
tri-n-butylamine followed by 1.5 mmol of diphenyl phos-
phorochloridate under N2. The reaction mixture was stirred
for 2.5 h at 25°C, and the solvent was removed in vacuo.
The residue was extracted with 50 mL of peroxide free
anhydrous ether in the cold. The ether layer was decanted,
and then 1 mL of dioxane was added to the precipitate and
evaporated along with the remaining ether in vacuo. Dry
mNBDP (1.5 mmol, tri-n-butylammonium salt) dissolved in
10 mL of anhydrous pyridine was added to the activated
AMPS under N2 and the mixture stirred for 4 h. The solvent
was evaporated and the sample dissolved in 100 mL of 100
mM TEAB. The pH was adjusted to 7.8, and the compound
was loaded onto a DEAE-Sephadex A-25 column (2.5 cm
× 30 cm, equilibrated with 200 mM TEAB). After a 300
mL wash with 200 mM TEAB, a 3000 mL gradient from
200 to 600 mM TEAB at a flow rate of 5 mL/min was
started. (RP)-mNBATPRS and (SP)-mNBATPRS together
with mNBDP eluted in 440 mM TEAB. The solvent was
evaporated, and TEAB was removed by repeated evaporation
from 10 mL portions of ethanol/water.

The epimers were separated from each other andmNBDP
on a preparative RP-18 column. Seventy-five micromoles
of the mixture was dissolved in a total volume of 1.5 mL of
10 mM potassium phosphate and loaded at a flow rate of 8
mL/min on the column (equilibrated in 10 mM potassium
phosphate/7.5% MeOH).mNBDP emerged after 7 min, (SP)-
mNBATPRS after 13 min, and (RP)-mNBATPRS after 25
min. The solvent was removed; the pH was adjusted to 7.8
with 5 N NaOH, and the individual epimers were freed from
phosphate by rechromatography on a DEAE-Sephadex A-25
column. The TEAB buffer was evaporated, and 1 mL of
water was added; the pH was adjusted to 8.0 with 1 N NaOH,
and the compounds were stored at- 20 °C. The yields were
300 µmol of (RP)-mNBATPRS (200µmol, 30% yield) and
(SP)-mNBATPRS (100µmol, 10% yield): 31P NMR for (SP)-
mNBATPRS δ 44.45 ppm (d,JR,â ) 24.81 Hz, PR), -10.28
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ppm (d,Jγ,â ) 21.97 Hz, Pγ), -22.887 ppm (dd, Pâ); 31P
NMR for (RP)-mNBATPRS δ 44.15 ppm (d,JR,â ) 26.85
Hz, PR), -10.55 ppm (d,Jγ,â ) 19.53 Hz, Pγ), -23.115 ppm
(dd, Pâ).

Enzymatic Hydrolysis of Ap3A in 50%18O-Enriched Water.
Fhit (20 units) were incubated with 25µmol of Ap3A in a
total volume of 1 mL at 37°C in 50% H2

18O-enriched buffer
[50 mM HEPES (pH 6.8) and 2 mM MgCl2]. The progress
of the reaction was monitored by analytical HPLC. After 3
h, no remaining substrate was detectable and the reaction
mixture was loaded onto a DEAE-Sephadex A-25 column
(2.5 cm× 15 cm, equilibrated with 100 mM TEAB) and
separated by applying a 1 L gradient from 100 to 400 mM
TEAB. AMP,18O1, as determined by31P NMR, eluted in 250
mM TEAB, and ADP eluted in 340 mM TEAB:31P NMR
for AMP,18O1 δ 2.562 ppm;31P NMR for AMPδ 2.600 ppm;
31P NMR for ADP δ -9.22 ppm (d,JR,â ) 22.4 Hz, PR),
-4.50 ppm (d,JR,â ) 22.4 Hz, Pâ).

Enzymatic Hydrolysis of (RP)-mNBATPRS in 50% and
(SP)-mNBATPRS in 40%18O-Enriched Water.Fhit [1 mL,
1200 units, in 100 mM NaCl, 25 mM HEPES (pH 6.8), and
10% glycerol] was diluted with 14 mL of 100 mM HEPES
(pH 8.0) and concentrated to a final volume of 500µL over
centricons 10 (Amicon). In a total of 2 mL, 25µmol of (RP)-
mNBATPRS [(SP)-mNBATPRS] was hydrolyzed in 50%
(40%) 18O-enriched water. NaOH (5 N) was added several
times in the first 1 h toprotect AMPS from desulfurization.
The progress of the reaction was followed by analytical
HPLC, and after 3 h, all the starting material had been
hydrolyzed. The reaction products were purified as described
above. AMPS,18O1 (18 µmol) was eluted in 280 mM TEAB
andmNBDP in 320 mM TEAB: 31P NMR for AMPS,18O1

δ 44.212 ppm;31P NMR for AMPSδ 44.250 ppm
Enzymatic Phosphorylation of AMPS,18O1 to (SP)-ATP-

RS,18O1. AMPS,18O1 (15 µmol) was phosphorylated as
described previously (31) but without LDH and NADH. The
progress of the reaction was monitored by analytical HPLC.
The reaction approached completion after 3 h, and ATPRS,18O1

was separated from the starting material on a DEAE-
Sephadex A-25 column (2.5 cm× 15 cm, equilibrated with
150 mM TAEB) using a 1 Lgradient from 150 to 700 mM
TEAB. ATPRS,18O1 (12 µmol) emerged in 550 mM TEAB
and was freed of TEAB as described above:31P NMR (for
18O-labeled compounds, see Table 1) for (SP)-ATPRS δ
44.301 ppm (d,JR,â ) 22.1 Hz, PR), -4.47 ppm (d,Jγ,â )
22.7 Hz, Pγ), -22.301 ppm (dd, Pâ).

RESULTS AND DISCUSSION

Orientation of Fhit-Catalyzed Hydrolysis in Triphosphates.
To determine the stereochemical consequence of Fhit-
catalyzed hydrolysis of Ap3A by the use of phosphorothio-
ates, we had to determine which phosphorus atom is the
target of the nucleophilic attack by water which produces
AMP and ADP regardless of the kinetic mechanism involved
(Figure 1). Carrying out the enzymatic reaction in18O-
enriched water led exclusively to the formation of AMP,18O1,
identified by 31P NMR, and ADP, proving that enzyme-
mediated hydrolysis occurs only at PR and P′R of the substrate
and not at Pâ. Thus, Fhit is an asymmetrical diadenosyl
triphosphate hydrolase as is the diadenosyl triphosphate
hydrolase found in yellow lupine seeds (30).

m-Nitrobenzyl Esters of ATP as Substrates for Fhit.
mNBATP was evaluated as a substrate for the enzyme by
analysis of the reaction products by analytical anion-
exchange chromatography. This compound was cleaved only
at the nucleotide moiety by the enzyme, and both epimeric
phosphorothioates bearing stereochemical information at PR

were also cleaved exclusively at the labeled phosphorus atom
(Table 2), although reacting much more slowly. TheKm

values for reactions ofmNBATP, (SP)-mNBATPRS, and
(RP)-mNBATPRS were determined by analytical HPLC
(Table 2). Compared with theKm for reaction of Ap3A, these
substrate analogues are bound to the enzyme almost as well
as Ap3A. Moreover, theVmax value for reaction ofmNBATP

Table 1: 31P NMR Parameters for Compounds Synthesized

compound δPR (ppm) δPâ (ppm) δPγ (ppm)
18O isotope shift

(ppm)

AMP 2.600 - - -
AMP,18O1 2.562 - - 0.038
ADP -9.2 -4.5 - -
mNBD -11.0 -4.75 - -
AMPS 44.25 - - -
AMPS,18O1 44.212 - - 0.038
mNBATP -10.5 -23.0 -11.1
(SP)-mNBATPRS 44.45 -22.721 -10.28 -

-23.053
(RP)-mNBATPRS 44.15 -22.964 -10.55 -

-23.266
(SP)-ATPRS 44.301 -22.301 -4.47
(SP)-ATPRS,18O1

a 44.276 -22.319 -4.47 0.024 (PR) and
0.018 (Pâ)

(SP)-ATPRS,18O1
b 44.263 -22.301 -4.47 0.038

a From AMPRS,18O1 obtained as the Fhit-catalyzed hydrolysis
product of (SP)-mNBATPRS in H2

18O (40% enrichment) after enzymatic
phosphorylation (AK/PK).b From AMPRS,18O1 obtained as the Fhit-
catalyzed hydrolysis product of (RP)-mNBATPRS in H2

18O (50%
enrichment) after enzymatic phosphorylation (AK/PK).

FIGURE 1: Orientation of cleavage in Fhit-catalyzed hydrolysis of
Ap3A. Water or hydroxide may in principle hydrolyze diadenosyl
triphosphate at theR-, R′ ()γ)-, or â-phosphorus to produce the
products AMP and ADP. Fhit-catalyzed hydrolysis of Ap3P in 18O-
enriched water exclusively produces AMP,18O1, demonstrating that
the cleavage occurs at theR- or R′-phosphorus.

Table 2: Kinetic Parameters for Fhit-Catalyzed Hydrolysis of
Nucleotides

nucleotide

Vmax
(×10-6 mol
min-1 mg-1) KM (µM) Vrell products

AP3Aa,b 105 1 1 AMP, ADP (1:1)
mNBATPb 90.3 6.5( 1 0.86 AMP,mNBDP (1:1)
(SP)-mNBATPRS 0.35 2.8( 0.22 0.0033 AMPS,mNBDP (1:1)
(RP)-mNBATPRS 0.57 4.6( 0.4 0.0054 AMPS,mNBDP (1:1)
Ap3G - - 0.44 AMP, GDP (1:1)

GMP, ADP (0.2:0.2)

a Data for Ap3A and Ap3G are from refs8 and 17. b Data were
confirmed for Ap3A and mNBATP by UV/vis analysis.
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is comparable to that for Ap3A. This indicates that only one
nucleotide moiety of the substrate has to be bound by the
enzyme in the active site where hydrolysis takes place.

The simplest interpretation of these observations is that
the nature of the second esterifying alkyl group at Pγ is
largely kinetically irrelevant (8, 16). This is also consistent
with the fact that asymmetric dinucleoside triphospates such
as Gp3A are cleaved. Weaker interactions of guanosine in
the active site (compared to those of adenosine) lead to
slower hydrolysis of this substrate at the guanosine site and
the formation of more GDP than ADP. WithmNBATP as a
substrate, hydrolysis occurs only when the molecule is bound
to the enzyme with the adenosine moiety accessible to the
catalytically relevant histidines. No ADP, the product of
hydrolysis at Pγ, is detected by analytical HPLC. The crystal
structure of the Fhit-AMP complex (16) depicts a complex
network of hydrogen bonds from the enzyme to the bound
nucleoside and the phosphate. Such hydrogen bonds are still
possible when adenine is substituted with guanine but not
to them-nitrobenzyl group. The proposed absence of binding
to them-nitrobenzyl group is also consistent with the slow
reactivity of ATP, less than1/300th of the rate of Ap3A, as a
substrate. Under the reaction conditions, ATP exists as its
Mg2+ complex, and MgATP is electrostatically and structur-
ally very different from a Pγ-alkyl ester of ATP, which does
not bind Mg2+ as tightly as does ATP, and would not exist
as Mg2+ complexes under the reaction conditions. The role
of divalent cations for overall enzyme activity is not clear,
but evidently, a cation-complexed substrate is not required
by the enzyme (16). However, divalent cations might have
structural functions on the enzyme.

Thiophosphates are generally slower substrates for their
specific enzymes than the corresponding phosphates. When
(SP)-mNBATPRS or (RP)-mNBATPRS is used as a substrate
for Fhit, theVmax is decreased about 200-300-fold. Inasmuch
as only AMPS andmNBDP are the reaction products, the
phosphorus atom next to them-nitrobenzyl group is not the

locus of hydrolysis. This confirms that binding of the
m-nitrobenzyl group by the enzyme is weak and does not
allow hydrolysis at P3 of the molecule. However, theKm

values for reactions of both epimers indicate that the AMPS
moiety is bound almost as tightly as AMP inmNBATP and
Ap3A.

Synthesis of Phosphorus-Chiral Substrates.The synthesis
of (SP)-mNBATPRS and (RP)-mNBATPRS is outlined in
Figure 2. Coupling ofm-nitrobenzyl bromide to pyrophos-
phate in dry acetonitrile yieldsmNBDP, which is then
coupled to activated AMPS by the Michelson anhydride
method (29). AlthoughmNBDP is contaminated with about
20% pyrophosphate which also reacts with the activated
AMPS to yield the two epimers of ATPRS, they are removed
from the desired molecules by chromatography on a DEAE-
Sephadex A-25 column. Pyrophosphate can be completely
removed frommNBDP by inorganic pyrophosphatase, which
does not catalyze hydrolysis ofmNBDP (data not shown).
The ratio of (SP)-mNBATPRS to (RP)-mNBATPRS was
consistently found to be 1:3 throughout all our preparations,
and baseline separation of both epimers was achieved by
HPLC on a reversed phase column under isocratic conditions
in 10 mM potassium phosphate and 7.5% MeOH. Inorganic
phosphate was removed from the purified epimers by
rechromatography on a short DEAE-Sephadex A-25 column.
31P NMR of the compounds (see Table 1) as well as
analytical HPLC on a reversed phase column proved the
purity of both individual compounds and allowed the
assignment of the configurations at PR.

Stereochemical Course of Fhit-Catalyzed Hydrolysis.
Hydrolysisof the individualphosphateepimersofmNBATPRS
in 18O-enriched water was performed in the presence of 1200
units of Fhit. The enzyme was stored in 10% glycerol, which
was decreased to<0.5% by dialysis. The level of18O
enrichment of the water used in the experiment was 50% in
the experiment with (RP)-mNBATPRS and 40% in the
reaction of (SP)-mNBATPRS. Unlabeled AMPS and (SP)-

FIGURE 2: Synthesis of (RP)- and (SP)-mNBATPRS. AMPS is synthesized from adenosine and PSCl3 in POEt3 and activated with
diphenylphosphorochloridate in dioxane (29). mNBDP is coupled to the activated AMPS in pyridine to yield a mixture of two phosphate
epimers, which are well-separated by reversed phase HPLC.
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ATPRS served as internal standards for assigning the
chemical isotope shifts in the31P NMR experiments.

The two possible mechanisms for the enzyme-catalyzed
hydrolysis of these substrates, double displacement versus
single displacement, are outlined in Figure 3. The hydrolysis
of the epimers was performed at 27°C, and careful
adjustment of the pH to 8 had to be carried out to avoid loss
of the acid labile sulfur on AMPS because hydrolysis is
accompanied by the release of a proton that lowers the pH.
The reaction reached completion within 3 h, and ap-
proximately 15% of the AMP resulting from desufurization
of AMPS was removed on the anion-exchange column.

The two phosphate-bound oxygen atoms in unlabeled
AMPS are diastereotopic, and replacement of one oxygen
atom by a heavy isotope leads to the formation of phosphate-
chiral AMPS. The stereochemistry of the phosphorylation
of AMPS by adenylate kinase (31) and pyruvate kinase in
the presence of phosphoenolpyruvate and catalytic amounts
of ATP has been explored by Sheu et al. (32). Adenylate

kinase phosphorylates AMPS with high stereoselectivity to
produce (SP)-ADPRS, which is further phosphorylated to
(SP)-ATPRS by pyruvate kinase. The high degree of stereo-
selectivity makes this enzymatic system a powerful tool for
exploiting the stereochemistry of enzyme reactions leading
to the formation of chiral AMPS. When (SP)-mNBATPRS
or (RP)-mNBATPRS is hydrolyzed by Fhit in18O-enriched
water to AMPS,18O1, phosphate-chiral AMPS is produced.
Phosphorylation of the individual chiral compounds to (SP)-
ATPRS,18O1 by the adenylate kinase/pyruvate kinase system
(Figure 4) and subsequent31P NMR analysis of the com-
pounds revealed the stereochemistry of hydrolysis at the
R-phosphorus atom of the substrate and ultimately docu-
mented the mechanism by which hydrolysis is carried out
by the enzyme. If, for example, (SP)-mNBATPRS is attacked
on PR by H2

18O according to a single-displacement mecha-
nism, inversion of configuration at the phosphorus atom
would occur, thus leading to formation of (SP)-AMPS,18O1.
A double-displacement mechanism, with His96 covalently

FIGURE 3: Two possible mechanisms for the hydrolysis of (RP)-mNBATPRS by Fhit in H2
18O. The consequence of a direct nucleophilic

attack of18O-enriched water on the stereochemical configuration at theR-phosphorus atom of the substrate analogue is shown on the left.
Here, a single-displacement mechanism with inversion of configuration leads to formation of (RP)-AMPS,18O1. On the right, a nucleophilic
attack of a nitrogen atom of a histidine in the active site of the protein leads to inversion of configuration at the phosphorus atom, and the
resulting adenylylated enzyme intermediate is shown. In a second nucleophilic attack on the phosphorus atom of the nucleotidylated enzyme
by 18O-enriched water, the configuration at phosphorus is inverted back to its original configuration. The result of this double-displacement
mechanism is overall retention of configuration, and the product is (SP)-AMPS,18O1. The structure of the AMP-enzyme intermediate
linked through a histidine residue is illustrative and not intended to specify which nitrogen of the histidine side chain is bonded to the AMP
moiety. The regiochemistry of His96 is shown in Figure 7.
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bonded to AMPS as an intermediate that is subsequently
hydrolyzed by H2

18O, results in retention of the configuration
at PR, thus yielding (RP)-AMPS,18O1. Similarly, (RP)-
mNBATPRS gives rise to (SP)-AMPS,18O1 by a double-
displacement and (RP)-AMPS,18O1 by a single-displacement
mechanism (Figure 3).

AMPS,18O1 from the hydrolysis of (SP)-mNBATPRS in
40%18O-enriched water was phosphorylated by the adenylate
kinase/pyruvate kinase system to produce (SP)-ATPRS,18O1,
with 18O bridging PR and Pâ. The chemical shifts of PR and
Pâ in unlabeled (SP)-ATPRS were 44.301 and-22.201 ppm,
respectively. The isotope shifts in the31P NMR due to
bridging 18O in the compound were 0.023 ppm in the low-
field doublet signal (PR centered at 44.324 ppm) and 0.020
ppm in the high-field doublet doublet centered at-22.224
ppm (Figure 6). This meant that Fhit catalyzed the hydrolysis
of (SP)-mNBATPRS to (RP)-AMPS,18O1 via a double-
displacement mechanism. This result was confirmed by the
analysis of the AMPS,18O1 obtained from catalytic hydrolysis
of (RP)-mNBATPRS in 50%18O-enriched water. The low-
field signal of PR of (SP)-ATPRS,18O1 was now centered at
44.338 ppm. The magnitude of the18O isotope shift was
0.037 ppm, and no isotope shift was detected at the high-
field doublet doublet signal of Pâ at -22.201 ppm (Figure
5). The magnitude of the isotope shifts at PR of 0.037 ppm,
compared with 0.023 ppm for singly bonded18O, is indicative
of nonbridging18O. Therefore, (RP)-mNBATPRS must have
been hydrolyzed to (RP)-AMPS,18O1 in the same way as (SP)-
mNBATPRS was hydrolyzed to (SP)-AMPS,18O1, that is, with
overall retention of the configuration at phosphorus.

The mechanism proposed for the action of Fhit in the
reaction of (RP)-mNBATPRS is shown in Figure 7 and is

based on the results presented here as well as the crystal
structure of the complex of Fhit with AMP (16). The
mechanism is analogous to that demonstrated forE. coli GalT
(18, 23). The interactions of the three histidine residues with
the substrate in Figure 7 are as follows. The Nδ1Η atom of
His96 forms a hydrogen bond to the main chain carbonyl
group of His94 and thereby activates Nε2 of His96 for
nucleophilic attack on PR of the substrate. His96 is placed

FIGURE 4: Stereospecific phosphorylation of phosphate-chiral AMPS,18O1. Adenylate kinase catalyzes the phosphorylation of AMPS to
(SP)-ADPRS, and pyruvate kinase catalyzes its further phosphorylation to (SP)-ATPRS. When18O is in theSP position, as on the left, it is
not phosphorylated and18O is nonbridging in the product. When18O is in theRP position, as on the right, it is phosphorylated and18O is
found in the bridging position of the product.

FIGURE 5: 31P NMR spectrum in the PR and Pâ regions of (SP)-
ATPRS derived from hydrolysis of (RP)-mNBATPRS in 50%18O-
enriched H2

18O. The PR signal is in the low-field range of the
spectrum at 44.301 ppm. Next to this doublet centered at 44.263
ppm is the signal of the labeled (SP)-ATPRS,18O1. The isotope shift
of the PR signal is 0.038 ppm, corresponding to nonbridging18O,
and no isotope-shifted feature is present in the Pâ signal, which is
centered at-22.301 ppm (two doublets). This result proved that
(RP)-mNBATPRS was hydrolyzed by Fhit to (SP)-AMPRS,18O with
overall retention of configuration at PR.
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rather rigidly in the active site and is in position to attack
PR. The role of His98 is not clear; however, an apparent
hydrogen bond to one of the oxygen atoms of PR would be
analogous to the interaction of the corresponding Gln168 in
GalT and could position the substrate for access to His96.
Upon adenylylation of His96 with inversion of configuration
at PR, the hydrogen bond between the main chain carbonyl
of His94 and Nδ1Η of His96 presumably immobilizes the
proton and maintains the adenylyl group in a reactive state.
Deadenylylation by water produces AMPS,18O with a second
inversion of configuration, accounting for overall retention
of configuration at PR. The mechanism of nucleotidyl transfer
by GalT fromE. coli is similar, with His164, His166, and
Gln168 carrying out the functions of His94, His96, and His98
in Figure 7.

Studies on possible intermediates, the stereochemical
course of the reaction, and substrate analogues have not been
carried out with the Fhit homologue,S. pombeAp4A
hydrolase. Studies on Ap4A asymmetric hydrolases from
Artemia and yellow lupin indicate that these enzymes
facilitate H2O attack at the fourth P from a nucleoside in
NpnN′, wheren ) 4-6 (NTP is always a product). This was
determined from substrate and product specificity and use
of H2

18O as a substrate followed by mass spectrometry (30,
33, 34). P1 and P4 chiral isomers of Ap4A containing different
isotopic forms of O have been used to show that the lupin
Ap4A hydrolase reaction proceeds with inversion of config-
uration at the attacked P (35). Thus, these enzymes probably
work via a single-displacement mechanism with no covalent
intermediate. Lupin Ap4A hydrolase is not a member of the
GAFH superfamily, but is considered a member of the nudix
family of proteins (36) because of the presence of a MutT
sequence motif (37). Ap4A phosphorylase I has been shown
to retain the substrate PR configuration, phosphorolyzing (SP)-
Ap4ARS to (SP)-ADPRS (38, 39). This implies that the
enzyme forms a covalent AMP-enzyme intermediate. Booth
and Guidotti (40) showed that a putative polyphosphate

kinase in yeast was actually the Ap4A phosphorylase and
presented data for an AMP-enzyme intermediate. Ap4A
phosphorylase I can catalyze an exchange reaction between
the â-phosphate of nucleoside diphosphates (NDP) and Pi

that is faster than the Ap4A cleavage (41). This is an
exchange reaction expected for a ping-pong mechanism.
Thus, three different enzymes, Fhit, GalT, and Ap4A phos-
phorylase I, each representative of one protein subfamily of
the GAFH superfamily, exhibit the same stereochemistry of
reaction of their respective substrate with overall retention
of configuration of theR-phosphorus. A mechanistic similar-
ity is now included along with sequence and structural
similarities among these enzymes.

FIGURE 6: 31P NMR spectrum in the PR and Pâ regions of (SP)-
ATPRS,18O1 derived from hydrolysis of (SP)-mNBATPRS in 40%
18O-enriched H218O. The PR signal of unlabeled (SP)-ATPRS is in
the low-field range of the spectrum at 44.301 ppm. Next to this
doublet centered at 44.276 is the signal of the labeled (SP)-
ATPRS,18O1. The isotope shift of the PR signal is 0.024 ppm,
corresponding to a bridging18O between PR and Pâ. Centered at
-22.301 ppm are the two doublets belonging to Pâ of the unlabeled
(SP)-ATPRS, and at-22.319 ppm, shifted by 0.018 ppm, are the
two doublets of labeled (SP)-ATPRS,18O1. This result showed that
(SP)-mNBATPRS was hydrolyzed by Fhit in18O-enriched water to
(RP)-AMPS,18O1 with overall retention of configuration at PR.

FIGURE 7: Mechanism of hydrolysis of (RP)-mNBATPRS by Fhit
in 18O-enriched water. On the basis of the crystal structure of Fhit
in complex with AMP (16), His96 is coordinated through its Nδ1H
to the main chain carbonyl group of His94. Catalysis proceeds
through nucleophilic attack of the Nε2 atom of His96 on PR of the
substrate analogue, leading to inversion of configuration at phos-
phorus and release ofmNBDP. Nucleophilic attack of the18O atom
of water in the hydrolytic step inverts the configuration at PR of
the adenylylated enzyme intermediate, and the bond to the histidine
is broken. The configuration at PR of the product is the same as in
the initial substrate. Throughout catalysis, His98 remains coordi-
nated to a peripheral oxygen atom at PR of the substrate analogue.
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NonstereoselectiVity of Fhit for Phosphate Epimers of
mNBATPRS. Enzymes that catalyze substitution at PR of
nucleoside polyphosphates generally display a strong prefer-
ence for one epimer of the corresponding PR-thio substrates
(42, 43). DNA and RNA polymerases preferentially accept
the SP epimers of dATPRS and ATPRS, respectively.
Galactose-1-phosphate uridylyltransferase preferentially ac-
cepts theRP epimers of UDPRS-glucose and UDPRS-
galactose. The absence of significant stereoselectivity in the
interactions of Fhit with the phosphate epimers ofmNBATPRS
is unusual and further supports the idea that binding to the
alkyl group bonded to Pγ may not be important. An absence
of binding to the Pγ-alkyl group could lend structural
flexibility to the polyphosphate and allow eitherR-phosphate
epimer ofmNBATPRS to adopt a reactive conformation.
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