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ABSTRACT:. Aminoimidazole ribonucleotide (AIR) synthetase (PurM) catalyzes the conversion of formyl-
glycinamide ribonucleotide (FGAM) and ATP to AIR, ADP, ang the fifth step in de novo purine
biosynthesis. The ATP binding domain of tEe coli enzyme has been investigated using the affinity
label [4C]-p-fluorosulfonylbenzoyl adenosine (FSBA). This compound results in time-dependent
inactivation of the enzyme which is accelerated by the presence of FGAM, and dies 25 M and

a kinact = 5.6 x 1072 min~1. The inactivation is inhibited by ADP and is stoichiometric with respect to
AIR synthetase. After trypsin digestion of the labeled enzyme, a single labeled peptide has been isolated,
I-X-G-V-V-K, where X is Lys27 modified by FSBA. Site-directed mutants of AIR synthetase were prepared

in which this Lys27 was replaced with a GIn, a Leu, and an Arg and the kinetic parameters of the mutant
proteins were measured. All three mutants gkyg similar to the wild-type enzyme ariths for ATP

less than that determined for the wild-type enzyme. Efforts to inactivate the chicken liver trifunctional
AIR synthetase with FSBA were unsuccessful, despite the presence of a Lys27 equivalent. The role of
Lys27 in ATP binding appears to be associated with the methylene linker rather tkaaniisio group.

The specific labeling of the active site by FSBA has helped to define the active site in the recently
determined structure of AIR synthetase [Li, C., Kappock, T. J., Stubbe, J., Weaver, T. M., and Ealick, S.
E. (1999)Structure(in press)], and suggests additional flexibility in the ATP binding region.

Aminoimidazole ribonucleotide (AIRsynthetase (PurM)  phosphate and a proton to generate AMB. (A similar
catalyzes the fifth step of de novo purine biosynthesis: mechanism, using ATP to enhance the dehydration of
conversion of ATP and formylglycinamide ribonucleotide amides, has been proposed for FGAM synthetase (PajL) (
(FGAM) to AIR, ADP, and P (eq 1). The mechanism has the fourth step in purine biosynthesis, and for cytidine

o triphosphate (CTP) synthetase, a key enzyme in pyrimidine

HN)LH biosynthesisJ). The structure of th&scherichia coliAIR
He hetase in the absence of ligands has recently been solved
FGAM H = synthe 9 y een s
o NﬁN)H AlR synihetase AIR ° b” (PDB id 1CLI) and represents a new class of ATP binding
04P0 . ﬁgz\ =03PO/\$_?<H (@) protein @). Our recent sequence alignments between PurMs
wd b ATP K AE,;’ wd  bw and a subclass of the PurLs suggest that they may belong to

a new superfamily of ATP-requiring enzymes catalyzing
been proposed to involve an O-phosphorylated amide similar chemical reactions. This paper describes our efforts,
intermediate, which after attack by the N1 of the amidine of using affinity labeling and site-directed mutagenesis, to define
FGAM forms a five-membered ring that can lose both the ATP binding domain oE. coli AIR synthetase. Identi-
fication of a single labeled peptide provides a starting point
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stubbe@mit.edu or see3@cornell.edu. and used to identify residues W|th|q ATP binding domains
¥ Massachusetts Institute Technology. (5, 6). Fluorosulfonylbenzoyl adenosine (FSBA, Chart 1) can
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1 Abbreviations: AIR, aminoimidazole ribonucleotide; FGAM, dducts of differi hemical stability. H v in th
formylglycinamide ribonucleotide; AIR synthetase, PurM: FGAM adducts of differing chemical stability. However, only in the

synthetase, Purl; FSBA, fluorosulfonylbenzoyl adenosine; LDH, lactate case of Lys ) and Tyr @) have the adducts of FSBA been
dehydrogenase; PK, pyruvate kinase; PEP, phosphoenolpyruvateisufficiently stable to allow isolation and identification of

NADH, reduced3-nicotinamide adenine dinucleotide phosphate; BSA, s ; e ; ; ;
bovine serum albumin: ATP, adenosirietiphosphate: DTT, dithio- modified peptides. Other nucleophilic amino acid residues

threitol; SDS-PAGE, sodium dodecyl sulfatgolyacrylamide gel ~ (Arg, His, Cys, and Ser) have been implicated in reaction
electrophoresis; PTH, phenylthiohydantoin; TAE, Figetate EDTA; with FSBA based on chemical reactivity studies, but the

TBE, Tris—borate EDTA; TFA, trifluoroacetic acid; TE®AC, tri- — aqducts have not been isolabl@—12). FSBA has thus
ethylammonium acetate; IPTG, isoprogib-thiogalactopyranoside;

ss DNA, single-stranded DNA; ds DNA, double-stranded DNA; wt, Proven itself to be a useful reagent in the identification of a
wild-type; nd, not determined. variety of amino acids implicated in ATP binding.

10.1021/bi990638r CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/13/1999



9832 Biochemistry, Vol. 38, No. 31, 1999 Mueller et al.

Chart 1 Louise Thomas of Seattle Biomedical Research Institute,
NHa Seattle, WA.
R FSBA \ General Methods Sodium dodecyl sulfatepolyacryl-
s A ~N amide gel electrophoresis (SB8AGE) samples were
4 < | /) prepared and run as described by Laemnd#)(and
0 0 N N developed using the alternate fix and staining technique

described by Coope§). Protein assays were accomplished
using the method of Lowry et al26) with BSA [ex79 =

HO OH 0.667 mL mg?! cm™* (27)] as a standard. Protein sequencing
) - _ _ ) o ~was effected using an Applied Biosystems Model 477 protein

Labeling of specific amino acids with an affinity label is sequencer with an on-line Model 120 PTH amino acid
not qlways an indipation that these residues are required fOfanaIyzer by the MIT Biopolymers Lab. Small-scate10
binding or catalysis. Numerous examples show the impor- 1g) plasmid preparations were accomplished using the Magic
tance of confirming the proposed role of amino acids throu_gh Miniprep system from Promega, and larger scale plasmid
the use of a complementary methodology such as site-jsplation was effected using the Maxiprep kit from Qiagen.
directed mutagenesidg, 19 or structure determinatiorly,  The DNA of all site-directed mutants prepared in this work
16). ) ) was sequenced using a kit from BRL Life Sciences which

This paper describes the use of FSBIV)as an ATP  employs Sequenase and the dideoxy chain termination
affinity label for E. coli AIR synthetase 1). Enzyme  method p8). Mass spectral analysis was performed on an
inactivation is shown to occur stoichiometrically with specific Applied Biosystems Biopolymer Mass Analyzer, BIO-ION
labeling of a single amino acid residue. The peptide 20 Radioactivity was quantitated using a Packard 1500 Tri-
containing this residue has been isolated and sequencedgarh Scintillation Counter. Purification of short 200 bp)
identifying the modified residue as Lys27. Site-directed oligomers was effected on acrylamide gels in Tii®rate
mutagenesis of this residue has provided further insight into epTA buffer (TBE), whereas larger DNA samples were
the ATP binding site. A comparison between thecoli AIR purified using 1% agarose and Triacetate EDTA (TAE)
synthetase and the trifunctional chicken liver protein contain- pyffer (29). Competent cells were made using the method
ing AIR synthetase using the same approach is describedof Hanahan 29). Activity assays for AIR synthetase, both
(18, 19. This work is complementary to the recent structural Bratton-Marshall and spectrophotometric, were as previ-
determination of AIR synthetase in the absence of any gysly described©). One unit of activity is defined as the
organic ligands4). amount of enzyme needed to formuinol of product in 1

min at 37°C.

MATERIALS AND METHODS Kinetics of AIR Synthetase Inagition by FSBAInactiva-

Materials Sephadex G-25 and G-50 were obtained from tion reactions were carried out at 28 and contained 50
PharmaciaE. coli lactate dehydrogenase (LDH, 860 units/ mM HEPES (pH 7.7), 3 mM MgGJ 400 mM KClI, 0.14
mg), pyruvate kinase (PK, 470 units/mg), phosphoenolpyru- mM B-FGAM (af mix), 2.7% (v/iv) DMSO, 2.7% (v/v)
vate (PEP), reduceg-nicotinamide adenine dinucleotide ethanol, and 0.3 unit of AIR synthetase in a final volume of
phosphate (NADH), gelatin, bovine serum albumin (fraction 100 uL. FSBA concentrations ranged from 0 to 44M.
V, BSA), FSBA, and adenosing-Fiphosphate (ATP) were ~ Enzyme concentrations were too high to assay from this
purchased from Sigma Chemical Ce-FP]-ATP (6000 Ci/ mixture directly, and so after initiating the reaction with
mmol) and [8}“C]FSBA (55 mCi/mmol) were obtained from  enzyme, 1Q:L aliquots were removed at various times and
New England Nuclear. HPLC reverse-phase C18 columnsdiluted 1:10 into 9Q:L of buffer containing 50 mM HEPES
(4.6 x 250 mm) used in purification of peptides were (pH 7.7), 3 mM MgC}, and 400 mM KCI. From this diluted
purchased from Vydac. Dithiothreitol (DTT) was purchased sample, exactly 30 s after removing the enzyme from the
from Amresco (Solon, OH). S¢intA scintillation fluid was inactivation mixture, a 1@L aliquot was used to initiate an
purchased from Packard. The synthesis of FGAM, as a 40:activity assay (BrattorMarshall procedure)1©). Inactiva-
60 a/p mixture, was accomplished as described by Mueller tion studies were also carried out (separately) with either
(20). FGAM is a mixture of anomers, and concentrations the omission or the addition of FGAM or ADP, respectively,
are given for thg8 anomer. Taq polymerase was from Perkin- to the inactivation mixture.
Elmer. T4 DNA ligase was purchased from BRL. All Analysis of the inactivation data was performed using eq
restriction enzymes as well &tindlll- and BstlI-digested 2 (30), whereE is enzyme activity at timeandEg represents
A DNA molecular weight standards were purchased from the activity at time zero. Data from multiple inactivation
New England Biolabs. Oligonucleotides for sequencing and experiments were fit to eq 3, to determiig the dissociation
site-directed mutagenesis were obtained from the MIT constant for binding of FSBA to AIR synthetase, dadthe
Biopolymers Lab. Mermaid, glass beads for purification of rate constant for inactivation.

oligomers<200 bp, was purchased from American Bioana- E Kobs

lytical. USBioclean, glass beads for purification of DNA |09(E0) = —(2 303) x t (2)
>200 bp, was purchased from the United States Biochemical '

Corp.E. colistrain TX635 (FlacZ* cI857), which contains 1 K\(1 1

an episome-borne temperature-sensitiveepressor Z1), — = (—')(—) + = 3)
pJS119, a plasmid containing purM under the control of a Kobs  \Ko/\! K,

ApL promoter 22), and TX393 fra A (lac) purM srlC300:: Stability of FSBA Samples of FSBA (2.4 mM) were

Tn10 recA56] (23) were gifts from Dr. John Smith and prepared in RO and contained 10% (v/v) DMS@; 9 mM
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EDTA, and 90 mM potassium phosphate (pH 6, 7, or 8) in
a final volume of 60QuL and kept at 4°C. NMR spectra
were taken periodically ovea 3 week period. Control
experiments were carried out in which adenosine (2.5 mM)
replaced FSBA. The pD values of the solutions were
redetermined at the end of each experiment.

Stoichiometry of Inactiation by FSBAInactivation mix-
tures contained in a final volume of 18Q the following:
50 mM HEPES (pH 7.7), 3 mM Mgg| 400 mM KCI, 0.29
mM S-FGAM, 1.5 mg (specific activity 3.3 units/mg) of AIR
synthetase, and either 0 or 0.23 mM FSBA. Afee3 h
incubation at 15C, samples were loaded onto a Sephadex
G-50 column (0.75x 20 cm) equilibrated in 50 mM
potassium phosphate (pH 6.5). Fractions of 0.5 mL were
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formed to ensure the filters used above did not caddtGe
guenching.

Isolation of E. coli AIR SynthetaséSBA-Labeled Pep-
tide. All yields in this section refer to the overall yield, and
are normalized to the amount of protein (110 nmol) in the
original inactivation. A reaction mixture identical to that
previously described but containing 6781 [*“C]FSBA
(specific activity 2.7x 10° cpmjumol), 550uM [-FGAM,

5% (v/v) DMSO, 10% (v/v) ethanol, and 4.2 mg (110 nmol)
of AIR synthetase was incubated at 3D in a final volume

of 220 uL. The reaction, initiated by addition of enzyme,
was allowed to proceed for 3.5 h. The entire mixture was
then loaded onto a Sephadex G-50 column (G<780 cm)

in 50 mM HEPES (pH 7.5) at 4C and eluted with the same

collected, and the fraction containing the protein was assayedPuffer. Fractions (30@L) were collected, and those contain-

for activity (Bratton—Marshall) and the protein concentration

ing protein were pooled. Solid guanidine hydrochloride and

was determined (Lowry). Difference spectra were recorded Stock solutions of HEPES, EDTA, and DTT were added to

using the control sample (0 mM FSBA) as a reference, with

care being taken to ensure that the protein concentrationst

were equal in sample and reference cuvettes. é&hgefor
FSBA used was 15800 M cm™ (17).

Alternately, [“C]JFSBA was employed to measure the
stoichiometry of inactivation. A typical reaction mixture
contained 44M S-FGAM, 440uM [8-“C]FSBA (specific
activity 1.1 x 10° cpmjumol), and 2.1 mg of AIR synthetase
in a final volume of 20QuL. Aliquots of 20uL were removed

this mixture, and the solution was adjusted to pH 7.5 using
M NaOH. The mixture contained, in a final volume of 1.2
mL, 5.4 M guanidine hydrochloride, 100 mM HEPES (pH
7.5), 10 mM EDTA,~90 uM protein, and 1 mM DTT.
Reduction of the disulfide bonds was accomplished by
incubating this reaction mixture at 25C for 30 min.
lodoacetic acid was then added to give a final concentration
of 5 mM. The reaction vessel was wrapped in foil and
incubated at 25C for 3 h, after which the solution was
loaded onto a Sephadex G-50 column (k5.8 cm) at 4

at 0, 5, 10, 25, 45, 90, 120, and 180 min and placed on o¢ i, 100 mM sodium phosphate (pH 7.0) and eluted with

separate Sephadex G-50 columns (0<757 cm) equilibrated
with 100 mM sodium phosphate (pH 7.0). Fractions of 0.5
mL were collected, and the fractions containing the protein
were pooled and assayed for activity. The amount of
radiolabel was quantitated by scintillation counting.

Stability of the E. coli AIR SynthetasESBA AdductA
reaction mixture contained in a final volume of 400 50
mM HEPES (pH 7.7), 3 mM MgGJ 400 mM KCI, 570uM
[*C]FSBA (specific activity 3.1x 10° cpmjzmol), 550uM
B-FGAM, 4.3 mg of AIR synthetase (specific activity 3.3
units/mg), and 15% (v/v) DMSO. The mixture was prein-
cubated at 25C and the reaction initiated by addition of
enzyme. Aliquots of 1L were removed at 2, 21, 60, and

the same buffer. Fractions (0.5 mL) were collected and
analyzed forA,go and radioactivity by scintillation counting.
Fractions containing protein were pooled (5 mL), and the
protein concentration was determin&sb). The recovery of
protein through the inactivation and carboxymethylation steps
was 52% (58 nmol). Trypsin (2.2L of 10 mg/mL, 580
pmol) was added to this sample containing inactivated AIR
synthetase. Afte6 h at 37°C, conditions determined by
control experiments to give complete digestion, the reaction
mixture was frozen in liquid Nand stored at-80 °C.

The proteolyzedfCJAIR synthetase was purified using
a Vydac C18 analytical column (4% 250 mm) equilibrated
in 0.1% (v/v) TFA in water (solvent A), and eluted with an

180 min and loaded onto separate columns of Sephadex G-5Qncreasing 0.1% (v/v) TFA in acetonitrile gradientQ]-

(0.75 x 10 cm) at 4°C equilibrated in 100 mM sodium
phosphate (pH 6.5). Fractions of300 uL were collected.

Adduct (9 nmol) in 1 mL was injected onto the column which
was eluted at 1 mL/min. One minute fractions were collected.

The fractions containing protein were pooled and assayedA single radioactive peak eluted at 37% (v/v) acetonitrile

for activity. At 4.5 h, the time calculated to give 99%
inactivation, four 85:L aliquots of this inactivation mixture
were loaded onto separate Sephadex G-50 columns £0.75
20 cm) at 4°C, equilibrated in 0.1% (v/v) trifluoroacetic
acid (TFA), 50 mM triethylammonium acetate (TEDAC)

(pH 6.0), 100 mM sodium phosphate (pH 7.0), and 50 mM
HEPES (pH 7.5), respectively. Fractions of 0.5 mL were
collected, and the fractions containing protein were pooled.
The samples containing proteti®SBA adducts in TEA

using a linear gradient of-060% acetonitrile/0.1% TFA over

75 min (Figure 1). Fractions containing radioactivity from
all five injections were pooled and concentrated in vacuo,
but not to dryness, to a final volume of 980. Radioactivity
recovered through this step was 25% (30 nmol) of the initial
adduct. The JCladduct was then rechromatographed in a
second solvent system using 20 mM sodium phosphate (pH
7.0) as solvent A and 70% GHEN in 20 mM sodium
phosphate (pH 7.0) as solvent B. Each injection contained

OAc, sodium phosphate, and HEPES buffers were incubated15 nmol of adduct in 50@L, and a single radioactive peak

at 25°C, while the sample in TFA was incubated at@.
At various times (every-12 h over 96 h), a 100L aliquot

was isolated at 39 min using 30% B in an isocratic elution
(Figure 1, inset). Fractions containing radioactivity were

was removed from each sample, placed onto a Centriconpooled and concentrated in vacuo to 3&80(notto dryness).

containing a 10 000 molecular weight cutoff filter (Ultrafree
MC), and spun at 20@Dfor 60 min. The radioactivity in

the filtrate and that retained on the filter were quantitated
by scintillation counting. Control experiments were per-

Quantitation revealed that the overall yield of radioactivity
through this second isolation was 17% (19 nmol). This
material was then desalted using the TFA system described
above. Again, a single peak eluted at 38% acetonitrile/0.1%
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Ficure 1: Isolation of a FSBA-AIR synthetase adduct using

Vydac C18 reverse phase HPLC and aqueous TFA in an acetonitrile

gradient. Thely,, profile of the initial purification (solid line) with
the elution gradient is indicated on the axis at the left (etaddt
line). The radioactive profile of fractions eluted from the column

Mueller et al.
Table 1: Primers Used in Mutagenésis
primer sequence (5~ 3)
L GCC TAG GAT TCT TCC AAC CAG
Q GCC TTG GAT TCT TCC AAC CAG
R GCC TCT GAT TCT TCC AAC CAG

aUnderlined regions identify mutated codons.

purified on 1% agarose. This DNA was ligated with the 3
kb gel-purified fragment fronEcaRI/BanHI-digested pJS119,
using a insert:vector ratio of {35):1 (~600 ng of vector
DNA). Ligation mixtures were used to transform either
coli strain TX635 or TX393. Transformants were selected
on LB media with 5Qug/mL ampicillin, and a small number
of the resulting>100 colonies were analyzed using restriction
analysis and subsequent DNA sequencing of the epuirgl

(O, dotted line) is given by the axis on the right. Inset: Reisolation gene. All transformants sequenced contained the expected

of a FSBA-AIR synthetase adduct using Vydac C18 reverse phase
HPLC and sodium phosphate in an acetonitrile gradient. Appropriate

fractions from the purification shown in the main figure were

base changes.
Defining Growth Conditions for TX635/pJS119 K27X

rechromatographed using an isocratic gradient of 30% B (see textMutants. To optimize the growth conditions for pJS119

for buffer compositions) at a flow rate of 1 mL/min. Fractions were

[containing wild type (wt) and mutants] i&. coli strain

collected every 30 s, and an aliquot of each was quantitated by TX635, the bacteria were grown in LB media at 30.

scintillation counting.

Aliquots were removed just before heat induction to°42

TFA, and fractions containing radioactivity were pooled and @nd then at 1, 2, 3, a4 h after induction. Each sample

concentrated to 520L in vacuo (againnotto dryness). The
adduct was isolated in a final yield of 14% (15 nmol). This

was spun for 1 min in an Epifuge at°€, the supernatant
was removed, and the pellet was quick-frozen in liquid

sample was submitted for Edman degradation and masghitrogen. Each sample was then resuspended in 10 mM Tris-

spectral analysis.

Analysis of the Interaction of Chickerver AIR Synthetase
(purDMN) with FSBAIncubation mixtures contained 50 mM
HEPES (pH 7.7), 20 mM MgGJ 200 mM KCI, 9% (v/v)
DMSO, 0.1 mMB-FGAM, 1.3 x 10 2 unit of AIR synthetase
(specific activity 0.45 unit/mg), and either 1M, 0.1 mM,
or 1 mM FSBA in a final volume of 5&xL. A control reac-

HCI (pH 7.5) such that an aliquot would produce Ay, of
0.075 OD. A 4QuL aliquot of this resuspended sample was
added to 1QuL of 5x Laemmli buffer 4) and placed in a
boiling water bath for 5 min. These samples were then loaded
onto a 10% acrylamide gel and subjected to SIPAGE.

The doubling time of each overproducing strain was 0.9
h, identical to the pJS119 wt strain. Bacteria were induced

tion was identical to that described above except that FSBA in late log phase+0.6-0.8 ODxg by adding an equal

was omitted. Incubations were carried out at’25 and the
reaction was initiated by addition of FSBA. Aliquots were

volume of media at 54C with rapid stirring. The cultures
were transferred to a 42 incubator and allowed to grow

removed at 0.5, 5, 15, 30, and 45 min, and AIR synthetase for another 4 h.

activity was determined using the Brattoklarshall assay
(19). Results were analyzed using eq 2 as above.
Preparation of Site-Directed Mutants of E. coli AIR
SynthetaseMutants were prepared by the method of Taylor
et al. 1), using a kit from Amersham (version 2). M13 ds
DNA was isolated using Magic Minipreps. DNA containing
the purMN gene was isolatedsaa 2 kbfragment from an
Ecarl/BanH!| digest of pJS119, and purified on a 1%

agarose gel before use in subsequent ligations. M13mp18

DNA was likewise digested witkcaRI/BarrHI and purified
on a 1% agarose gel. Ligations were run for 14 h af@5
and contained 60 ng of purMN fragment andi@pof M13-
derived DNA with 1 unit of T4 DNA ligase (BRL) in 10
uL. Transformation of. coli TG1 bacteria29) with 5 uL

Growth of K27X Mutants of AIR Synthetase from TX393/
pJS119Studies in the previous section revealed that mutant
AIR synthetases were expressed constitutively. TX393 strains
were grown at 30C in LB media and were harvested 3 h
after their transition into stationary phase. Cells were
collected by centrifugation (10 min, 276Gt 4 °C), and
stored at—80 °C. Cell paste yields fnm a 1 L culture were
15-284g.

Isolation and Characterization of K27X Mutantsolation
of wt and mutan€. coli AIR synthetases was as described
by Schrimsher et al 1}, except that the final size exclusion
column was omitted. The appareif, arp for each Lys27
mutant AIR synthetase was determined. A typical reaction
mixture contained the following in a final volume of 300

of ligation mixture and growth on media containing isopropyl #L: 50 MM HEPES (pH 7.7), 3 mM MgG] 970 mM KCl,
p-p-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3- 2304M -FGAM, 2 mM PEP, 0.2 mM NADH, 10 unit of

indolyl S-galactoside yielded 10 colorless plaques.
Single-stranded M13mp18 DNA containipgirMN was
isolated by standard procedure®9). Mutagenesis was

accomplished with this ss DNA and the primers L, Q, and
R (Table 1) and the procedure outlined in the Amersham

kit.
The 2 kb DNA fragment of the replicative form of each
mutant was isolated, digested wiltoRl andBanH]I, and

PK, 10 units of LDH, AIR synthetase, and varied amounts
of ADP (0.2-5 x K,). Data were fit to the Michaelis
Menten equation using the programs of Clela88)(

RESULTS

Kinetics of Inactiation of AIR Synthetase by FSBASBA
is an ATP analogue that has been successfully used to
covalently modify the ATP binding site of a number of
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Ficure 2: (A) Time-dependent inactivation of AIR synthetase by
FSBA. AIR synthetase was incubated with)(0, (V) 11 uM, (®)

22 uM, (<) 66 uM, and () 440uM FSBA. (B) Determination of
the inactivation constants using eq 3 and a plot d&pl/vs
1/[FSBA].

proteins B, 6). In an effort to label the active site of AIR
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Ficure 3: Stoichiometry of FSBA-AIR synthetase adduct mea-
sured using'C]JFSBA. The protein concentration (Lowry) and the
radioactivity (scintillation counting) were determined for each
sample. Extrapolation to total inactivation suggests that 1.1 adducts
per AIR synthetase completely inactivate the enzyme.

Table 2: Stability of the 'C]JFSBA—AIR Synthetase Addugt

TFA TEA-OAc NaR HEPES

time (h) (pH 2) (pH 6) (pH 7) (pH 7.5)
0 0.99 0.99 0.99 1.0

24 0.98 0.98 nd 0.88

48 0.98 0.98 0.83 0.97

84 0.96 0.97 0.92 0.92

aData presented as fraction of label bound.

synthetase, various concentrations of FSBA were incubated o o o )
with the enzyme and saturating amounts of FGAM, and at labeling is stoichiometric with 1.1 0.2 FSBA per active
various times aliquots were removed and assayed for enzymesite, and suggest that there is a specific interaction between

activity. The results shown in Figure 2A reveal time-

the inhibitor and the enzyme. However, these experiments

dependent inactivation. The model describing this processdo not distinguish between a covalently bound and a tightly

is given in eq 4, where E is enzyme, | is the inhibitidr,is
the thermodynamic dissociation constant, &nds the rate
constant for inactivation.

Ki Ky
E+I=E|1—E-I* (4)

A replot of the data obtained from Figure 2A using eq 3
(Materials and Methods) gives a straight line (Figure 2B)
from which the kinetic constant&; = 25uM andk, = 5.6
x 1072 min~%, were determined3@). This K; for FSBA is
similar to the previously reported appardgy for ATP of
65uM (1). The rate of inactivation is 1/40th the rate constant
for turnover with the natural substrate.

A repetition of these experiments in the absence of FGAM
gave a 2-fold reduction in the rate of inactivation, and in
the presence of ADP (100M) gave complete protection
against inactivation (data not shown). ADP, a competitive
inhibitor with respect to ATP 1), was used in these
protection experiments instead of ATP to avoid turnover.
The effects of FGAM and ADP both suggest that inactivation
occurs through a specific interaction between the inhibitor
and AIR synthetase.

Stoichiometry of Inactiation by FSBA Control experi-
ments revealed that AIR synthetase (at concentratidh8
mg/mL) is stable over a 90 min incubation at 30D in the

bound inhibitor.

Stability of FSBA.The stability of FSBA was studied,
under a variety of pH conditions, to ensure that the ester
linkage would be stable to the conditions required for peptide
purification. The hydrolysis of FSBA to adenosine was
monitored using NMR spectroscopy, by the appearance of
its H8 and H2 protonsd 8.17 and 8.07, respectively).
Integration of the signal associated with the H2 proton at
various times allows a kinetic analysis of the hydrolysis
process. From this analysis, a half-life for FSBA at pH 7.0
can be extrapolated to be2 months, and at pH 8, 13 days.
No measurable decomposition of inhibitor at pH 5.5 was
found after 450 h. These results agree with those previously
reported by Esch and Allisoi34) using adenosine deaminase
to monitor adenosine formation. They found the half-life of
FSBA at 23°C (pH 8) to be 3.6 days.

Stability of the E. coli AIR SynthetasESBA AdductThe
stability of the linkage of the AIR synthetas&SBA adduct
was also determined, to define the conditions required to
purify the modified FSBA-containing peptide(s). These
experiments used Centricons and size exclusion filters to
separate enzyme-boundC]FSBA adduct fron#‘C-labeled
small molecules. Control experiments revealed that the filters
used in this study caused no quenching E-labeled

absence of inhibitor. Thus, these conditions were chosen tomaterial and that all of the radioactivity could be recovered.
examine the stoichiometry of its inactivation by FSBA(]- Results from the stability experiments are summarized in
FSBA was used to follow the stoichiometry of adduct/ Table 2. From these data it is clear that the AIR synthetase
enzyme formation during the course of an inactivation. The FSBA adduct is stable in all buffers tested for at least 84 h.
results of a typical reaction are shown in Figure 3. These The stability of the adduct suggests that either a Lys or a
results indicate that despite the slow rate of inactivation, the Tyr is modified by FSBA.
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1% Table 3: Kinetic Parameters for K27X AIR Synthetases

H NH>
KEoNe 9 P enzyme  Kpare (M) k(s VK (sTuM™1x 109)
G* o (AL wtd 73+ 14 23+0.1 35038
v o K27Q 58+ 4.5 3.0+£0.2 5.2+ 0.75
%0 o K270 46+3.1 2.6+0.1 5.7+ 0.60
v o S K27R 12+ 1.1 2.5+ 0.1 21.0+ 2.9
K3 aRedetermined in these studies.

Ficure 4: Proposed structure of the FSBA-modified tryptic peptide

fi AIR thetase. . . . .
rom synietase determined, site-directed mutagenesis of Lys27 to GlIn, Leu,

Isolation of the E. coli AIR SynthetasESBA-Labeled  Or Arg was employed to substantiate the importance of this
Peptide FSBA-inactivated AIR synthetase (110 nmol) was residue suggested by the labeling studies. Mutagenesis was
subjected to carboxymethylation and trypsin digestion, and accomplished using the method of Taylor et aB1)(
the peptides were isolated using a Vydac C18 reverse phasé>equencing of the-84 through 173 bp region of the newly
column with TFA/CHCN elution as shown in Figure 1. The ~generatedpurM genes indicated that each of the desired
fractions containing the radiolabel were pooled, lyophilized, mutants had been successfully prepared. However, three
and reanalyzed using the sodium phosphate (pH 7)/aceto-Cytosines were found to be absent from th&0 through
nitrile elution shown in Figure 1 (inset). Lyophilization of =~ —52 region in all mutant constructs. Despite this, the reading
the peptide to dryness at any stage during the purification frames for translation remain intact, and the proteins are
resulted in extremely poor recoveries. The peptide isolated expressed at high levels. However, protein production is no
is the major adduct of FSBA inactivation and was recovered longer heat-inducible as is observed with the wt construct.
in 14% overall yield. Growth and Induction of pJS119 K27X Mutanithe

The peptide was sequenced using the automated Edmarloubling times forE. coli TX635/pJS119 mutants were
degradation method to give I-X-G-V-V-K. This sequence is indistinguishable from identical constructs expressing the wt

consistent with the expected AIR synthetase tryptic fragment: €nzyme when grown in LB media. The bacteria, containing
mutant or wt AIR synthetase, doubled every 0.9 h. The

«eeG R.I K.G V V K.KaT... optimum time to harvest the mutants was found to b& 1
h after reaching the late log phase of growth; AIR synthetase
levels slowly decrease after that time (data not shown). When
where the circumflex indicates a position predicted to be €NZyme was expressed in host strain TX3pGri{17), the
cleaved by trypsin and the sequence of interest is underlined 90Wth of the strains producing mutant enzymes was also
It is interesting to note that if the Lys at position 27 were [ndistinguishable from the wi-expressing system, with dou-
alkylated, trypsin would no longer be expected to cleave after Pling times of 1.3'h.
that residue. Thus, the sequence is consistent with the adduct_'Solation and Determination of Karefor AIR Synthetase
stability data and the fact that trypsin was used to digest the K27X MutantsAIR synthetase mutants were purified by a
protein. In the second Edman degradation cycle, one majorprocedure |de'nt|cal tp_ thqt described for wt AIR synthetase
and one minor PTH-amino acid peak eluted between Tyr- (1)- The crucial purification step uses a C8-linked ATP
and Pro-PTH derivatives\‘-(4-Carboxybenzenesulfonyl)-  &ffinity column. The mutant enzymes are retained in the same
lysine has previously been shown to elute with a similar Way as the wt protein, suggesting similarities in their ATP
retention time 85). The major peak is thus likely to be the Pinding sites. Mutant proteins were80% pure, as judged
PTH derivative of the FSBA-modified Lys27. by SDS—P'AGE,. while the wt protein was purified to
Characterization of the FSBAAIR Synthetase Addudn homogeneity using the same procedure.
an attempt to define the structure of the FSBA adduct on  1he kinetic parameters for the mutants were measured
the peptide, plasma desorption mass spectrometry was/SINd substrate concentratlons_tha_t are saturating for the wt
performed. The resulting parent peak of 1077.3 amu (data€"Zyme (Table 3). A complete kinetic analysis of the mutants
not shown) is consistent with the expected structure (Figure 'S not yet been carried out. The specific activities of the
4), which has a calculated MHof 1077.25 amu. mutant enzymes were, in contrast to expectations, all slightly
Incubation of Chicken Lier AIR Synthetase with FSBA. higher than' that observed for the wt AIR synthetase. Even
After successfully determining the site of interaction of FSBA More surprising was that thén are for each mutant was
with E. coli AIR synthetase, we were curious to find if FSBA 1ower than theKp are (65 «M) previously determined for
also modified the enzyme from chicken liver in the same the wt protein 4). The K27R mutant has an apparéare
manner. AIR synthetase from this source is a trifunctional 2-fold lower than the wt enzyme. The identification of Lys27
protein containing an N-terminal glycinamide ribonucleotide N the ATP binding domain using FSBA suggested to us
(GAR) synthetase and a C-terminal GAR-transformylase in Initially that it might play an important role in charge
addition to AIR synthetasel8, 19. Sequence comparisons neutralization in phosphate bln(_jmg. The mutagenesis results,
show that the chicken liver enzyme has 68% sequenceOWeVer, suggest an alternative role for Lys in the ATP
similarity and 51% identity with théE. coli enzyme. The  Pinding domain is required.
chicken liver enzyme was incubated in the presence of
FGAM and FSBA (1 mM). No inactivation was detected DISCUSSION
after 45 min (data not shown). FSBA interacts withE. coli AIR synthetase as an active
Mutagenesis of E. coli AIR Synthetase (pJS1\{@)h the site affinity label, covalently modifying the enzyme specif-
site of interaction between FSBA aid coli AIR synthetase ically at Lys27. ADP protects AIR synthetase against

24 25 26 27 28 29 30 31 32 33
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Q0000000000000

1 10 20 30 _40 _50
Ec .MTDKTSLSE{KDARRYDIDAGNALVGRIKGVVKKTRRP.. ... EVMGGLGGFGALCALP
St .MTDKTSLSHKD DIDAGNALVDRIKIGVVKKTRRP.. ... EVMGGLGGFGALCALP
Hi . DIHTGNELVERIKIGDVKRTRRS .. ... EVMGGLGGFGALCALP
At KDDDTDSL DIDAGAELVKRIPBKMAP ..o vvvvvevesnn GIGGFGGLFPLG
Vu A.EASQGLTESRD DIDAGAELVRRIPAKMAP . .. tvervonssnn GIGGFGGLYPLG
BS ..... ¥ DIEAGYEAVKRMKKHVERTKRL. ... . GVMGSLGGFGGMFDLS
Ll AR 4D DVEAGYEVVSRIKKHVAKTERL..... GVLGALGGFGGSFDLS
SY tovienn b4 DVEAGREFVSRIRQQVESTFRP..... EVMGGIGGFAGLFEIP
Dp AIATAPGLSE{KD DIDAGDALVQRIKPLSRGTQRP..... GVLGGLGGFGGLFRLK
Dm ASASTPGLS DIDAGDALVQRIKPLSRGTQRP..... GVIGGLGGFGGLFRLK
ct HS NIEAGNSLVGRIKISLSYGTHRS .. ... GVVGQIGSFGGLMRLN
Mm LQRPR.GL DIAAGNMLVKKIQPLAKATSRP..... GCSVDLGGFAGLFDLK
Hs LQQPR.SL DIAAGNMLVKKIQPLAKATSRS..... GCKVDLGGFAGLFDLK
Gg LSQSR.GL DIAAGNILVQKIKPLAAATSRS..... GCNAELGGFAGLFDLK
Yl AEKTSGGITH4A SIDNGNKLVQQIKEKVKSTARP..... GTDSVIGGFGGLFDLK
Sc SESSKVAITH{A SVDNGNNLVQTIKEMVRSTRRP..... GADSDIGGFGGLFDLA
Sp KRKTRE ILTE} SVDNGNEFVQRIKDLVKSTRRP..... GADADIGGFGGIFDLK
Ml SQLGNHGIThi2 DIEAGDRSVELFKPMAVKAIRT..... EVLGGLGGFAGLFALR
Mt ¥ DIEAGDRAIDLFKPLASKATRP..... EVRGGLGGFAGLFTLR
Ra ...... ¥ DIDKANEFVKFIKEKVKKEFN. .. .. .. LEEFGGFASGFPIK
Ph ...... 4n DEEKTAKALRAI|IDAARRTFKFRMNKIGEPGDIGHYSALLDFK
Af ¥l DIREEERAIKSLASVIKHVRSG....FGRPILTSHYAGVIDCG
Mj oeen... ¥ DISHEDKVIKALNVISQITFKRSD....IKPAELGLEYAGAVEFG
Mh ...... MVTRYSES[SYD IDLEELTVSSLISRLSDTLKY . . . . CDOVITGAGHFAALVRMG

Ficure 5: Alignment of AIR synthetases from various organisms. The alignment was calculated using the full sequence of each protein,
and ClustalW 86). The coil at the top indicates the kinked helixl). Shaded residues are absolutely conserved. The position of Lys27 is
boxed. Mesophile (top) and thermophile (bottom) sequences are separated because of differences in the Gly-rich loop region. The amino
terminus of each protein is shown in the figure unless the number of the first amino acid in the figure is given in brackets. Key to
abbreviations: bacteria and plants: Ec,coli (23); St, S. typhimurium(J. L. Zillies and D. M. Downs, unpublished observations); Hii,
influenzae(38); At, A. thaliana[59] (39); Vu, V. unguiculatg[61] (P. M. C. Smith, A. J. Mann, D. J. Hall, and C. A. Atkins, unpublished
observations); BSB. subtilis(40); LI, L. lactis (C. Coward, unpublished observations); Synechocystig&1); flies: Dp,D. pseudoobscura

[435] (42); Dm, D. melanogastef435] (42); Ct, C. tentang437] (43); vertebrates: MmM. musculug429] (44); Hs, H. sapieng429]

(45); Gg, G. gallus[429] (45); yeasts: YI,Y. lipolytica[432] (C. A. Strick, L. C. James, K. E. Cole, and L. A. Elsenboss, unpublished
observations); ScS. cereisiae [443] (46); Sp, S. pombg430] (47); mycobacteria: MIM. leprae[18] (D. R. Smith and K. Robison,
unpublished observations); My.. tuberculosis(48); thermophilic bacteria: AaA. aeolicus(49); Ph, P. horikoshii (50); thermophilic
archaebacteria: AfA. fulgidus(51); Mj, M. janaschij Mh, M. thermoautotrophicunf52).

inhibition, while addition of FGAM to the inactivation We have recently determined the crystal structure of
mixture enhances the rate of inactivation. These studiessulfate-ligandecE. coli AIR synthetase modified with an
suggest that FSBA acts & coli AIR synthetase at or near  N-terminal hexa-His tag at 2.5 A resolutiof) (The structure
the ATP binding site. reveals a dimer held together by extensive intersubunit
The N-terminal sequences of 24 AIR synthetase genesinteractions, in agreement with solution studies on this protein
from different organisms are aligned in Figure 5 using (1. The interfaces between the subunits create two large
ClustalW @6). Although these enzymes share a large number clefts, each of which is lined with many conserved residues
of conserved residues, the Lys labeled by FSBA inEhe  (Figure 6). A sulfate ion is bound at the wider end of each
coli enzyme is not absolutely conserved. Human AIR cleft, and a flexible Gly-rich hairpin loop is 25 A away at
synthetase has a GIn residue, @melbidopsisAIR synthetase the other end of each cleft. A kinked helix extends in an
contains an Ala in this position. Furthermore, the chicken arch over the cleft, presumed to be the active site. This helix
liver trifunctional enzyme, even though it contains a Lys at separates the Gly-rich loop from a globular central core
this position, is not inactivated by FSBA in the presence or composed of domains from each subunit. The kinked helix
absence of FGAM. The lack of complete conservation of (residues 1731) is visible along its entire length in only
Lys27 between organisms and the fact that the trifunctional one of the subunits. In the second subunit, residues 5 through
protein is not inactivated foreshadow the results of the site- 20 are not detectable. Lys27 is located at the kink in the
directed mutagenesis studies and provide insight about thehelix (Figure 6).

function of this residue. The bound sulfate could be indicative of a phosphate
To further explore the function of Lys27 i&. coli AIR binding site. However, it is unclear whether such a site would

synthetase, it was mutated to GIn, Leu, and Arg. The apparentbe associated with FGAM binding, ATP binding, or both.

Kmatp fOr each mutant was determined at 28@ FGAM. The FSBA inactivation studies provide important information

Observation oK, atp Values for the Leu and GIn mutants allowing formulation of a model for substrate binding within
that are almost identical to that for the wt enzyme establishesthe active site. FSBA acylates Lys27 in the kinked helix
that Lys27 clearly is not involved in charge neutralization (Figure 6). These results have been interpreted to indicate
of the phosphates of ATP. All of the mutant residues have that ATP binds near the Gly-rich hairpin, 280 A away
hydrophobic side chains that these results suggest argrom the sulfate binding site. If our interpretation of the
important for ATP binding. This contribution may be direct FSBA binding studies is correct, then the sulfate is probably
or conformational. Even more striking is that the turnover indicative of the FGAM phosphate binding site. Sequence
number for the Gln mutant is 30% greater than that for the conservation, sulfate binding, and FSBA labeling together
wt protein. The basis for the improved efficiency of mutant indicate that the cleft defines the active site of AIR
AIR synthetase over wt is at present unclear. synthetase. The FSBA studies have been particularly critical



9838 Biochemistry, Vol. 38, No. 31, 1999

Ficure 6: Stereoview of the putative active site cleft i coli
AIR synthetase and the position of the sulfate relative to Lys27. A
molecular surface is shown for the AIR synthetase dimer at the

Mueller et al.

inactivated by FSBA. This result was unexpected as the
proteins are homologous and both contain Lys27. A major
difference between the mono- and trifunctional synthetases,
however, is that the trifunctional protein is tethered to GAR
synthetase at its N-terminus. This fusion could affect the
conformation of the flexible kinked helix and its short
extension (16 residues to the N-terminus). Thus, despite the
fact that Lys27 is present in the trifunctional protein, the
additional protein domain attached to the N terminus of the
trifunctional protein could affect lid movement over the
active site cleft in a fashion different from the monofunctional
AIR synthetase.

There is substantial literatur&X, 37 in which FSBA and
other putative ATP analogues have provided information
about the region surrounding the ATP binding site of
different proteins. The tight binding of FSBA . coli AIR
synthetase favors the hypothesis that FSBA has labeled a
residue in the region in which ATP binds. Further biochemi-
cal studies in conjunction with structural information in the

subunit interface, which defines the active site cleft. Green surfacesPresence of nucleotides are required for further definition

correspond to solvent-exposed, strictly conserved residues. Impor-

of the role of residue 27 in ATP binding.

tant structural features discussed in the text are labeled. The white

ribbon is the kinked helixxl (residues 534) from the lighter
colored subunit 1. Sulfate and Lys27, which is located at the kink
in the helix, are presented in CPK space-filling models with
traditional colors.

as thus far we have been unable to crystallize either ATP or
an FGAM analogue with AIR synthetase.

Lys residues are typical components of ATP binding sites,
where they frequently interact electrostatically with the

phosphate moieties. Several observations indicate that Lys27

in E. coli AIR synthetase may not perform this function and
that it is located in a conformationally dynamic region of

the enzyme. The crystal structure reveals that the side chain

of Lys27 including its amino group points away from the
putative active site cleft. This conformation leaves only the
- and y-methylenes of Lys adjacent to the putative ATP
binding pocket (Figure 6). Our mutagenesis studies indicate
that the methylene linker and not the amino group of Lys
plays a key role in defining the ATP binding domain.

The unliganded structure and the positioning of Lys27 are
probably not indicative of the active protein conformation.
As noted above, Lys27 is located on a dynamic kinked helix
adjacent to a glycine-rich flexible loop (Figure 6). The
flexibility of the helix is apparent by the differences in the
N-terminus of the two subunits of AIR synthetash. (In
addition, the flexibility of the glycine-rich loop is indicated
by this loop’s higher than avera@efactors. Finally, efforts
to soak ATP into apo AIR synthetase crystals resulted in
their cracking. Thus, the structure of apo AIR synthetase is
probably not indicative of the conformation of Lys27 with
the FSBA bound. The efficiency of FSBA modification, its
potentiation by FGAM, and its inhibition by ADP support
labeling of the ATP binding domain as well as its confor-
mational flexibility. The distance between Lys27 and the
sulfate (Figure 6) suggests that an extended or partially
extended nucleotide and FGAM can fit into the putative
active site cleft. Definition of the detailed binding of ATP
and the role of Lys27 in the active site will require a structure
determination in the presence of nucleotides.

Subtle differences in conformation may also account for
the observation that the trifunctional AIR synthetase is not
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