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ABSTRACT. The human tumor suppressor Fhit is a homodimeric histidine triad (HIT) protein of 147 amino
acids which has AgA hydrolase activity. We have recently discovered that Fhit is phosphorylated in
vivo and is phosphorylated in vitro by Src kinase [Pekarsky, Y., Garrison, P. N., Palamarchuk, A., Zanesi,
N., Ageilan, R. I., Huebner, K., Barnes, L. D., and Croce, C. M. (2004c. Natl. Acad. Sci. U.S.A. 101
3775-3779]. Now we have coexpressed Fhit with the elk tyrosine kinagssahmerichia colito generate
phosphorylated forms of Fhit. Unphosphorylated Fhit, Fhit phosphorylated on one subunit, and Fhit
phosphorylated on both subunits were purified to apparent homogeneity by column chromatography on
anion-exchange and gel filtration resins. MALDI-TOF and HPLC-ESI tandem mass spectrometry of intact
Fhit and proteolytic peptides of Fhit demonstrated that Fhit is phosphorylated’dmrY either one or

both subunits. Monophosphorylated Fhit exhibited monophasic kineticskyittindk.a: values~2- and
~7-fold lower, respectively, than the corresponding values for unphosphorylated Fhit. Diphosphorylated
Fhit exhibited biphasic kinetics. One site hidg andk.s: values~2- and~140-fold lower, respectively,

than the corresponding values for unphosphorylated Fhit. The second sitekhad&0-fold higher and

a keat ~6-fold lower than the corresponding values for unphosphorylated Fhit. The unexpected kinetic
patterns for the phosphorylated forms suggest the system may be enzymologically novel. The decreases
in the values oKy, andkeq: for the phosphorylated forms in comparison to those of unphosphorylated
Fhit favor the formation and lifetime of the FriAp3A complex, which may enhance the tumor suppressor

activity of Fhit.

Human Fhit is a 147-amino acid protein which forms a
homodimer containing two active sites and hydrolyzesAA\p
to AMP and ADP. It is encoded by tHeHIT gene that spans
the FRA3B fragile site at chromosome 3pl4.2, @).
Observation of hemi- and homozygous deletions inRHET
locus in cell lines derived from a number of different tumors

FHIT(—) cancer cell lines witl-HIT induced apoptosis and
suppressed tumorigenicity of the cells in nude m&g (2)
suppression of tumor cell growth both in vivo and in vitro
by adenovirus vector-mediated overexpressioRIIT (9),

(3) increased susceptibility to induced and spontaneous
tumors inFHIT knockout mice 10), and (4) prevention of

and observation of aberrant transcripts in different types of inducible forestomach tumors BHIT(+/—) mice by oral

primary tumors led to the proposal that Fhit is a tumor
suppressor (reviewed in re8-7). The strongest evidence

adminstration of adeno and adeno-associ&idtl viruses
(11, 12). Overexpression of the Fhit protein in malignant

that Fhit is a tumor suppressor is (1) stable transfection of ce|ls lacking endogenous Fhit causes cell cycle arrest and
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induces apoptosis as measured by DNA strand breaks and
activation of particular caspaseb3( 14).

Sequence comparisons and structure determination by
X-ray diffraction (15—17) have revealed that Fhit and its
orthologs constitute a eukaryotic-specific branch of the
histidine triad (HIT) [or GAFH 4)] superfamily of nucleo-
tidyl transferases and hydrolasek8); All the eukaryotic
genomes sequenced to date contairFtT gene. The
superfamily is characterized by a HxHx(H/Q) motif at the
active site. All characterized members of the superfamily
catalyze a nucleotidyl transfer or hydrolysis which depends
on formation of a covalent nucleoside monophosphate
histidine intermediate at the central histidine of the tria8f(H
in human Fhit). Fhit and its orthologs that have been tested
all hydrolyze ApA, ApJA, or both (L9—22). The hydrolytic
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activity of Fhit is lost almost completely wherHs changed indoleacrylic acid (Stratagene protocol manual). Sixteen to
to asparaginel®). In a single-turnover reaction with Af, seventeen grams of wet weight of the bacterial cell pellet
FhitH®®N is unable to release ADP, and thus presumably was harvested frm 5 L of cells. We also expressed
cannot form the covalent intermediatEs). The hydrolysis unphosphorylated Fhit i. coli SG100 29) as previously

of an ApA analogue by Fhit proceeds with retention of described Z8).

stereochemical configuration at thephosphate, as expected Protein Purification and Electrophoresi€ell pellets were
for a double-displacement mechanisg3)( Recently, Frey  suspended in 50 mM HEPES (pH 6.8) and 10% glycerol
and co-workers provided direct evidence for such a mech- containing 0.5 mM PMSF, 1.4M leupeptin, and 0. %M
anism by trapping 11% of the enzyme in the steady state aspepstatin at a ratio of 3 mL per gram of wet weight. The

an adenyly-Fhit intermediate and chemical rescue &fG+ cell suspension was sonicated on ice fox 30 s using an
Fhit, which is incapable of forming the covalent intermediate, Ultrasonic Processor sonicator at a power setting of 6 on a
using imidazole or AMP-imidazole @4). macrotip. The resulting homogenate was centrifuged at

The results above indicate that Fhit has evolved as a4300@ at 4 °C for 30 min to obtain a crude supernatant
nucleotide hydrolytic enzyme that is similar to others in its fraction. Crude supernatant fractions from the two trans-
structure class. However, a mystery arises from the fact thatformed strains were dialyzed in 25 mM HEPES (pH 6.8)
the FhitHP®N mutant, which has a normal structure but aimost and 10% glycerol containing 0.5 mM PMSF. Typically, a
no enzyme activity15, 20), is nonetheless active as a tumor dialyzed crude supernatant fraction was subjected to column
suppressorg, 25). Because this mutated protein bindssAp chromatography on DEAE-Sephacel resin equilibrated in 25
well, it has been proposed that a nucleotide-bound form of MM HEPES (pH 6.8) and 10% glycerol and eluted with a
Fhit may be the active species in tumor suppression in alinear gradient from 0 to 0.3 M NaCl. Fractions were pooled
manner analogous to that of GTP binding proteifi§).( on the basis of their Ag\ hydrolase activity and concentrated
Recently, Trapasso et al. have provided strong support forin an Amicon stirred cell with a PM-10 membrane under
this model 26). They made a series of mutant Fhit forms N2. The concentrated DEAE-Sephacel fraction was applied
with increased, values for ApA, decreasetl ., values, or to a Sephadex G-75 gel filtration column equilibrated in 50
both, and measured their effectiveness in inducing apoptosismM HEPES (pH 6.8) and 10% glycerol. Fractions containing
in Fhit(—) cell lines when expressed from an adenovirus the dimeric form of Fhit were pooled and applied to a column
construct. The level of induction of apoptosis was decreasedof QAE-Sepharose resin equilibrated in 50 mM HEPES (pH
only with an increase,, with no effect of changes ik.a: 6.8) _and 10% glycerol. Proteins were eluted with a linear

Recently, we have shown that Fhit is phosphorylated in 9radient of 0to 0.15 M NaCl. Fractions were pooled on the
vivo in normal human tissues and in human embryonic basis of their ApA hydrolase activity and their gel electro-
kidney cells and in vitro by Src kinas@?). Tyrosine 114 is phoretic pattern. Pooled fractions were dialyzed in 50 mM
phosphorylated both in vivo and in vitr@Q). This was the ~ HEPES (pH 6.8) and 10% glycerol and then concentrated
first report about phosphorylation of Fhit, and it likely N a@n Amicon stirred cell with a PM-10 membrane under
provides a critical element in determining the biochemical Nz- Proteins were subjected to electrophoresis on 15%
mechanism of Fhit's function as a tumor suppressor. Here Polyacrylamide-SDS gels §0, 31) and stained with Coo-
we report on phosphorylation of human Fhitdscherichia ~ Massie blue.
coli and the purification, mass spectrometric analyses, and Mass SpectrometryMALDI-TOF mass spectra were
the unexpected kinetic properties of the phosphorylated formsacquired on an Applied Biosystems Voyager-Elite mass

of Fhit. spectrometer using a matrix of sinapinic acid (saturated
solution in 50% acetonitrile containing 0.1% TFA). Fhit
EXPERIMENTAL PROCEDURES samples were subjected to reversed-phase chromatography

on a C18 matrix (ZipTips from Millipore, Inc.) and eluted

Materials. ApsA was custom-labeled with tritum by  with 50% acetonitrile and 0.1% TFA. One microliter of
Moravek Biochemicals, IncE. coli strain TKB1 was  eluate was spotted on the MALDI target, overlayed with the
purchased from Statagene. DEAE-Sephacel, Sephadex G-7%natrix, and allowed to dry at room temperature. Each
superfine, and QAE-Sepharose resins were purchased fromMALDI-TOF mass spectrum represents the average of 64
Sigma. Electrophoresis reagents were from Bio-Rad. Se-|aser shots acquired in linear mode over a mass range of
quencing-grade, modified porcine trypsin was from Promega, nvz 4000-28000, using delayed extraction and positive ion
and sequencing-grade endoproteinase Glu-gpfétease)  detection. Spectra were processed by the smoothing and noise
from Staphylococcus aureusas from Roche Applied  reduction protocols of the data system software. Close
Science. external calibration based on myoglobin was employed.

Transformation and Protein Expresside transformed HPLC—ESI tandem mass spectra were acquired on a
E. coliTKBL1 (Stratagene), a strain containing a plasmid with  Thermo Finnigan LCQ Classic ion trap mass spectrometer
the elk broad-specificity tyrosine kinase gene, with connected via a microspray interface to a Michrom Bio-
PSGAOZFHIT (28). Transformed cells were grown in LB Resources MAGIC 2002 micro HPLC system. For on-line
medium containing ampicillin (10@g/mL) and tetracycline ~ HPLC separations, a New Objective PicoFrit was packed to
(12.5ug/mL) at 37°C to an OD of~0.8 at 600 nm. Then 10 cm with Vydac 218MSB5 (am, 300 A) C18 reversed-
protein expression was induced with 1 mM IPTG at°Z5 phase matrix. HPLC conditions were as follows: mobile
for 16—18 h. We found that these growth and induction phase A, 0.5% acetic acid and 0.005% TFA; mobile phase
conditions were sufficient for expression of both Fhit and B, 90% acetonitrile, 0.5% acetic acid, and 0.005% TFA,
the tyrosine kinase and that it was not necessary to inducegradient, from 2 to 72% B over the course of 30 min; initial
expression of the tyrosine kinase in defined medium with flow rate, approximately 0.4L/min. ESI-MS/MS conditions
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were as follows: electrospray voltage of 3 kV, heated . - S Soan oo =
capillary temperature of 17%C, isolation window for CID HOH] — S —— n—
of 2.5, relative collision energy of 35%, and spectral
acquisition in centroid mode. For initial on-line HPEESI-
MS/MS experiments, each scan segment consisted of a§ 004
survey scan followed by acquisition of CID mass spectra of §
the four most abundant ions in the survey scan above a<

o
@

0.06

(280 nm)

nce
U dXY SB|owWu

0.02

selected threshold. Subsequent HPESI-MS/MS analyses ok, . i soago et Jo

employed a targeted scan strategy in which the spetific 160 180 200 220 240 260 280 300

values for Fhit proteolytic peptides of interest were moni- Fraction {1 ml)

tored. Ficure 1: Chromatographic separation of unphosphorylated and
Diphosphorylated Fhit was subjected to proteolysis by PhoSphonviated forms of Fhit on QAE-Sepharose resin:) (

. . absorbance at 280 nm and (-O -O-) ;Aphydrolase activity.
trypsin and by endoproteinase Glu-Cg(protease) for 16 Labeled peaks are as follows: (A) unphosphorylated Fhit, (B) Fhit
18 h at~25°C in 40 mM ammonium bicarbonate (pH 7.6) phosphorylated on one subunit, and (C) Fhit phosphorylated on
and in 25 mM ammonium acetate (pH 4.0), respective®).( both subunits. The inset shows SDS gel electrophoretic patterns of
The resulting peptides were analyzed by ESI mass SpeC_lndl_wdual column fractions; 2@L of each fraction designated by

. . . o a circle was subjected to electrophoresis, and the gel was stained
trometry, as described above, to identify the specific phos- \,ith coomassie blue.

phorylated residue(s).
Enzymatic AssayVe assayed the Ap hydrolase activity

of Fhit by assessing the hydrolysis GHJApsA. For the s
assay of column fractions during purification, samples were m— -
incubated with 10Q:M [3H]Ap3A in 50 mM HEPES (pH NPCT B C

6.8) and 0.5 mM M.nQ| at 37 °C for- 10 mir‘- For FicURE 2: SDS-PAGE of purified Fhit fractions. NPC (nonphos-
determination of kinetic parameters, purified Fhit samples phorylated control) is Fhit purified from the non-tyrosine-phos-

were incubated under the same conditions with different phorylatingE. coli strain SG100. A-C, obtained by pooling and
concentrations ofSH]JApsA ranging from 0.05 to 50(M, concentrating appropriate fractions from peaks labeledCAn

. . Figure 1, represent Fhit that is unphosphorylated, phosphorylated
depending upon the particular unphosphorylated or phos-,y’one subunit, and phosphorylated on both subunits, respectively

phorylated form of Fhit. Reaction products were separated (data in Figure 3 confirm the identity of the phosphorylated forms
from the residual substrate by chromatography on a boronate-of Fhit). Each lane contained-2 ug of protein stained with

derivatized resin33). For each of the different forms of Fhit, ~Coomassie blue.
the activity was a linear function of both time and mass of
the protein. Values of the kinetic parameters were calculated
by a weighted, least-squares fitting of the data to the
Michaelis—Menten equation, with corrections whenever the
hydrolysis of substrate exceeded 1084)( except in the case

of diphosphorylated Fhit where the kinetics were biphasic
and the data were fitted to a two-component Michaelis
Menten equation. Data also were analyzed using Hanes an
Eadie-Hofstee plots to confirm the monophasic and biphasic
kinetics for the different phosphorylated forms.

columns) on QAE-Sepharose (Figure 1). On the basis of the
gel electrophoretic pattern (Figure 1 insert) and enzymatic
activity of column fractions (Figure 1), appropriate fractions
corresponding to the different forms of Fhit were pooled and
concentrated for subsequent analyses. The chromatographic
esolution of the different forms of Fhit on a preparative scale
n QAE-Sepharose resin was similar to that observed
previously on an analytical scale using a FPLC-MonoQ
column for purified Fhit phosphorylated in vitro with Src
kinase (see Figure 1 in rex7).

We judged unphosphorylated, monophosphorylated, and

Purification of Phosphorylated Forms of Human Fhit from  diphosphorylated Fhit isolated by this procedure to be at least
an E. coli Expression Systeiduman Fhit was coexpressed 95% homogeneous based on the SDS gel electrophoretic
in E. coli TKB1 (Stratagene) with the elk tyrosine kinase. patterns and mass spectrometry (Figures 2 and 3). Sixteen
Three forms of Fhit were purified by sequential column to seventeen grams of wet weight of cells yieldegi7, ~27,
chromatography on DEAE-Sephacel, Sephadex G-75, andand~7 mg of unphosphorylated, monophosphorylated, and
QAE-Sepharose resins as described in Experimental Procediphosphorylated Fhit, respectively.
dures. Unphosphorylated Fhit was mostly resolved from the The three forms were analyzed on a SDS gel, and their
phosphorylated forms on DEAE-Sephacel, while the phos- pattern was compared to that of Fhit purified from the non-
phorylated forms were not resolved from one another. Both tyrosine-phosphorylating. coli strain. The results are shown
unphosphorylated Fhit and the phosphorylated forms exhib-in Figure 2. We interpret fractions-AC in Figure 2 to be
ited a high-molecular mass aggregate upon Sephadex G7%unphosphorylated Fhit, Fhit phosphorylated on one subunit,
gel filtration chromatography, as previously reported for and Fhit phosphorylated on both subunits, respectively.
unphosphorylated Fhi2g). The dimeric unphosphorylated Fraction B is unlikely to be a mixture of unphosphorylated
and phosphorylated forms of Fhit from their respective and diphosphorylated Fhit based on the constant ratio of the
Sephadex G75 columns were subjected to chromatographytwo bands across the chromatographic peak and the chro-
on QAE-Sepharose resin. The monophosphorylated andmatographic resolution of the three forms (Figure 1). The
diphosphorylated forms of Fhit were well resolved from one gel pattern in Figure 2 is the same as observed for the three
another as well as from the residual unphosphorylated Fhitforms of Fhit isolated from an in vitro Src kinase phospho-
(carried over from the DEAE-Sephacel and Sephadex G-75rylation reaction (see Figure 2 in réf).

RESULTS
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100 16732 phorylated on only one subunit, and that fraction C was Fhit
A phosphorylated on both subunits and that only one residue

on each subunit was phosphorylated.
Fhit phosphorylated on both subunits (fraction C) was

0 subjected to proteolysis by trypsin and endoproteinase Glu-C
100 B 16732 —— 16812 separaFer, and the resulting peptides were analyzed on an
HPLC ion trap mass spectrometer to identify the specific

phosphorylated residue(s). Among the tryptic peptides, only
peptide 116-130 was phosphorylated, and the fragmentation

0 pattern of the peptide was compatible only with*¥being
100 | ™ 16813 phosphorylated and not3 or S8 (Figure 4). Analysis of
C Y145 was carried out with endoproteinase Glu-C-generated

peptides, since the tryptic peptide containingf®vas too
small (four residues) for adequate recovery. No phosphor-
ylated form of peptide 138146 was detected. The only

Ficure 3: MALDI-TOF mass spectra of the purified forms of Fhit phosphorylated peptide that was detected was peptide 87
(A) Fhit corresponding to fraction A in Figure 2 and unphospho- L 14 (datanot shown). Thus, mass spectrometry data support
rylated. (B) Fhit corresponding to fraction B in Figure 2 and the conclusion that fraction C was Fhit phosphorylated on
phosphorylated on one residue in only one subunit. (C) Fhit Y14 on both subunits and only on'¥.

fgsr{jjgo{r‘]d'ggtﬁ) Zﬁgﬂ%ﬂsc 'geF;g‘i{,‘Z ztg‘;‘f’ %?OZﬁh%%?;ﬁgt?gnog? Kinetic Parameters of the Different Phosphorylated Forms
phosphorylation data. of Fhit. We assayed the Ap hydrolase activity of unphos-
phorylated, monophosphorylated, and diphosphorylated Fhit
and obtained the values for steady state kinetic parameters
Km, Keas andkeo/Km shown in Table I. Both unphosphorylated
Fhit (Figure 5A) and monophosphorylated Fhit (Figure 5B)

exhibited monophasic kinetics. Monophosphorylation of Fhit

0
16000 m/z 17500

Mass Spectrometry of the Different Forms of Fie
analyzed the purified forms of Fhit, called fractions-&
in Figure 2, by mass spectrometry to determine their state
of phosphorylation and to identify the phosphorylated

residue(s). The MALDI-TOF spectrum of fraction A exhib- . g
(s) D resulted in slower turnover of Ap as indicated by &

ited a single peak corresponding to a mass of 16 731 Da, )
the mass expected for the unphosphorylated Fhit monomer”7-fold lower than theke, for unphosphorylated Fhit. The

lacking the N-terminal methionine (Figure 3A). The spectrum 2-fold decrease ik for monophosphorylated Fhit in
for fraction B showed two peaks: one corresponding to a Comparison to that of unphosphorylated Fhit indicated an
mass of 16 731 Da and one corresponding to a mass ofaPparent tighter binding of A upon monophosphorylation.
16 811 Da (Figure 3B). The mass increment of 80 Da Diphosphorylated Fhit exhibited biphasic kinetics (Figure
indicated that one residue on a monomer was phosphorylateddC). One site haKn and kes values~2- and ~140-fold
The spectrum for fraction C exhibited a single peak corre- lower, respectively, than the corresponding values for un-
sponding to a mass of 16 812 Da (Figure 3C). Thus, the phosphorylated Fhit. The second site ha#a~60-fold
spectra are consistent with the conclusion that fraction A higher and & ~6-fold lower than the corresponding values
was unphosphorylated Fhit, that fraction B was Fhit phos- for unphosphorylated Fhit (Table 1).

Y19 Y17 Yie Yis Y2 Yu Yo

Ys
N—D%—L‘;Y%«F— L—Q%% —D —K—E—DF«F—A—S— W-R

[M+3H-H;PO ,**
864.1

MS/MS m/z 896.4 (3+)

- Yo
2 7634
- ' ylzz*\ 11295 12298

400 600 800 1000 1200 1400 1600 1800 2000
m/z
Ficure 4: ESI tandem mass spectrum of diphosphorylated Fhit. Collision-induced dissociation mass specityar@964 (3+ ion) of
Fhit residues 116130 (NDSIpY114EELQKHDKEDFPASWR). Selected C-terminal (y series) ions are labeled, with other sequence-
informative ions denoted with asterisks. Diphosphorylated Fhit was subjected to proteolysis by trypsin, and the resulting peptides were
analyzed by on-line HPLEESI-MS/MS as described in Experimental Procedures.
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serial dilutions of concentrated enzyme samples for the assay.
Previously, the same pipet tip was used throughout the
dilutions, flushing it repeatedly at each step. When a fresh
tip was used at each step, the activity that was measured
was lower, and the parameters that were obtained were more
consistent between experiments. Tg value of 2.74 st
reported here (Table 1) is similar to values reported by other
investigators 17, 24, 35).

o = N W >~ 00 O N

DISCUSSION

)

Human Fhit can be phosphorylated i coli using a
tyrosine-phosphorylating strain. B coli, Fhit is phosphor-
ylated on ¥4 and only Y14 exactly as Fhit is phosphor-
ylated in vitro with Src kinase and ATP and in vivo in
transfected NIH-3T3 mouse fibroblas87f. Unphosphor-
ylated Fhit was less than 10% of the phosphorylated forms
in the in vitro reaction with Src kinas@7), whereas in the
E. coli phosphorylation system, unphosphorylated Fhit is
approximately equal to the amount of phosphorylated Fhit.
0.14 . . ; Although theE. coli phosphorylation system is less efficient
than the in vitro system with Src kinase, the bacterial systems
allows purification of phosphorylated forms of Fhit in
sufficient amounts for structural studies.

Fhit is a homodimer which can bind a molecule of
substrate at each active site simultaneous) (Figure 6).
It would be reasonable to expect biphasic kinetics in the
monophosphorylated form and monophasic kinetics in the
diphosphorylated form. The counterintuitive results suggest
0 0.5 1.0 15 the possibility of novel enzymology.

v (umol ApgA min"! mg-) Tyrosine 114 is within a 21-residue segment of Fhit
FicurRe 5: Eadie-Hofstee plots of representative kinetic data for (residues 107127) which is invisible in all crystal structures
the three forms of Fhit. The empty circles in each plot represent ghtained thus far, including those with a bound substrate

individual data points for duplicates in a representative assay for . .
each form of Fhit. The data were directly fitted to the appropriate analogue, product, or analogue of the covalent intermediate

Michaelis-Menten equation to determine the kinetic parameters (15—17). The tyrosine is the most highly conserved residue
and plotted a®/Svs v to show the monophasic or biphasic nature in this loop. It is present in 19 of 20 species, being replaced
of the kinetics. The fitted lines are derived from the direct fit kinetic only in Candida albicansy histidine (based on a search of
parameters. (A) For unphosphorylated Fhit, the rate was measuredqzenBank in September 200436) The proximal segment

as a function of substrate concentration from 0.1 tou®Q (B) 17 . ;
For monophosphorylated Fhit, the rate was measured as a functionOf the loop through £ contains the only widely conserved

of substrate concentration from 0.1 to 2Bl. (C) For diphosphor-  residues in the loop and is conserved in length in Fhit
ylated Fhit, the rate was measured as a function of substrateorthologs at 9-10 residues. The downstream segment is

concentration from 0.05 to 50@M. The data were directly fitted 7—17 residues long in animal and plant Fhits, but5p
to a two-component MichaelisMenten equation assuming equal agiques long in unicellular eukaryotes. The size and apparent

numbers of independent catalytic sites for calculation of the values - .
of K and Vinay for both sites. Mean values of kinetic parameters flexibility of the loop suggest that it may able to affect the

poN
o o

15

umol ApzA min-! mg-1
uM ApzA

v/S (
o
[6,]

for six assays for each form are presented in Table 1. active site directly (Figure 6).
The fact that phosphorylation on only one subunit resulted
Table 1: Kinetic Parameters for Hydrolysis of #pby Different in a greater than 50% loss of activity indicates that a single
Forms of Fhit phosphorylated subunit can in fact inhibit both active sites.
Keat (571 per A phosphorylated ¥4 might inhibit activity by the phosphate
Fhit Km (uM) — monomer)  KealKm (s M™% occupying some part of the substrate binding site, which
unphosphorylated 1.680.19 2.74+0.87 (1.70+£0.44)x 10° would result in a highK,,. However, it is not clear why this

monoprosphorylated 0.8¢014 o.3ax0.04 Eg-ggﬁ é-gzgx 18‘; would happen only when ¥ is phosphorylated on both
iphosphorylate . . . . . .34) x . - P .
96.64 23.7 046+ 006 (4.96+ 1.46)x 10° subunits. Phc_)sphqrylatlon of only qr']el ‘?’rmght_ result in
the complete inhibition of that subunit’s active site as a result

2The hydrolysis of H]Ap3sA by Fhit was measured as described in ; ; ;
Experimental Procedures. Values are mearthe standard deviation of the loop taking on a conformation that sterically obstructs

(n = 6 assays) for each form of Fhit. Values féx for the it. One possibility would be bridging of the phosphate group
diphosphorylated Fhit were calculated assuming equal numbers of low- t0 the R?? of the opposite subunit (Figure 6). Arginife
and highKp, sites. phosphate interactions are common in phosphorylated pro-

teins 37). Concomitant with obstructing one active site, a
We previously reported k. value of 73 s for hydrolysis conformational change induced by the phosphorylatéd Y
of ApsA by unphosphorylated Fhitl). We now believe in the remaining active site may result in altered kinetic
this value was high due to a systematic error in preparing parameters for the residual activity.
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FiGure 6: Stereo diagram of Fhit with a bound #panalogue. The substrate analogue is Ado-p-PHbs-Ado. The dotted line indicates
the base of the invisible loop1&is the first residue resolved after the loop. The reaction center is marke@pwikich forms a covalent
intermediate at thei-phosphate of ApA during the reaction, and ¥§ which is necessary for full activity. The diagram is based on PDB

entry 1FHI @5).

In the diphosphorylated enzyme, one must invoke either thank the anonymous reviewers for useful suggestions.
two different monomer conformations in the dimer or two Preliminary results were presented at the American Society
different dimer forms, presumably in equilibrium. In the latter of Biochemistry and Molecular Biology annual meeting in
case, thé, values cannot be calculated without knowing Boston, MA, June 1216, 2004.

the distribution of dimers between the two forms. The low-

Km phase may be similar to the monophosphorylated state, REFERENCES

with one subunit’s active site blocked, and the activity of
the functioning active site perhaps further affected by the
phosphate on that subunit. The high-phase may result
from symmetrical dimers in which both active sites are
partially obstructed by the phosphorylated loops. In this case,
biphasic kinetics would result from different dimers existing
in different conformations. Some of these mechanisms are
expected to result in fixing all or part of the loop(s) in one
position in the phosphorylated protein. Sufficient amounts
of phosphorylated Fhit are available to measure the mobility
of the phosphorylated loop and, if it is fixed, to determine
the protein structure.

Fhit is a tumor suppressor with the capacity to hydrolyze
ApsA, yet its suppressor activity seems to be dependent only
on binding ApA or some related ligand. It has been proposed
that the enzymesubstrate complex is the form that interacts
with the apoptosis pathwayl®, 26). Phosphorylation
decreased the values Kf, andkg, for ApsA hydrolysis by
monophosphorylated Fhit and by the ldw: site in diphos-
phorylated Fhit. The decreases in valueKgfand k., for
the phosphorylated forms in comparison to unphosphorylated
Fhit favor the formation and lifetime of the FhiApsA
complex, which may enhance the tumor suppressor activity
of Fhit. The phosphotyrosine itself may be a binding site
for interacting proteins. The sequence surrounding the
tyrosine is compatible with binding by an SH2 domad8)(

Sufficient amounts of phosphorylated Fhit are available to 10.

test for interaction with potential target proteins relevant to
its tumor suppressor activity.
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