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ABSTRACT. Formation of 4-carboxy-5-aminoimidazole ribonucleotide (CAIR) in the purine pathway in
most prokaryotes requires ATP, HGOQ aminoimidazole ribonucleotide (AIR), and the gene products
PurK and PurE. PurK catalyzes the conversion of AlRtecarboxyaminoimidazole ribonucleotids¥

CAIR) in a reaction that requires both ATP and HCOPuUrE catalyzes the unusual rearrangement of
N5-CAIR to CAIR. To investigate the mechanism of this rearrangement,!fEFN°>-CAIR and [744C]-

N5-CAIR were synthesized and separately incubated with PurE in the presence of ATP, aspartate, and
4-(N-succinocarboxamide)-5-aminoimidazole ribonucleotide (SAICAR) synthetase (PurC). The SAICAR
produced was isolated and analyzed by NMR spectroscopy or scintillation counting, respectively. The
PurC trapping of CAIR as SAICAR was required because of the reversibility of the PurE reaction. Results

from both experiments reveal that the carboxylate group of the carbamafe@AIR is transferred
directly to generate CAIR without equilibration with GEBICO;™ in solution. The mechanistic implications
of these results relative to the PurE-only ($£@nd AlIR-requiring) AIR carboxylases are discussed.

A new intermediate and two new enzymatic activities have

Two experimental approaches have been used to examine

recently been discovered in the purine biosynthetic pathwaythe mechanism of the reversible decarboxylaticecar-

in prokaryotes (Figure 1)1( 2). The reaction catalyzed by
Purk! is the ATP- and HC@ -dependent carboxylation of
aminoimidazole ribonucleotide (AIR) t°-carboxyamino-
imidazole ribonucleotideN®>-CAIR). PurE then catalyzes the
unusual rearrangement BI--CAIR to 4-carboxy-5-amino-
imidazole ribonucleotide (CAIR). The mechanism of conver-
sion of AIR to CAIR appears to be distinct from that

boxylation catalyzed by PurE to determine if the “C@h

the product is derived directly from substrate or from
solution. The first one utilizes NMR spectroscopic analysis
of the products of the reaction of [47€]-N5-CAIR with
PurE to determine the fate of the label in the CAIR. The
second involves use of [*C]-N>-CAIR and determination
of the specific activity of CAIR. To facilitate product analysis

observed in some eukaryotic AIR carboxylases, which have and prevent the reverse reaction catalyzed by Purg, CAIR

no PurK domain and use G@n place of HCQ™ and ATP

must be converted to MN¢succinocarboxamide)-5-amino-

(3, 4). PurE could thus represent a unique target for design imidazole ribonucleotide (SAICAR) using SAICAR syn-

of antibacterial agentsb).
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1 Abbreviations: CAIR, 4-carboxy-5-aminoimidazole ribonucleotide;
AIR, 5-aminoimidazole ribonucleotidey®-CAIR, N°-carboxyamino-
imidazole ribonucleotide; PurB\°-CAIR mutase or vertebrate AIR
carboxylase (EC 4.1.1.21); PurK?-CAIR synthetase; SAICAR, 4N-
succinocarboxamide)-5-aminoimidazole ribonucleotide; PurC, SAICAR

thetase (PurC). Results of both experiments show that the
carbamate carboxylate froNP-CAIR is directly transferred

to generate CAIR, without equilibration with HGOand

CGQ; in solution. The mechanistic implications of these results
will be presented.

EXPERIMENTAL PROCEDURES

Materials. Lactate dehydrogenase (LDH, 860 units/mg),
pyruvate kinase (PK, 470 units/mg), phosphoenolpyruvate

synthetase (EC 6.3.2.6); RSP, ribose 5-phosphate; PRPP, 5-phospho(PEP), PEP carboxylase (PEP-C, 3.6 units/mg), malate

ribosyl a-1-pyrophosphate; PRA, 5-phosphoribosylamine (this and all
subsequent purine metabolites gteanomers); GAR, glycinamide
ribonucleotide; FGAR, formylglycinamide ribonucleotide; FGAM,
formylglycinamidine ribonucleotide; LDH, lactate dehydrogenase (EC

1.1.1.27); PK, pyruvate kinase (EC 2.7.1.40); PEP, phosphoenolpyru-

vate; PEP-C, PEP carboxylase (EC 4.1.1.31); MDH, malate dehydro-cDEAE Sephadex A-25 was obtained from Pharmacia.

genase (EC 1.1.1.37); PRPP-AT, PRPP amidotransferase (PurF, E
2.4.2.14); GAR syn, GAR synthetase (PurD, EC 6.3.4.13); GAR-TF,
GAR transformylase, formate-utilizing form (PurT); FGAR-AT, formyl-
glycinamidine ribonucleotide synthetase (PurL, EC 6.3.5.3); AIR syn,
AIR synthetase (PurM, EC 6.3.3.1); TEAB, triethylammonium bicar-
bonate; TSP, trimethylsilylproprionaf€;, longitudinal relaxation time;
PurKE, fusion of PurK and PurE, found in yeasts and plants.

10.1021/bi9827159 CCC: $18.00

dehydrogenase (MDH, 3000 units/mg), and ATP were
obtained from Sigma. [23C]Gly (99% *°C, lot 83-12204)
and FPCINaHCG; (99.0%13C, lot 83-70006) were purchased
from Isotec. Dowex 1-X8 was purchased from Bio-Rad.

[**CINaHCG; (6.8 mCi/mmol) was purchased from New
England Nuclear. S¢intA scintillation fluid was purchased
from Packard. 5-Phosphoribosyl-1-pyrophosphate amido-
transferase (PRPP-AT, 6.8 units/m@),(glycinamide ribo-
nucleotide synthetase (GAR syn, 30 units/mg), @lycin-

© 1999 American Chemical Society

Published on Web 02/18/1999



Mechanistic Studies on PurkE Biochemistry, Vol. 38, No. 10, 19998013

5 .0 1H 0. NHy H
= 4O - X PurT
04P0 PurF oapo/\g—_?(H PurD _N +

PP, RSP NH3
R R S
HO OH |G LGl HO OH ATP  ADP ATP  ADP
PRPP PP; PRA  [2-'%craly Pi GAR formate P,

0 0 o Ni
\
U R 1 e
N - PurM Purk
RSP 3N 5H _Pul RSP™ Y N7 H HaNZ 5 N7

ATP  ADP ATP  ADP ATP ADP
FGAR LG P FGAM Pi AIR [3cHcos Pi
L-Glu
-ooc?”
(6] & )
9 N N P2 N
| \> PurE  —07* Y\ pPurC ~00Cg N7* \
7 D TS
07 *°N N N 7N N
H RSP HN \ ATP  ADP HaN \
RSP LAsp P R5P
NS-CAIR CAIR SAICAR

Ficure 1: Portion of the de novo purine biosynthetic pathway, showing incorporation of label (*) frddC[&ly and F3C]JHCO;~. R5P
is ribose 5-phosphate.

amide ribonucleotide transformylase (GAR-TF or PurT, 14.8 To facilitate removal of TEAB, the sample was repeatedly
units/mg) @), formylglycinamide ribonucleotide amidotrans-  dissolved in water and methanol, and concentrated in vacuo.
ferase (FGAR-AT, 1.0 unit/mgpj, and AIR synthetase (AIR  To prevent anomerization during the concentration process,
syn, 1.9 units/m@)10) were isolated as described previously it was essential that the pH remain slightly basic. This was
and assayed at 2. The synthesis of AIRN>-CAIR, and accomplished through dropwise addition of freshly prepared
CAIR, the purification of enzymes, and the assays of Purg, 1 N KOH. A yield of 50% was determined using the
PurK, and PurC were carried out as previously described Bratton—-Marshall assayH NMR (300 MHz, D,O, TSP at
(1, 2). In all experiments described below, KOH solutions 0.0 ppm, pH 7.0} 8.13 (d, 1,J = 5.7 Hz, formyl), 5.43 (d,
were prepared immediately before use by dissolving solid 1 j= 5.4 Hz, H1), 4.20 (m, 1, H2, 4.12 (m, 2, H3, 4.06
KOH in distilled water. For all enzymes, a unit is defined (m, 1, H4), 3.97 (m, 2,0 = 137.1 Hz,'3CH}), 3.89 (m, 2,
as 1umol of product formed per minute. H5); 1*C NMR (75 MHz, DO, MeOH at 50 ppm) 56.1
Methods The orcinol assay for quantitation of reducing (TEAB), 53.4 (s, C3), 17.3 (TEAB).
pentoses was performed by the procedure described by
Dische (1). The concentrations of formylglycinamide ribo-
nucleotide §-FGAR), AIR, andN°>-CAIR were determined
using the BrattorrMarshall assay12). The concentration
of bicarbonate was determined enzymatically, utilizing
PEP-C and MDH 13).
Enzymatic Synthesis of [3€C]JFGAR [3-1°C]JFGAR was

Enzymatic Synthesis of [4C]JAIR. In a final volume of
50 mL at 20°C, the reaction mixture contained 100 mM
Tris (pH 7.9), 10 mM MgCJ, 200 mM KCI, 30 mM Gin,
3.16 mM [3+3C]FGAR (159umol), 1.8 mM ATP, 10.5 mM
PEP, 16 units of FGAR-AT, 15 units of AIR syn, and 200
units of PK. The reaction was allowed to proceed for 20

; . : : min. The mixture was then diluted to 500 mL with deionized
synthesized from PRPP using the first three enzymes in the N
purine pathway (Figure 1): PRPP-AT (PurF), GAR syn water at 4°C and loaded onto a DEAE Sephadex A-25

(PurD), and formate-dependent GAR-TF (Pur8) 14). In column (2.5 cmx :,LO cm, HC_Q_ form). The column was
a final volume of 50 mL at 20°C, the reaction mixture developed with a linear gradient from 0 to 500 mM TEAB

contained 100 mM Tris (pH 7.8), 10 mM Mg 135 mM (pH 7.6, 500x 500 mL). A_n eI_ution profile (11 mL fractions)
KCI, 4.86 mM PRPP (243mol), 35 mM Glin, 12.1 mM was generated by monltorlngzg,o and .by the Brgt'FOﬁ
[2-13C]Gly, 2.22 mM ATP, 8.0 mM formate, 20 mM PEP, Marshall assay. The appropriate fractions containing AIR
37 units of PRPP-AT, 52 units of GAR syn, 700 units of (fractions 43-50, at 250 mM TEAB) were pooled. The
GAR-TF, and 250 units of PK. Prior to enzyme addition, TEAB was removed as described above, maintaining basic
the reaction mixture was adjusted to pH 7.8 and incubated PH by addition ¢ 1 N KOH. In the later stages of TEAB

at 20°C for 5 min. PRPP-AT was added last to initiate the removal, the sample was not concentrated completely to
reaction. After 1 h, the reaction mixture was diluted to 500 dryness and was enzymatically monitored for a decrease in
mL (pH 7.4) with deionized water. The sample was loaded the level of HCQ™. The upper limit for the FC]JHCO;

onto a DEAE Sephadex A-25 column (2.5 cm10 cm, concentration ranged from 12 to 7Z&ol. An average yield
HCO;~ form), and the column was developed at@ with (from eight preparations) for this reaction was 30%1

a linear gradient from 0 to 500 mM triethylammonium NMR of [4-33C]AIR (D20, pH 8.0, TSP at 0.0 ppm) 7.9
bicarbonate (TEAB, 506 500 mL, pH 7.4). Fractions (12 (d,J= 7.6 Hz, H2), 6.5 (dJ = 195 Hz, H4), 5.75 (dJ =

mL) were collected, and 104L of every third fraction was 4.9, H1), 4.65 (t, H2), 4.53 (t, H3), 4.42 (m, H4), 3.97
analyzed using the orcinol assay. The fractions containing (m, H5); *C NMR (75 MHz, D,O, MeOH at 50 ppm)
FGAR (fractions 34-44, at 200 mM TEAB) were pooled. 113.6 (s, C4).
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Ficure 2: Downfield region of the proton-decouplédC NMR
(75 MHz) spectrum of [4,723C]-N5>-CAIR used as a substrate for
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Ficure 3: Downfield region of the proton-decouplédC NMR
(75 MHz) spectrum of [4,1-13C]SAICAR recovered following

PurE. This spectrum was collected with an acquisition delay of 60 reaction of [4,7L3C]-N°>-CAIR with PurE and PurC. This spectrum
s (5 x Ty). The (*) peak is bicarbonate. In the inset is shown an was collected with an acquisition delay of 23> x T;). The (*)

expanded view of the C7 (left) and C4 (right) resonances.

Enzymatic Synthesis and Isolation of [43G]-N5-CAIR
In a final volume of 10 mL, a 15 mL Falcon tube contained
200 mM Tris (pH 8.0), 12 mM MgG| 60 mM KCI, 4.5
mM ATP, 10 mM PEP, 5:mol of [4-1°*C]AIR, 156 units

of PurK, and 200 units of PK. The solution was equilibrated

for 5 min at 20°C. Solid [*C]NaHCQ; was added to the

reaction mixture to produce a final concentration of 120 mM.
An excess of labeled bicarbonate was added to dilute the

unlabeled bicarbonate (upper limit of 10%€) originating
from the AIR isolation. The reaction was initiated by the
addition of PurK. After 50 s at 20C, the reaction was
guenched with 1 mL of 10 M KOH (20C).

The reaction mixture was then diluted with 300 mL of 10
mM KOH and loaded onto a Dowex 1-X8 column (7 mL,

peak is bicarbonate. In the inset is shown an expanded view of the
C1" (left) and C4 (right) resonances, each exhibitinlg.a: of 84.2
Hz.

methanol at £C. The salts were then allowed to settle, and
the sample was centrifuged in 1.5 mL Eppendorf tubes in a
microcentrifuge for 20 s. The supernatant was then trans-
ferred into a round-bottom flask. The methanol extraction
of the salts was repeated four times. To ensure basic
conditions, 25«L of 1 N KOH was added to the MeOH/
N5-CAIR mixture. The combined methanol fractions were
pooled, and the solvent was then removed in vacuo. A 10%
loss in the amount dfi>-CAIR occurred during the desalting
process based on the BrattoMlarshall assay. The concen-
trations of salts were greatly reduced (final concentrations
of KHCO;~ were 50-100 mM).

Enzymatic Corersion of [4,733C]-N5-CAIR to [4,1'-13C]-

~OH form). The column was developEd with a linear gradient SAICAR In a final volume of 5 mL at 20C, the reaction

from 0 to 300 mM KCI (250x 250 mL in 50 mM TEA, 4.5

mixture contained 200 mM Tris (pH 8), 10 mM KCI, 10

mL fractions). The TEA solution (pH 11.4) was prepared mm MgCl,, 14 mM Asp, 1.62 mM ATP, 4.0 mM PEP, 250
and used immediately without adjusting the pH. An elution ynits of PK, 132 units of PurC, 11.3 units of PurE (0.07

profile was generated by monitorimgs andAzso and for a
positive response in the BratteiMarshall assay. When

umol), and 0.92 mM [4,23C]-N°>-CAIR. A sample of the

reaction mixture without enzyme (44.) was mixed with

applicable, 0.5 mL from every fifth fraction was assayed for N5.CAIR (5 uL) to determine the final reaction pH with pH

radioactivity by scintillation counting. In a typical reaction,
AIR eluted in fractions 4753, while [4,723C]-N°>-CAIR
eluted in fractions 6666. To maintain alkaline conditions,

paper. The buffer was then adjusted accordingly so that the
final reaction mixture had a pH of 8. The reaction was
initiated by addition ofN>-CAIR and was quenched after

300uL of 2 N KOH was added to the pooled fractions, and 141 s with 1 mL of 13 N KOH. The mixture was diluted

the sample was concentrated in vacuo (50% yield). The wjth 300 mL of 10 mM KOH at 4°C and then loaded onto

presence of high concentrations of salt prevented rechro-z powex 1-X8 column (8 mL, OHform). The column was

matographing eithell>-CAIR or AIR on an anion exchange  developed with a linear gradient from 0 to 500 mM KCI

column. TheN*-CAIR was typically stored as a solution (pbH (300 x 300 mL, 50 mM TEA, pH 11, 2.75 mL fractions).

>12) at—80°C. The purity of the [4,“C]-N>-CAIR sample A elution profile was generated by monitorifgss andAcso

was determined by NMR spectroscopyd NMR (300 MHz, Fractions (79-96) containing [4,1-13C]SAICAR and mini-

TSP, DO, pD 14)6 7.93 (d, 1J = 8.5 Hz, C2H), 6.84 (d,  mal ATP were pooled. The sample was concentrated in vacuo

1,J= 1916 Hz, C4H), 5.49 (d, 11 = 4.92 Hz, H1), 44 (yield of 60%): 'H NMR (300 MHz, 0.8 mM, TSP, ED,

(m1 1, HZ)! 4.3 (m! 1, H3)! 4.21 (mr 1, ngi 3.91 (m! 2, pD 6)6 7.56 (d, l,JC’H = 10.5 Hz, CZH), 5.72 (d, 1) =

H5'); C NMR (75 MHz, MeOH at 50 ppm, D, pD 14) 6.5 Hz, H1) (the other resonances were obscured by ATP

0 169.6 (CQ?"), 163.8 (s, C7), 124.6 (s, C4) (Figure 2). and TEAB);13C NMR (75 MHz, MeOH at 50 ppm, £,
Methanol Extraction of NCAIR The KCI and KHCQ pD 14)6 166.26 (dJcy = 84.19 Hz, CT), 161.2 (CG*>),

in the N>-CAIR sample can be removed by methanol 113.54 (d,J = 84.19 Hz, C4) (Figure 3).

extraction. TheN®>-CAIR and salt solution was evaporated  *C T; Relaxation DeterminationgJsing the inversion

to dryness in a round-bottom flask and kept atGl The recovery method and a Varian 300 MHz NMR spectrometer

resulting solid was triturated with 4 mL of HPLC grade equipped with a broad-band probe operating at 75.429 MHz,



Mechanistic Studies on PurE

individual resonance intensities fd®-CAIR and SAICAR

Biochemistry, Vol. 38, No. 10, 1998015

replaced with a new, uniquidd site at the initiator Met

were fit to eq 1 by an exponential least-squares analysis tocodon. TheNdd —HindlIIl fragment from this construct was

determine their longitudinal relaxation valuds)((15). The
equation is appropriate for a 9(@ulse width, which was
determined in a separate experiment.
M, =M1 — e @™ 1)

In this expressionM; is the steady state magnetization,
M, is the equilibrium magnetization]; is the longest
longitudinal relaxation value, and} is the interval between
pulses.

Enzymatic Synthesis of [#€]-N5-CAIR with F4C]HCO;~
by PurK In a final volume of 5 mL at 20C, a 15 mL Falcon
tube contained 200 mM Tris (pH 8.0), 6 mM MggCPRO0
mM KCI, 5 mM ATP, 10 mM PEP, 1.3amol of AIR, 92
units of PurK, and 125 units of PK. In the hood, a granule
of [**C]NaHCQ; was transferred with a glass microcapillary
into the reaction mixture. The reaction was initiated with
PurK and allowed to proceed for 30 s atZ0. The reaction
was quenched with 1 mL of 10 M KOH. The isolation
procedure previously described for [43G]-N>-CAIR with

placed into the T7 overexpression vector pET23a to generate
the plasmid pNC2, which was used as a wild-type template.
Mutagenesis was performed using the oligonucleotide
5'-CGAAGCTGAAAAGCTTATCGGGGGTTT GTGAGC-
AGAAACCA, which in addition to the PurE R46K mutant
(bold) encodes a silent mutation introducing a seddimdill|

site (underlined) to aid in mutant screening. The resulting
construct pCKO2 was transformed into BL21(DE3) cells,
which were grown at 37C in LB medium with 0.1 g/L
ampicillin to anAggp of ~2, at which point the cells were
harvested by centrifugation and frozen in liquid nitrogen.
Mutant PurkE was purified te-95% homogeneity (17 mg of
enzyme per gram of wet cell weight) as previously described
(2). The conversion oN>-CAIR — CAIR was measured at
either 23 or 37°C, using excess PurK, ATP, PEP, and PK
to generate a saturating, steady-state levélPe€AIR (18).
PurC, Asp, NADH, and LDH were also present in excess to
convert the PurE product CAIR to SAICAR, with concomit-
ant ADP formation and NADH oxidation, which was
monitored at 340 nm1j.

anion exchange chromatography and methanol extraction was Can R46K PurkE Use Cfand AIR as a Substrate® 55

used to purify [714C]-N>-CAIR. To prevent the loss of the
label during scintillation counting, [F*C]-N>-CAIR was
diluted into 1 mL of 140 mM KOH before addition of the
scintillation fluid. TheN>-CAIR was quantitated using the
Bratton—Marshall assay. Typical specific activities were
1.1-1.67 x 10° cpmjzmol. With a successful protocol for
isolation of [4,713C]-N5>-CAIR in hand, an NMR spectrum
was not recorded for th#C compound.

Synthesis of [1-1“C]SAICAR from [73*C]-N°>-CAIR In a
final volume of 5 mL at 20°C, the reagents were added in
the following order: 200 mM Tris-HCI (final pH of 8, from
an initial pH of 7.3), 20 mM KCI, 5.2 mM MgG| 1 mM
ATP, 3 mM PEP, 7 mM Asp, 11.6 units of PurE, 123 units
of PurC, 250 units of PK, and 0.27 mNM*C]-N°>-CAIR (1.17
x 10 cpmjumol, impurities being 5.0 mM HC® and 260
mM KCI). As described above, the effect BF-CAIR on
the final pH was determined prior to the actual experiment.
The reaction was quenched after 35 s with 1 mL of 13.5 M
KOH. The mixture was diluted to 300 mL with 10 mM KOH
at 4°C and loaded onto a Dowex 1-X8 column (7 mL, OH
form). The compounds were eluted with a linear gradient
from 0 to 500 mM KCI (320x 320 mL, 50 mM TEA, pH
11.4). An elution profile was generated by monitorigs
andAgso and by scintillation counting of every fifth fraction
(0.5 mL). On the basis of relative specific activities, the
[*C]SAICAR was pooled and then rechromatographed on
a DEAE Sephadex A-25 column (6 mL, HGOform) in an
effort to remove ATP. SAICAR was eluted with a linear
gradient from 0 to 750 mM TEAB (pH 7.5, 200 200 mL),
pooled, and then concentrated in vactioe specific activity
was determined from the UV spectrum of SAICAR in 100
mM Tris-HCI (pH 8.0) and by scintillation counting.

Preparation of the Escherichia coli PurE R46K Mutant
Using standard molecular biology techniqué&€)(the Purk/

mM solution of CQ was prepared in 50 mM potassium
acetate at pH 5.4 and 4C. This solution was added to a
solution of 100 mM Tris and 0.15 mM AIR to give a final
CO, concentration of 22 mM at pH 8.1. The reaction was
started by addition of 2.6 1072 unit of PurkE or R46K PurkE
and the formation of CAIR monitored at 282 n).(

RESULTS

Synthesis of Labeled [#C]AIR (Figure 1) Our previous
studies have shown that PurE catalyzes the chemically
unprecedented conversiongf-CAIR to CAIR. As an initial
step in the investigation of the mechanism of this reaction,
we determined the source of the carboxylate of CAIR. Two
approaches to this problem, both involving specific isotopic
labeling, were undertaken. One involvVEQ labeling ofN®°-
CAIR and NMR spectroscopy, and the second invol¥fex
labeling and scintillation counting. Both approaches were
hindered by the chemical instability 8F-CAIR at pH <12,
the ubiquitous presence of bicarbonate, and the difficulties
associated with the quantitation of amounts of each nucleo-
tide.

The availability of all of the enzymes in the purine
pathway allowed the biosynthetic preparation of isotopically
labeled AIR. The first three enzymes in the purine pathway
(PRPP-AT, GAR syn, and GAR-TF) were used to incorpo-
rate [243C]Gly into [3-1°C]FGAR in 50% yield (Figure 1).
The product was characterized B and *C NMR
spectroscopy. [3*C]JFGAR was then converted to [4€]AIR
using the next two enzymes in this pathway (FGAR-AT and
AIR syn, Figure 1). The resulting [#C]AIR was purified
using anion exchange chromatography, giving a 30% vyield
of the desired product. Thi¢d and*3C NMR spectra were
used to establish the position of th€ label at C4 of AIR
as well as its purity. The incubation time in the second series

PurK coding region was excised from the pJS355 plasmid of enzymatic transformations was crucial, as longer reaction

(1) and ligated into theecoRI—Hindlll sites of pUC118.

times resulted in formation of a compound which elutes after

Single-stranded DNA was produced using R408 helper phageAIR during its purification. The compound had an UV

(40) and anE. coli CJ236 @ut ung host (6). Using the
Kunkel mutagenesis procedur&?), the EcoRl site was

spectrum and an absorption spectrum after reaction with the
Bratton—Marshall reagent similar to those of CAIRx =
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520 nm, while AIR is at 502 nm). The identity of this species T e 1. 15c NMR Integration of Starting Material
has not been determined. ([4,7-43C]-N5-CAIR) and Product ([4,1-13C]SAICAR)?
Enzymatic Synthesis dfC- or “C-Labeled N-CAIR [4.7°CI-NS-CAIR C4 C7 [41-“C|SAICAR C4 CI
Utilizing [*3C]- or [**C]bicarbonate and PurK, isotopic label ' _ : .
was incorporated into t_he carbamate I‘sﬁ‘-_CAIR. _The_ gigg(ﬁg”re 2) 11&)0 997% :;;E)ttzl (Figure 3) 10%9 1,396
amount of PurK (156 units) and the 50 s incubation time — | . Iative intearal areas in each of the four
were chosen to maximize formation df-CAIR and exp;/r?'#:rf‘tsg“’e” are relafive integra
minimize its decomposition to AIRk(= 0.23 min?, ty, = :
3 min, pH 8, 20°C). Our previous studies showed that is reversible. With 4.6imol of [4,743C]-N>-CAIR and 11.3
alkaline conditions (pH 12)must be maintained during  units of PurE, the conversion was complete after 24 s,
purification and storage df>-CAIR to reduce the extent of  limiting the amount of nonenzymatic decarboxylatiorNsf
its decarboxylation = 0.00144 min?, t;, = 8 h, pH 12, CAIR to 13%.
20°C; E. Meyer, unpublished observations). For its isolation, The SAICAR generated was purified by anion exchange
the reaction mixture was loaded onto a Dowex 1-X8 chromatography and analyzed BC NMR methods. The
exchange column and then eluted with a KCI gradient in 50 integration of this material relative to starting material
mM TEA. Under these conditions, the bicarbonate utilized allowed quantitation of the amount &t transferred. I£2C
during its synthesis elutes prior -CAIR. Even withmany  from CQ, in solution was uniquely incorporated into
precautions, however, some contaminating bicarbonate iSSAICAR during this conversion, then tHéC resonance of
always present in the product at the end of the purification the C4 of SAICAR would appear as a singlet at 113.5 ppm.
due to rapid dissolution of COn basic solutions. After the  On the other hand, #*C from the carbamate is transferred
fractions containing\®>-CAIR were identified, they were  to C4, both carbons would appear as doublets witla-a
pooled and concentrated in vacuo and extracted with of 84.2 Hz. By integration of the relative intensities of the
methanol to reduce the levels of the contaminating salts KCl observed resonances, the amount of direct transfer can be
and KHCQ. Overall yields folN>-CAIR were typically 30%. guantitated. From two separate reactions, the integration
The low yields in part result from its decomposition to AIR. analyses revealed 97% retention of the label during this
The purity of the sample was established with NMR enzymatic process (Table 1 and Figure 3). This result
spectroscopy (Figure 2), since the aromatic and C1 protonsestablishes that the 4-carboxylate group of CAIR originates
of AIR and CAIR have chemical shifts different from those from N>-CAIR. Within the limits of detection, no exchange
of N>-CAIR (2, 19). with [*2C]HCO;~/CO; from solution was detected during the
[7-1C]-N>-CAIR was synthesized by a similar procedure. PurE-catalyzed reaction.
Its specific activity (1-1.6 x 10° cpmjzmol) was determined Quantitation of the [1-1“C]SAICAR.Our initial efforts
with the Brattor-Marshall assay to determine the nucleotide to address the question of “GQransfer catalyzed by PurE
concentration in conjunction with scintillation counting. focused on*“C-labeledN®-CAIR. Problems with the deter-
Quantitation with the BrattonMarshall assay is problematic  mination of accurate specific activities of the starting material
since the first step in this procedure decarboxylafe€AIR and product, however, suggested that tH€ method
to AIR before diazotization20). Thus, contaminating AIR  described above would be more quantitative. The radiolabel
causes the concentration NF-CAIR to be overestimated, method, as briefly described, gives results in qualitative
leading to an underestimate of its specific activity. Careful agreement with the NMR experiments. The conversion of
attention to pH during the isolation &f-CAIR can reduce N5-CAIR to SAICAR was carried out by incubating 1.35
the level of contaminating AIR to less than 5%, as judged umol of [7-14C]-N°>-CAIR with PurE (11.6 units) for 7 s,
by NMR methods. minimizing its nonenzymatic decomposition to AIR (5%).
Integration Parameters fotC Spectra of [4,7°C]-N>- The “C]SAICAR was isolated by anion exchange chroma-
CAIR and [4,1-13C]SAICAR Meaningful integration of3C tography, although separation from ATP present in the
spectra, necessary to establish the extent of transfer of theeaction mixture was incomplete. The results of two separate
C7 carboxylate of [4,73C]-N°>-CAIR to [4,6-°C]CAIR, experiments revealed that approximately 50% of the label
requires determination of the longitudinal relaxation timhg ( appeared to be lost during the PurE-catalyzed reaction, and
of each of these carbons. Accurate integration requires anas a result, the specific activity of SAICAR was half of that
acquisition delay that is-35-fold greater than the longest of N®-CAIR. Errors in this experiment are associated with
T: (21). Therefore, using the inversiemecovery method,  an inability to obtain an accurate determination of the specific
the T, values of C7 and C4 df*-CAIR and C1' and C4 of activity of the starting material due to its decomposition and
SAICAR were determined and found to be 12.6, 0.5, 3.2, the presence of salts which preclude its purification to
and 4.6 s, respectively. For integrationN¥CAIR spectra, homogeneity. The specific activity of SAICAR was also
an acquisition delay of 60 s was used, while for SAICAR difficult to establish due to its comigration with ATP from
spectra, a delay of 23 s was used. the reaction mixture in several chromatographic systems and
Enzyme-Catalyzed Coersion of [4,7}3C]-N°-CAIR to the difficulty of determining the extinction coefficient of
[4,1"-13C]SAICAR To address the question of whether the SAICAR (1). Given these problems, and that the quantities
“COy" from the carbamate df>-CAIR is transferred directly ~ of CO/HCOs™ in solution during these experiments would
to C4 to produce [4,62C]CAIR, without exchanging with be expected to dilute by a factor 6100 any [*C]CO; that
the CQ in solution, [4,7-13C]-N°-CAIR was incubated with ~ escaped from the active site during the reaction, these results
PurE. The reaction was carried out in the presence of PurC,suggest quantitative transfer of the carboxylate by PurE.
ATP, and Asp to trap the CAIR as SAICAR (Figure 1). This Mutagenesis of a Partially Consexd Lysine As noted
is an essential procedure since the PurE-catalyzed reactionn the introductory section, vertebrate organisms appear to
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utilize CQO,, AIR, and PurE to make CAIR, while plants and "o ]

microbes appear to use HGQATP, AIR, PurK, and PurE N Microbial ('Jer\@ N Vertebrate N
to make the same product. We considered the possibility that /[ N Put | & N Purk B
a conserved lysine might be a site of transient carbamate 020~ ~~n H;+ H,NZ N CO; HoN” N
formation in the C@-dependent PurE reaction and may be H R ® R 2 R
a key determinant of COspecificity. An alignment of the N°-CAIR ‘ AIR
protein sequences of four vertebrate AIR carboxylases and

the PurE fromArchaeoglobus fulgidugan archaeon that -0, H N

grows in an abyssal vent environmeB2)( where concentra- ij: S

tions of CQ are very high] reveals a single conserved lysine. HoNZ N

A comparison with the 19 sequences from all PurKE L R _|

requiring AIR carboxylases reveals that they have no J

conserved lysines in the PurE domain and an arginine (R46) H*

is found in place of the conserved lysine of the vertebrate 0, N

PurEs. To test the hypothesis that K46 might function as a CI S

CQO, carrier and remove the PurK requirement for CAIR HaN~ N

formation altogether, th&. coli PurE R46 was changed to R

a lysine by site-directed mutagenesis. The mutant PurE still CAIR

requiredN®>-CAIR as a substrate and had a turnover number FiGure 4. Common intermediate proposed for the PurE reaction
for the production of CAIR of 0.6 (per monomer; 2 units/ in vertebrates and microbes, which have divergent substrate
mg), or ~5% of that of the wild-type enzyme. No CAIR ~ "eauirements.

was produced when AIR was incubated with &0d R46K-
PurE at 10°C. This result suggests that in neither class of
PurE is covalent catalysis by lysine likely involved, although
the complementary experiment in which the vertebrate Pur

boxylation of carboxybiotin, has been proposed and modeled
(23). What is most curious is that this chemically enigmatic
mechanism has now reappeared in the purine pathway.

has its lysine mutated to an arginine is required. The same mechanistic options can be considered in the
PurE case as well. The concerted mechanism in the PurgE
DISCUSSION case is unrealistic, as the reaction is intramolecular and would

involve a four-membered cyclic transition state, rather than
the six-membered cyclic transition state in biotin. A recent
mechanism for Purk, based on €auldition toN>-CAIR, is
ruled out by the present experimen8l). The mechanism

Our results suggest that the carbon of tNeCAIR
carbamate is transferred directly to the C4 of the same
molecule ofN>-CAIR from which it was generated and does

not exchange with COin the media during the PurE- ; .
catalyzed reaction. The use BF-CAIR to deliver a one- thus favored would be enzyme-mediated decarboxylation

carbon equivalent is unusual, but remarkably similar to the 9€nerating Ce@and AIR, which then could react to generate
well-characterized, though chemically enigmatic, carboxy- Product (Figure 4). This mechanism is essentially that
biotin cofactor that is also involved in one-carbon transfers ProPosed for the vertebrate PurE systems which appear to
(23). Both PurK and biotin carboxylase systems use HCO have no PurK pounterpart. This mechanism is unappealing,
and ATP, and presumably make carboxyphosphate to gener-as the_c&_all has just exp_ended an.ATP molecule to cgrboxylate
ate a carbamate from non-nucleophilic nitrogens. Both HCOs™ instead of using Codirectly. However, if the

enzymes are structurally homologo@s(J. B. Thoden, T, ~ concentrations of Coare low in the PurkE-requiring

J. Kappock, J. Stubbe, and H. M. Holden, unpublished organisms, “th's approach might _prO\_/lde a vehicle _for
observations) members of the ATP grasp superfan2iy. ( harnessing _C@i equivalents and delivering them tq the site
They are further structurally homologous to two domains of WNere chemistry must occur. In contrast to HCOt s not
carbamoyl phosphate synthetase, one of which is involved "€2dily apparent how an enzyme would bind LC@hich

in the generation of carboxyphosphate, which in the presencehas no charge and no net Q|pole. Itis thus interesting to note
of ammonia generates carbama®®)( The differences in that_ one microbe A. f_ulgldus kn_own to I‘.”‘Ck a Purk
the chemical reactivities of the amide of biotin, the amino €duivalent only grows in a Cfenriched environment.

group of AIR, and NH toward carboxyphosphate are An alternative mechanism involving direct nucleophilic
reflected in the relative stabilities of their carboxylated attack on the carbon of the carbamateNBfCAIR requires
products [half-lives of 30 minQ3), 30 s (19), and 20 ms that PurE bind both AIR anNP®-CAIR simultaneously. This
(27), respectively]. The similarities in the three available mMechanism would regenerate AIR and form CAIR. While
enzyme structures should soon allow elucidation of the basisnot particularly appealing, this mechanism at present cannot
for their differential reactivities with the putative carboxy- be ruled out. It is very difficult to remove all of the AIR
phosphate. from N>-CAIR due to its rapid decomposition.

The mechanism by which a “GOequivalent is transferred One final mechanistic option that could be incorporated
has been the subject of a longstanding debate in the biotininto any of the above schemes involves covalent catalysis
case 28—33). A concerted mechanism in which decarbox- using an active site lysine. Carbamates of lysine have been
ylation of biotin and deprotonation of substrate accompany detected in ribulose bisphosphate carboxyle&®), (phos-
the formation of the new carbeitarbon bond has been photriesterase3g), and urease3(), although none of these
proposed and eliminate@§—31). Stepwise enol (enolate) carbamates plays a direct role in catalysis as would be the
formation, followed by nucleophilic attack on the carbamate case for PurE. As noted above, in the 23 sequences from
of biotin, or enolate attack on GQenerated from decar-  organisms that use PurK/PurE for carboxylation of AIR, there
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are no conserved lysines. Exchange of an arginine for a lysine 12. Schendel, F. J., and Stubbe, J. (1986hemistry 252256
residue, which is found at one position in every member of

the

CQ-utilizing subfamily of PurE enzymes, did not alter

theN>-CAIR substrate specificity dt. coli PurE. While this
experiment is technically difficult, due to the nonenzymatic
reaction of AIR with CQ and the rapid hydration of GQo
bicarbonate, C@does not appear to compete effectively with
N5-CAIR as a substrate for the mutant protein. Thus, the
covalent catalysis option seems to be unreasonable.

The favored mechanism is thus decarboxylatiorNef
CAIR in the active site to form AIR and carbon dioxide
creating a high, local concentration of i@ the active site,
which can then react with the C4 of AIR (Figure 4). As we
have previously shown, the C4 of AIR is rapidly protonated
as shown by the exchange of the C4 proton at pH KR (
= 0.09 min!) (38). Thus nucleophilic attack at C4 could
occur on an electrophilic carbon dioxide. The feasibility of

this

mechanism is also apparent from model studies of AIR

with CO; in solution @, 39). NMR analysis of this reaction,

at high bicarbonate concentrations, shows tR&CAIR
forms very rapidly (the kinetic product), while CAIR forms
at a much slower rate (the thermodynamic product). The

extent of the reaction is dependent on the concentration of

bicarbonate or C® The recent crystal structures of PurK
(J. B. Thoden, T. J. Kappock, J. Stubbe, and H. M. Holden,
unpublished observations) and Purg (I. I. Mathews, T. J.

Kappock, J. Stubbe, and S. E. Ealick, unpublished observa-

tions) should allow formulation of a more detailed mecha-
nistic model for this intriguing AIR carboxylase reaction.

ACKNOWLEDGMENT

We thank Ariane Marolewski and Stephen Benkovic of
Pennsylvania State University for materials related to PurT.

REFERENCES

1.
2.

3.
4.
5.
6.
7.

8.
9.

10.

11.

Meyer, E., Leonard, N. J., Bhat, B., Stubbe, J., and Smith, J.
M. (1992) Biochemistry 315022-5032.

Mueller, E. J., Meyer, E., Rudolph, J., Davisson, V. J., and
Stubbe, J. (1994Biochemistry 332269-2278.

Firestine, S. M., and Davisson, V. J. (19®dchemistry 33
11917-11926.

Firestine, S. M., Poon, S.-W., Mueller, E. J., Stubbe, J., and
Davisson, V. J. (1994Biochemistry 3311927-11934.
Firestine, S. M., and Davisson, V. J. (1998)Med. Chem.

36, 3484-3486.

Rudolph, J. (1993) Ph.D. Thesis, Massachusetts Institute of
Technology, Cambridge, MA.

Cheng, Y.-S., Rudolph, J., Stern, M., Stubbe, J., Flannigan,
K. A., and Smith, J. M. (1990Biochemistry 29218-227.
Marolewski, A., Smith, J. M., and Benkovic, S. J. (1994)
Biochemistry 332531-2537.

Schendel, F. J., Mueller, E., Stubbe, J., Shiau, A., and Smith,
J. M. (1989)Biochemistry 282459-2471.

Schrimsher, J. L., Schendel, F. J., Stubbe, J., and Smith, J.

M. (1986) Biochemistry 254366-4371.

Dische, Z. (1962) irMethods in Carbohydrate Chemistry
(Whistler, R. L., and Wolfrom, M. L., Eds.) Academic Press,
New York.

13.

14.

15.

16.

17.

18.

19.

20.

21.

2264.

Peled, N. (1983) iMethods of Enzymatic Analys{Berg-
meyer, J., and Grassl, M., Eds.) Verlag Chemie, Deerfield
Beach, FL.

Mueller, E. J. (1994) Ph.D. Thesis, Massachusetts Institute of
Technology, Cambridge, MA.

Varian (1987) Advanced Operations, XL-Series NMR Spec-
trometer System, Publication No. 87-146-006, Varian.
Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D.,
Seidman, J. G., Smith, J. A., and Struhl, K., Eds. (1994)
Current Protocols in Molecular Biologydohn Wiley & Sons,
New York.

Kunkel, T. A. (1985pProc. Natl. Acad. Sci. U.S.A. 8288—
492.

Firestine, S. M., Misialek, S., Toffaletti, D. L., Klem, T. J.,
Perfect, J. R., and Davisson, V. J. (1998)xh. Biochem.
Biophys. 351123-134.

Meyer, E. (1996) Ph.D. Thesis, Massachusetts Institute of
Technology, Cambridge, MA.

Bratton, A. C., and Marshall, E. K., Jr. (193R)Biol. Chem.
128 537-550.

Derome, A. E. (198Wodern NMR Techniques for Chemistry
ResearchPergamon Press, New York.

. Stetter, K. O., Lauerer, G., Thomm, M., and Neuner, A. (1987)

Science 236822—-824.

23. Knowles, J. R. (1989\nnu. Re. Biochem. 58195-221.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

. Waldrop, G. L., Rayment, I., and Holden, H. M. (1994)

Biochemistry 3310249-10256.

. Galperin, M. Y., and Koonin, E. V. (199'Brotein Sci. 6

2639-2643.

Thoden, J. B., Holden, H. M., Wesenberg, G., Raushel, F. M.,
and Rayment, |. (1997Biochemistry 366305-6316.

Wang, T.-T., Bishop, S. H., and Himoe, A. (1972)Biol.
Chem. 2474437-4440.

Rose, I. A., O'Connell, E. L., and Solomon, F. (1936Biol.
Chem. 251902-904.

Reey, J., and Lynen, F. (196Biochem. Z. 342256—-271.
Attwood, P. V., Tipton, P. A., and Cleland, W. W. (1986)
Biochemistry 258197-8205.

O'Keefe, S. J., and Knowles, J. R. (19&&ipchemistry 25
6077-6084.

Kluger, R., and Adawadkar, P. D. (1976)Am. Chem. Soc.
98, 3741-3742.

Bruice, T. C., and Hegarty, A. F. (197Pyoc. Natl. Acad.
Sci. U.S.A. 65805—-809.

Groziak, M. P., Huan, Z.-W., Ding, H., Meng, Z., Stevens,
W. C., and Robinson, P. D. (199J) Med. Chem. 403336~
3345.

Lorimer, G. H., and Miziorko, H. M. (198@iochemistry 19
5321-5328.

Vanhooke, J. L., Benning, M. M., Raushel, F. M., and Holden,
H. M. (1996) Biochemistry 356020-6025.

Jabri, E., Hausinger, R. P., and Karplus, P. A. (135gnce
268 998-1004.

Schendel, F. J. (1986) Ph.D. Thesis, University of Wisconsin,
Madison, WI.

Alenin, V. V., Kostikova, T. R., and Domkin, V. D. (1987)
Zh. Obshch. Khim. 57692-701.

40. Russel, M., Kidd, S., and Kelley, M. R. (198&ene 45

333—-338.
BI19827159



