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ABSTRACT. Energy coupling between ATP hydrolysis and other enzyme reactions requires the phospho-
rylation of substrate-derived intermediates, or the existence of enzyme-derived intermediates capable of
storage and transfer of energySalmonella typhimuriummicotinic acid phosphoribosyltransferase
(NAPRTase, EC 2.4.2.11) couples net ATP hydrolysis to formation of NAMN and&&R a-PRPP and
nicotinic acid [Vinitsky, A., & Grubmeyer, C. (1993). Biol. Chem268 26004-26010]. In the current

work, we have determined that the enzyme reacts with ATP to produce a covalently phosphorylated form
of the enzyme (E-P), which is common to both the ATPase and NAMN synthesis functions of NAPRTase.
We have isolated E-P and verified its catalytic competence. E-P showed acid lability and base stability,
diagnostic of a phosphoramidate linkage. Pyridine and hydroxylamine-catalyzed hydrolysis of E-P gave
second-order rate constants consistent with published values for phosphohistidine. Two-dimensional thin-
layer chromatography of alkaline-hydrolyzed#2 showed that the phosphorylated residue co-migrated
with authentic 1-phosphohistidine. Chymotrypsin and trypsin proteolysis followed by HPLC and peptide
sequencing localized the phosphopeptide to Ala-210 to Phe-222 of the 399-residue protein. This peptide
contains a single histidine residue, His-219. NAPRTase phosphorylated at His-219 is an intermediate in
the energy transduction mechanism of NAPRTase.

Nicotinic acid phosphoribosyltransferase (NAPRTase, EC examples of what Tanford (1983) describes as conforma-
2.4.2.113 couples the hydrolysis of ATP to the formation tionally coupled enzymes, in which ATP hydrolysis drives
of nicotinate mononucleotide (NAMN) and pyrophosphate a series of conformational changes in the enzyme which
(PR) from a-D-5-phosphoribosyl 1-pyrophosphate (PRPP) promote completion of the coupled process. The mecha-
and nicotinate (NA; Vinitsky & Grubmeyer, 1993). The nisms of conformationally coupled ATPases are generally
cleavage of ATP distinguishes NAPRTase from other known difficult to dissect. Typically the intermediates are difficult
PRTases (Musick, 1981). We have cloned and purified the to distinguish chemically, and frequently the enzymes are
399-residueSalmonella typhimuriunenzyme (Vinitsky et membrane bound. Therefore the mechanism by which the
al., 1991) and shown that ATP hydrolysis, stoichiometric energy of ATP hydrolysis is utilized has not been fully
with NAMN formation, serves to drive the NAMN synthesis  determined. NAPRTase provides an unusual opportunity to
reaction toward products (Vinitsky & Grubmeyer, 1993). The investigate conformational coupling. NAPRTase is a soluble
use of ATP is optional for th&. typhimuriunenzyme, with  protein which catalyzes a well-defined and easily assayed
readily detectable “uncoupled” NAMN formation in the phosphoribosyltransferase reaction conformationally coupled
absence of ATP. However, the presence of ATP low&rs 1o ATP hydrolysis. ATP sulfurylase, in which a G-protein-
values for NA and PRPP by about 200-fold and increasesijke subunit couples net GTP hydrolysis to the ATP sulfu-
Vinax 10-fold. Vinitsky and Grubmeyer (1993) proposed that ryjation reaction that proceeds on the other subunit (Liu et
the binding and hydrolysis of ATP induce a series of 5| 1994), represents the only other known case in which
conformational changes in NAPRTase, increasing both conformational coupling is used to drive a metabolic reaction.

affinity for substrates an®¥max - o : .

Many enzymes couple ATP hydrolysis to a defined t:]n defining :_he criteria fochoupl)(Ilnglgg;l'OP ;‘ggg)ly‘:"? toth ¢
enzymatic process without the use of phosphorylated substrate?h (?[r enzymatic procestsss,_ tentc S ( d 'h h t) S.S]es a
derived intermediates. The sarcoplasmic reticuluri"€a e wodprocessels mus .E'n edr.w_me suc ? neither can
ATPase, RecA, GroEL, and Lon protease are several proceed to comp E“OF‘ wit .Ol.Jt 'S“_”Ct stages Ol progress in

the other reaction. This logic is readily applied to NAPRTase.
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Thus formation of E-P, which induces product formation, column (1x 10 cm) of Sephadex G50 equilibrated with a
and E-P hydrolysis, required for product release, serve tohydrolysis buffer (see below) adjusted to pH 10.0 and
link the ATPase and NAMN synthesis reactions. Although containing 6 M urea. After chromatography, the pH was
an E-P form of the enzyme has been proposed by severakeadjusted to the desired value using 1 M HCI, and the
groups (Kosaka et al., 1971; Hanna et al., 1983; Vinitsky & solution was maintained at 37C. At specified times,
Grubmeyer, 1993), it has not been isolated or characterized.aliquots of EZ?P were rechromatographed. For individual
In the current work, we have isolated the E-P intermediate pH values the following buffers were employed: pH 2.0,
which is common to the ATPase and NAMN synthesis 20 mM N&SQ,, 20 mM CAPSO, 1 mM NaPpH 3.5 and
activities of NAPRTase and have identified the site of 6.1, 20 mM citrate, 20 mM CAPSO, 1 mM NaH 10, 50
phosphorylation as N1 of His-219. The work provides mM CAPSO, 1 mM NaP For determinations at pH 8.3
important confirmation of the model for conformational and 13.2, initial chromatography was performed in buffer A
coupling in NAPRTase and allows for its further study. with 1 mM NaR, and the pH was then adjusted with 1 M
NaOH. Radioactivity in column fractions was quantitated
EXPERIMENTAL PROCEDURES by Cerenkov radiation in a liquid scintillation counter. The

. . o . . total radioactivity associated with the protein and the free
232
Materials. High specific activity . PIATP (3000 Ci/ ... phosphate peaks was used to determine the percentage of
mmol) was from Dupont NEN, and intermediate specific

- 2 , residual E¥P. Semilogarithmic plots of residual P vs
&Cégli%%y g]rA;;g; ?; gtti)tttal_lr_]eeg]ggrﬂn’?‘&ggﬁ;‘?gﬂ?&:g;ér time were linear to 5% remaining P, and a linear least-
et al., 1982) .Silica gel thi,n-layer chromatography plates squares fit was used to calculate rate constants.
2 ’ The behavior of the enzyme in the presence of catalysts
(K6, 250um) were from Whatman, Sephadex G50 was from of E-¥2P hydrolysis was examined using®® prepared as
Pharmacia, trypsin was from Worthington, and CAPSO

buffer was from Research Oraanics-Chvmotrypsin and above. E*P was then applied to and eluted from a column
i . 9 SNy yp (1 x 10 cm) of Sephadex G50 equilibrated in the buffers
all other biochemicals were from Sigma. HPLC solvents

and other chemicals were from Fisher described below. To determine the rate of hydroxylamine-
i I EP h lysis, E¥?P I i ffer A
Protein. S. typhimuriumNAPRTase was purified as catalyzed ydrolysis, was eluted in buffer

) X ) containing 1 mM NaPand 6 M urea, pH 8.3, and fractions
described by Rajavel et al. (accompanying paper). AN qqiaining E2P were diluted with an equal volume of the
extinction coefficient ofEzg (1 mg/mL) of 1.27 and a

) " identical buffer supplemented with 100 mM NBH, pH 8.3.
molecular weight of 45 529 (Vinitsky et al., 1991) were used Pyridine-catalyzed E% hydrolysis was investigated by

to calculate concentrations of the monomeric 399-residue eiuting E3%P in 20 mM CAPSO, 1 mM NaPand 6 M urea,

protein (V"“ts"Y & Grubmeyer, _1993)‘ . . pH 9.9. Fractions containing P were diluted with an
Phosphorylation.Phosphorylation reaction mixtures (200 equal volume of 100 mM citrate, 100 mM pyridine, 1 mM

uL) contained 20Qug of NAPRTase in 1 mMf->2P]JATP NaR, and 6 M urea, pH 5.97, to a final pH of 6.04 (Spronk
(2000-20 000 cpm/nmol), 1 mM PRPP, 7 mM MgCP00 et al., 1976). To investigate-tatalyzed E¥P hydrolysis,

mM monopotassium glutamate (K-glu), 20 mM Tris-HCl, £.32p \yas eluted in 150 mM NBHCOs, 0.1% SDS, pH 8.5,

and 1 mM DTT (pH 8.3). The reaction mixiure Was gng fractions containing E2P were diluted with an equal
incubated at 0C for 10 min and then passed over a column ,q)yme of the identical buffer supplemented with 0.8 mM
(1 x 10 cm) of Sephadex G50 equilibrated in buffer A (200 |, \jq et al., 1992). In each case, samples were chromato-
mM K-glu, 20 mM Tris-HCI, pH 8.3) containing 6 M urea graphed at various times, and the proportion OP%E-

and 1 mM NaPR In some cases as noted, urea was replaced,emaining was plotted as above to generate rate constants.
by 6 M guanidine-HCI or 0.1% SDS. Controls were performed identically, except that the catalyst

For isolation of native E2P, the phosphorylation reaction \yas omitted.
was identical, but B2P was separated from other reaction  For the determination of the rate of hydrolysis of native
components on a 1 mL centrifuge column (Penefsky, 1977) gs2p. aliquots of the B2P solution were passed through 1
packed with Sephadex G50 and previously equilibrated with centrifuge columns (Penefsky, 1977) equilibrated with
buffer A supplemented with 1 mM PRPP and either 5 mM pytfer A supplemented with 1 mM PRPP and either 5 mM
MgSG, or 1 mM EDTA. MgSO; or 1 mM EDTA.

The rate of NAPRTase phosphorylation was determined  The rate of native B2P hydrolysis was determined in the
in a 300uL reaction containing 1 mg of NAPRTase/mL, 1 presence of substrates for the coupled forward reaction.
mM [y-**P]JATP (6500 cpm/nmol), 1 mM PRPP, and 7 mM  NAPRTase was first phosphorylated in a 20 reaction
MgCl; in buffer A supplemented with 1 mM DTT. The containing 1.2 mg/mL NAPRTase, 0.12 mM-f?P]JATP
phosphorylation reaction was vigorously stirred and main- (32 000 cpm/nmol), 1.2 mM PRPP, and 10.5 mM Mgial
tained at 30°C in a thermostated bath. The reaction was buffer A supplemented with 1 mM DTT. The phosphor-
initiated by the addition of NAPRTase and was quenched ylation reaction was vigorously stirred and maintained at 30
in 1 M NaOH. E%P was isolated by passage of reaction °C in a thermostated bath. A solution containing NA and
mixtures through centrifuge columns packed with Sephadex nonradioactive ATP was added directly to the phosphor-
G50 and equilibrated in buffer A containing 6 M urea. ylation reaction to induce the coupled reaction, yielding final

SDS-PAGE. SDS-PAGE followed methods of Laemmli  concentrations of 1 mg of NAPRTase/mL, 1 mM NA, 10.1
(1970) using the modified loading buffer described by Wright mM [y-32P]ATP (300 cpm/nmol), 1 mM PRPP, and 17 mM
et al. (1993). MgCl, in buffer A supplemented with 1 mM DTT. The

Hydrolysis of E-P. The rate of hydrolysis of E2P was reaction was quenched with 1 M NaOH, and®®-was
measured with phosphorylated NAPRTase made and denaisolated using centrifuge columns packed with Sephadex G50
tured as described above, which was chromatographed on and equilibrated in buffer A containing 6 M urea.
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Identification of PhosphohistidineNAPRTase was phos-
phorylated with §-*?P]JATP as described above and a 100
uL portion was passed through a centrifuge column which
had been equilibrated with a 10 mg/mL solution of synthetic
phosphohistidine (Wei & Matthews, 1991). The eluate was
collected directly in 10@L of 6 N KOH in a 2 mL Sarstedt
polypropylene screw-top tube and incubated at 405n a
thermostated block heater for 5.5 h. The hydrolyzed sample
was brought to pH 10 with perchloric acid, and the precipitate
of KCIO,4 was removed by centrifugation at 14 @0for 3
min. A portion of the supernatant (4.) was applied to a
thin-layer chromatography plate of silica gel. Development
in the first dimension used chloroform:methanol:17% aque-
ous ammonia (2:2:1, v/v). After drying, chromatography in
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Ficure 1: SDS-PAGE of phosphorylated NAPRTase. NAPRTase
was phosphorylated withyf32P]JATP, and the phosphoenzyme was

the second dimension was carried out in 90% aqueouselectrophoresed on SBFAGE as described in Experimental

phenol:water (4:1, v/v) (Hess et al., 1988). To detect amino
acids, plates were sprayed with 0.1% ninhydrin in water-
saturatech-butanol and heated at 10% for 5 min. The

Procedures. A. Phosphorimage of the radioactivity. B. Coomassie
Blue staining of the gel. M, markers.

chromatography plate was then exposed to a Fuiji phospho_c:hromatography gave similar results. To further demonstrate
rimager screen for 37 h, and the screen was developed in 4he_covalent nature of the £P bond, phosphorylated

Fuji BAS 2000 phosphorimager.

Phosphohistidine was synthesized from phosphoramidat
(Wei & Matthews, 1991). The synthetic product is reported
to contain 1- and 3-phosphohistidine (Hess et al., 1988).

Proteolysis. For trypsin digestion, E<P was isolated by
gel filtration in buffer A containing 6 M urea. The solution
was brought to 10 mM Cagland trypsin was added at 1:20
(w:w) with respect to NAPRTase. After incubation for 30
min at 37°C, a second portion of trypsin was added at 1:20
(w:w) and the digestion continued for 30 min. The digested
protein was injected at a flow rate of 1 mL/min onto a Vydac
C18 column (0.46< 25 cm, 218TP54) equilibrated in 0.1%
TFA in water (solvent A), using a Waters 600E controller
and pump system. The peptide separation was performe
by applying a 100 mL linear gradient from 0% to 100%
solvent B (0.1% TFA in acetonitrile). The peptides were
detected at 280 nm (not shown) and 215 nm employing a
Waters 490E detector. Where noted, a preliminary purifica-
tion employed the same column and gradient, but with 0.25
M urea in 50% isopropanol substituted for solvent B.
Fractions containing radioactivity from the preliminary
purification were concentrated under vacuum and rechro-
matographed using the system and conditions originally
described.

For chymotrypsin proteolysis, 2P was isolated in buffer
A containing 3.5 M urea. The solution was brought to 10
mM CaCl, and chymotrypsin was added to NAPRTase at
1:20 (w:w). After a 30 min digestion at 37C, a second
aliquot of chymotrypsin (1:20, w:w) was added and digestion
continued for 30 min. Peptides were isolated by HPLC using
the system and conditions described above.

The purified peptides were applied to a Porton 2090
sequencer interfaced with a Hewlett Packard 1090A HPLC
for PTH—amino acid identification. The results were
analyzed manually or by Porton chromatography software.

RESULTS

Covalent Phosphorylation of NAPRTas&/hen NAPRTase
was incubated with)[-*2P]JATP and the mixture was sub-
jected to gel filtration chromatography in the presence of 6
M urea, radioactivity was found associated with the protein.
The presence of 6 M guanidine-HCI or 0.1% SDS during

NAPRTase was subjected to SBBAGE. The autoradio-

cgram and the Coomassie Blue staining (Figure 1) indicated

that the radioactivity co-migrated with NAPRTase protein.
The stoichiometry of phosphorylation was typically 0.6
nmol of 3P/nmol of NAPRTase. Stoichiometry values
remained unchanged for ATP concentrations ranging from
100uM to 1 mM. Stoichiometry values were determined
with four batches of NAPRTase and did not vary signifi-
cantly. PRPP is known to inhibit the low intrinsic ATPase
activity of NAPRTase (Vinitsky & Grubmeyer, 1993), and
omission of PRPP from phosphorylation mixtures decreased
stoichiometry values to 0.2 nmol &P/nmol of NAPRTase.
The apparent stoichiometry of phosphorylation was sensitive

0{0 the age of high specific radioactivity (3000 Ci/mmol)

y-3?P]JATP purchased from NEN DuPont. Experiments
using fresh NEN $-32P]ATP yielded stoichiometries of 0.6
nmol of *2P]/nmol of NAPRTase. However, in subsequent
experiments using the same product, the stoichiometry
declined continuously. This decline, similar to that noted
by others (Wolodko et al., 1994), was not observed when
we used lower specific activityyF32P]ATP.

To address the possibility of enzyme dimerization and half-
site reactivity, we performed size exclusion chromatography
(Superdex-75, 1.6« 60 cm) on NARPRTase both in the
presence and absense of M§TP. The elution volume of
NAPRTase in conditions known to result in phosphorylation
of the enzyme was unchanged and remained consistent with
a monomeric aggregation state.

Rate of Phosphorylation. Reported k.;: values for
NAPRTase range from 2 to 3%5(Vinitsky & Grubmeyer,
1993) and require rapid phosphorylation of the enzyme. The
rate of phosphorylation of NAPRTase was analyzed by
mixing purified enzyme with)}-*2P]JATP and quenching the
reaction at various times with 1 M NaOH (Figure 2).
Phosphorylation was 95% complete in 2 s, the shortest time
obtainable.

E-P Stability under Natie Conditions. The rate of native
E-*?P hydrolysis was investigated at 3T in buffer A
supplemented with 1 mM PRPP. The hydrolysis followed
first-order kinetics with a rate constar,) of 0.068 mir*
in buffer containing 1 mM EDTA. Replacement of EDTA
with 5 mM MgSQ, increasedknyq to 0.18 min! (data not
shown).
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FiGURe 2: Rates of phosphorylation and 38R hydrolysis of
NAPRTase. The rate of phosphorylation of NAPRTase (solid

squares) was investigated by adding NAPRTase to the phospho-

rylation reaction described in Experimental Procedures and then
guenching the reaction in 1 M NaOH. Native*# hydrolysis was
monitored by phosphorylating NAPRTase for 70 s, as above, and
then, at the arrow, the reactions were supplemented with nonra-
dioactive ATP (solid circles) or NA plus nonradioactive ATP (solid
triangles) and finally quenching the reaction in 1 M NaOH.

When NAPRTase was phosphorylated with3fP]JATP
in the presence of PRPP and Mgand the phosphorylation
reaction mixed with NA and a 100-fold excess of nonradio-
active ATP, conditions favoring the forward coupled reaction,
only 1% of the®?P initially incorporated remained associated
with NAPRTase after 3 s, the earliest time point obtained
(Figure 2). This loss of 99% of the covalently associated
82p within 3 s yields a minimum rate of hydrolysis of 1.5
s1, close to thek.,: of 2—3 s The 1% of the original
radioactivity which remained associated with the enzyme
after addition of NA and nonradioactive ATP represents
NAPRTase which was re-phosphorylated with*fP]JATP
that had been isotopically diluted 100-fold. When NA was
omitted from the cold chase, and only the 100-fold excess
of nonradioactive ATP was added,3tR hydrolysis was at
least 200-fold slower at a rate of 0.46 mina value slightly
greater tharkn,q of native ES2P. The ability of NAPRTase
substrates to stimulate rapid and complete hydrolysis BPE-
demonstrates that &P is an enzymatic intermediate and
not an artifact of nonspecific phosphorylation.

E-P Hydrolysis under Denaturing ConditionsE-*?P
hydrolysis was investigated at pH 8.3 in buffer A containing
6 M urea. The hydrolysis followed first-order kinetics with
a rate constantkf,q) of 0.0042 min?, approximately 16-
fold slower than the rate for the native form of E-P. The
denaturing conditions allowed sufficient time to investigate
the chemical stability of the E2P bond.

Gross et al.
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Ficure 3: pH effects on B?P hydrolysis. The rate of EP
hydrolysis kn.q) Was determined under denaturing conditions at
the indicated pH values, as described in Experimental Procedures.

Table 1. Chemically Catalyzed P Hydrolysis

ko for reaction (Mt min™?)

hydroxylamine  pyridine  molecular iodine
NAPRTase 0.54 0.45 0
thiol phosphat® 170
acyl phosphate 42 0.046
phosphohistidine 0.50 0.25
phosphoramidate 0.8 0.7

a\Wo et al. (1992)° Di Sabato and Jencks (196%)Spronk et al.
(1976).9 Jencks and Gilchrist (1965).

the 1¢z)-phosphohistidine in the histidine-containing phos-
phocarrier protein (Rajagopal et al., 1994). The relationship
of the ES?P hydrolysis rate with pH is nearly identical to
that reported for 1-phosphohistidine, both in profile and rate,
and is distinct from that of 3§-phosphohistidine (Hultquist,
1968).

The behavior of E2P in the presence of chemical catalysts
was used to discriminate phosphoramidate, acyl phosphate,
and thiol phosphate chemistries for*f2. For these reac-
tions, k,, a second-order rate constant for the catalyzed
hydrolysis,

ko[catalyst] .
- E + P1i

E-P

Chemical Stability of E-P.Phosphoenzymes containing Was defined and measured as described by Spronk et al.
phosphoester, phosphoramidate, thiol phosphate, or anhydridé1976).

linkages can be differentiatied by their chemical stabilities
(Wo et al., 1992). Denatured P was incubated at pH
values of 2, 3.5, 6.1, 8.3, 10.0, and 13.2. T vs pH

plot (Figure 3) was complex and showed that’E-was
rapidly hydrolyzed at pH 2. At pH 3.5 and 6.1 the rate of
hydrolysis was relatively constant, and above pH 8.3%FE-
was stable. The base stability and acid lability of%E-
definitively exclude phosphoester chemistry at serine, threo-

The k, values for the hydrolysis of phosphorylated
NAPRTase in hydroxylamine, pyridine, and molecular iodine
(Table 1) were quite distinct from those of acyl phosphates
(Di Sabato & Jencks, 1961) and thiol phosphates [see Table
2 in Wo et al. (1992)] and served to exclude these types of
chemistry for the linkage in E2P.

Alkaline Hydrolysis of NAPRTaseéE-3?P was treated with
3 N KOH for 5.5 h at 105°C, the partially neutralized

nine, or tyrosine (Wo et al., 1992). Analysis of these hydrolysate was analyzed by two-dimensional thin-layer
hydrolysis data using programs of Cleland (1979) suggestedchromatography as described (see Experimental Procedures),
a pK, of 7.75, similar to the | value of 7 reported for and the results were compared with chromatograms of
imidazole phosphate by Jencks and Gilchrist (1965) and synthetic phosphohistidine (Figure 4). The latter product
identical to the K value of 7.8, determined by NMR, for  contains three ninhydrin-positive compounds, one of which
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O Histidine A Peaks 38, 39 & 40
o Sequence
Peak 31-LALTPM
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Ficure 4. Two-dimensional TLC of alkaline-hydrolyzed ¥P.
Alkaline-hydrolyzed E¥®?P was chromatographed on silica plates
as described in Experimental Procedures. An autoradiogram is
shown with dotted lines demarcating ninhydrin-positive areas.

Dimensions 1 and 2 are identified. /
co-chromatographs with histidine, and the other two of which
are ascribed to 1- and 3-phosphohistidine (Hess et al., 1988;

Jin et al., 1990). This identification was also validated by
the kinetics of the appearance of the two products during

our synthetic reaction. 1-Phosphohistidine is transiently ﬂ

formed during the first 2 h of the reaction, while 3-phos- v — ko T T
phohistidine predominates at later reaction times (Wei & 20 30 40 060
Matthews, 1991), corresponding to the observed appearance Retention time (min)

of the two spots. In chromatograms of base-hydrolyZed FiGUre 5: Proteolytic digests of B2P. E#?P was digested with

NAPRTase two major radioactive products were observed, TYPSin (A) or chymotrypsin (B) as described in Experimental

. . . . Procedures. Peptides were separated by reverse phase HPLC,
2
one of which migrated with aR similar to that OE P, and monitoring the absorbance at 215 nm. Radioactive peptides were
a second with arRs identical to that of synthetic 1-phos-  supjected to automated peptide sequencing.

phohistidine (Figure 4). Phosphoarginine does not survive ) )
hydrolysis in hot alkali (Fujitaki & Smith, 1984), ruling out ~ Primary structure by degrading &P with proteases, separat-
this linkage as a potential intermediate in the reaction. ~ ing the peptides by reverse phase HPLC, and sequencing
The spot assigned to 1-phosphohistidine consisted of threethose peptides which contained radioactivity. The elution
lobes. That in the lower right contained 58% of the Profile of trypsin-proteolyzed E2P is shown in Figure 5A,
radioactivity in this area of the plate, was ninhydrin-positive, With the radioactivity in each peak shown under a trace of
and represents 1-phosphohistidine. The smear to the leftAzisnm Peaks 30 and 31 contained the highest levels of
contained 19% of the radioactivity in this area, was ninhy- radioactivity and appeared well resolved by absorbance at
drin-negative' migra‘[ed at tth for Pi: and representsi P 215 and 280 nm. Peaks 380 were the Only other regi0n$
from hydrolysis of 1-phosphohistidine during chromatogra- ©f the chromatogram found to contain significant radioactiv-
phy in the second dimension. (A ninhydrin-positive smear ity; however, none of these peaks demonstrated significant
to the right of the 1-phosphobhistidine spot represents free @bsorbance at 215 or 280 nm.
histidine released in this hydrolysis). The lobe above that The peptides in both peaks 30 and 31 were sequenced by
for 1-phosphohistidine was ninhydrin-negative and contained automated Edman degradation. The peptide in peak 30 was
23% of the®2P in this area. It may representN-[32P]- sequenced for 20 cycles and gave the sequence XLALTP-
phosphohistidine originating from an intramolecular transfer MGTQAHEWFQAHQQ, in which X represents an unidenti-
during alkaline hydrolysis or chromatography. Transfer from fied amino acid. The peptide in peak 31 was sequenced for
the 1-isomer of phosphohistidine to the 3-isomer and the 6 cycles and gave the sequence LALTPM. The sequences
e-amino group of lysine is facile under these conditions from the peptides found in peaks 30 and 31 thus differ only
(Walinder, 1968). In conclusion, pH profiles, chemical atthe amino terminus and correspond to the following region
stability, and chromatographic identification all demonstrate Of S. typhimuriumNAPRTase (with the sequenced region
that the phosphorylated residue in NAPRTase is a 1-phos-in bold face type):
phohistidine. i i
Localization of the Phosphorylated Residu€he phos- 207 FRLALTPMGTQAHEWFQAHQQ ISPDLATSQR-237
phorylated residue of NAPRTase was localized in the Slow digestion of the Arg-208 to Leu-209 bond following

A215(—)

(sieq uado ‘wdo) AjApoeoipey
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Table 2: Amino Acid Sequences Surrounding Some Known Phosphohistidines

NAPRTase (S. typhimurium) A-L~T-P-M-G~T-Q-A-H-E-W-F-Q-A-H-Q-Q-I-§
VirA (Agrobacterium tumefaciens)? v-G-T-L-A-G-G-I-A-H-E~F~-N-N~I~L-G-A~-I~L
NtrB (E. coli)b A-R-D-L-V-R-G~-L-A-H-E-I~K~N~P-L~G-G-L-R
Envz (E. coli)c R-T-L-L-M~A-G-V-S~-H-D-L-R-T-P-L-T-R-I-R
HPr (S. typhimurium)d V-T-I-T-A~P-N-G-L-H-T-R-P-A-A-Q-F-V-K-E
IITLAC (Staphylococcus aureus)® §$~V-T-M-M-H~-G-Q~-D-H-L-M-T-T-I-L~L~-K
EIImtl (E. coli)f Y-L-G-E-$-I~A~V-P-H-G~T-V-E-A-K

CheA (E. coli)d Q-L-N-A-I-F-R-A-A-H~-S-I-K-G~-G-A-G-T-F-G
Histone H4 (calf thymus)h I-R-D-A-V-T-Y-T-E-H~A-K-R-K-T-V-T-A-M-D
Succinyl-CoA synthetase (E. coli)tl T~-A-P-K-G-K~R-M~-G-H-A-G~A-I-I1-A-G-G-K-G
Nucleoside diphosphate kinase (human RBC)3 C-I-Q-V-G-R-N-I-I-H-G-S-D-$-V-E-S-A-E-K
Bisphosphoglycerate mutase (human RBC)k 5-K-Y-K-L-I-M-L-R-H-G-E-G-A-W-N-K-E-N-R
Phosphoglycerate mutase (yeast)! P-K-L-V-L-V-R-H-G-Q-S-E-W-N-E-K-N-L
Pyruvate, phosphate dikinase G-G-M-T-S~-H-A-A-V-V-A-R

(Bacteroides symbiosus)m

aJin et al. (1990)° Ninfa and Bennett (1991).Roberts et al. (1994} Weigel et al. (1982)¢ Deutscher et al. (1982)Pas and Robillard (1988).

9 Hess et al. (1988): Heubner and Matthews (1985)Wang et al. (1972). Gilles et al. (1991)k Hass et al. (1980).Han and Rose (1979). Goss
et al. (1980).

cleavage at Arg-207 (Juhl & Soderling, 1983) is the likely represents residues 210 to 221 of NAPRTase. This peptide
reason for the incomplete proteolysis at Arg-208. The only includes His-219 but not His-225, clearly stopping at Trp-
candidate phosphoramidates present in the tryptic peptide221, an excellent chymotryptic site. The vyield of P¥H
Leu-209 to Arg-237 are the two histidine residues, His-219 alanine in cycle one, 196 pmol, represented 20% of the
and His-225, although it was not clear which was the site of theoretical maximum. The second peptide, which was less
NAPRTase phosphorylation. abundant, represents residues 352 to 358 of the NAPRTase

Peaks 3840 always appeared as minor peptide compo- sequence. Although quantitation was difficult, 28 pmol of
nents based omisnm but their 32P content was highly PTH—valine were observed in cycle 3. Peaks 10 and 36
variable, in several runs containing méfe than peaks 30  were sequenced for 6 and 11 cycles, respectively, and each
and 31. Amino acid sequencing of the material in these peak yielded a mixture of amino acids at each cycle. The
peaks demonstrated low levels of several amino acids at eactsequence VFSDNLDLPKA, observed in peak 36, corre-
cycle, and attempts to repurify this material resulted in all sponds to residues 31320 of NAPRTase and was the only
radioactivity behaving a¥P. We reasoned that these peaks sequence from either peak which could be ascribed to any
might represent products 8P migration during chroma- region of the protein. Peak 54 eluted late in the gradient
tography, and modified the purification protocol. When and was poorly resolved, containing undigested and partially
tryptic peptides from EB2P were prepurified on a urea- digested protein. No radioactivity was associated with the
containing gradient (Experimental Procedures), only a single PTH amino acids during any of the cycles of Edman
32p_containing peak was isolated, and subsequent purificationdegradation. This was not unexpected as the E-P bond is
by the original method gave a single peak of radioactivity. acid labile and would be rapidly hydrolyzed in trifluoroacetic
Edman degradation for 15 cycles gave the single sequenceacid. Hydrolysis of E-P during sequencing would then allow
RLALTPMGTQAHXWEF, in agreement with the tryptic identification of unmodified histidine residues.
peptide Arg-208 to Arg-237 which was isolated previously.

E-32P digested with chymotrypsin and purified by reverse DISCUSSION
phase HPLC (Figure 5B) produced foisnmpeaks which The work reported here unambiguously identifies His-219
contained radioactivity: 10, 33, 36, and 54. Of the total of S. typhimuriumNAPRTase as the site of covalent
radioactivity applied to the column, 68% eluted &PJP, phosphorylation by ATP during enzymatic turnover. First,
19% was found in portions of the gradient that did not the covalent nature of the linkage was established with
contain Axisnm peaks, with the remaining 13% distributed chromatography and electrophoresis under denaturing condi-
amongA,isnm peaks. Peaks 10, 33, and 36 were analyzed tions. The pH and chemical stability of the linkage were
by automated Edman degradation. Peak 33 contained thehose of a phosphoramidate and clearly excluded phopho-
most radioactivity (3% of that applied) and was sequenced esters, acyl phosphates, or thiol phosphates. Use of two-
for 13 cycles, failing to give sequence after cycle 12. Two dimensional thin-layer chromatography allowed identification
peptides could be identified in the Edman degradation: of histidine as the phosphorylated residue. Finally, on
ALTPMGTQAHEW and NIVIXLV. The first peptide sequencing of phosphorylated tryptic or chymotryptic pep-
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tides, His-219 was the only histidine residue that was presentsynthesis reaction catalyzed by tBetyphimuriumenzyme,
on all sequenced peptides. A covalently phosphorylated form perturbing the steady state ratio of products to substrates by
of NAPRTase was proposed earlier. Kosaka et al. (1976) 1000-fold. The present work establishes that ATP use
observed that radioactivity fromy[32P]JATP remained as-  provides an intermediate in the reaction pathway and,
sociated with the enzyme during gel filtration in non- together with studies of the partial proteolysis of NAPRTase
denaturing buffer, and several workers (Kosaka et al., 1971; (Rajavel et al., accompanying paper), the structural data
Hanna et al., 1983) observed ATP/ADP exchanges, mostlinking ATP hydrolysis to NAMN synthesis, showing that
readily explained by a covalent E-P. Vinitsky and Grub- ATP binding and hydrolysis drive a series of chemical and
meyer (1993) reported that radioactivity from-f?PJATP conformational events that result in energy capture. The
remained associated with NAPRTase after gel filtration molecular details of ATP use by NAPRTase are likely to
chromatography in SDS, but they did not further characterize provide insight into the basic process of enzymatic energy
the postulated E-P. coupling.

The reproducible stoichiometry of phosphorylation of
NAPRTase, 0.6 nmol offP}/nmol of NAPRTase, was lower ACKNOWLEDGMENT
than the unit valu_e expecte_d from th\_’-) monom_eric enzyme. \ye thank Barbara Stitt for the gifts of F2PJATP.
Several factors might contribute to this non-unit stoichiom-
etry. First, it may be that the enzyme as isolated is not fully REFERENCES
active. However, although the NAMN synthesis activity of ) _
NAPRTase does decrease on storage, the ATP/ADP ex-A”g%rls%‘He%{ \gvfé%%"zs'\'_'%gggd'g' W., & Roseman, S. (1931)
change activities and stoichiometry of phosphorylation cjejand, w. W. (1979Methods Enzymol. 6303-138.
remain relatively constant (unpublished). A second explana- peutscher, J., Beyreuther, K., Sobek, H. M. '8 K., &
tion comes from the hydrolytic instability of the native’tR. Hengstenberg, W. (198Biochemistry 214867-4873.
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ichiometries of phosphorylation. Chem. 2668784-8789.
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