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ABSTRACT. The propionyl-CoA synthetase (PrpE) enzymeSalmonella entericaatalyzes the first step

of propionate catabolism, i.e., the activation of propionate to propionyl-CoA. The PrpE enzyme was purified,
and its kinetic properties were determined. Evidence is presented that the conversion of propionate to
propionyl-CoA proceeds via a propionyl-AMP intermediate. Kinetic experiments demonstrated that
propionate was the preferred acyl substr&tg/Km = 1644 mM s71). Adenosine 5propyl phosphate

was a potent inhibitor of the enzyme, and inhibition kinetics identified a Bi Uni Uni Bi Ping Pong
mechanism for the reaction catalyzed by the PrpE enzyme. Site-directed mutagenesis was used to change
the primary sequence of the wild-type protein at positions G245A, P247A, K248A, K248E, G249A, K592A,
and K592E. Mutant PrpE proteins were purified, and the effects of the mutations on enzyme activity
were investigated. Both PrpEK592 mutant proteins (K592A and K592E) failed to convert propionate to
propionyl-CoA, and plasmids containing these allelepmpE failed to restore growth on propionate of

S. entericacarrying nullprpE alleles on their chromosome. Both PrpEK592 mutant proteins converted
propionyl-AMP to propionyl-CoA, suggesting residue K592 played no discernible role in thioester bond
formation. To the best of our knowledge, these mutant proteins are the first acyl-CoA synthetases reported
that are defective in adenylation activity.

In Salmonella entericgoropionate is activated to propio- NH,

nyl-CoA by an acyl-CoA synthetase encoded by inpE Acyl-CoA N
: . : 0 o 0 /N

gene. This gene is part of thep locus,prpRBCDE which i Synthetase T ¢ |
; . - . R—C—0 R—C—0-P-0-CH P
is required to catalyze steps of the 2-methylcitric acid cycle y Z i ! I o NN
for propionate catabol[snl(Z). Thg PrpE protein is requi_red ATP PP 0
for growth of S. entericaon propionate and can substitute HO OH

for the acetyl-CoA synthetase (Acs) enzyme during growth

on acetate. Initial biochemical characterization of PrpE acyl-AMP
suggested the enzyme was an acyl-CoA synthetase capable Acyl-CoA

of catalyzing propionyl-CoA or acetyl-CoA formatioB)( Synthetase Q
However, the kinetic properties of PrpE were not determined, R—C—S—CoA
and the role of conserved residues in this enzyme was not acyl-CoA
investigated. CoA  AMP

Acy|_COA Synthetasesy such as PrpE, are the primary route Ficure 1: The acyI-CqA synthetase reaction. This reaction proceeds
for fatty acid activation in organisms. These enzymes activate rough an acy-AMP intermediate. In the case of PrpE, the R group
: . . . ~would be CH-CH,- for propionate.
acyl groups in a two-step reaction mechanism, which
proceeds through an acyl-adenylate (acyl-AMP) intermediate
(Figure 1) @, 5). Acyl-CoA synthetases fall into a large group
of enzymes that catalyze reactions through adenylated

intermediates, called the acyl-adenylate/thioester forming members of this enzyme family is often very lo&),(and

famny (6). This family of enzymes IS similar at the amino  candidates are usually identified by several conserved motifs
acid and structural level, and includes enzymes as dlverse(Figure 2)

as peptide synthetase adenylation domainaminoadipate
reductatszs, and.:jumfe;)rlas@t. (rhetsz enztyn:ﬁs.hqvg r(atc§r|1tly dadenylate/thioes'[er forming enzymes and has been investi-
gendgralg consi era'1: ein erels uel 8 Ae|r 'r;] ustria han gated in several members of this family. This motif is part
medical importance. For example, acyl-CoA synthetases haves 5 fiayiple loop that is disordered in the crystal structures
been used to incorporate unusual acyl groups into biopoly-

. o X ; of Photinus pyralis luciferase and theL-phenylalanine
mers and polyketide antibiotic8{10), adenylation domains adenylation domain of gramicidin S synthetase (PheA) of

Bacillus breiis (7, 14). The structure of PheA suggests motif
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of peptide synthetases can be altered to generate novel
peptide antibioticsX1), and luciferase is widely used as a
reporter for ATP levels]2, 13). Sequence similarity among

Motif 1 is considered the signature motif of the acyl-
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Ficure 2: Conserved motifs in the adenylate/thioester-forming enzyme family. These motifs have been previously deisqrifiéu (
abbreviations for the sequences are as follows: PgEentericaPrpE (); Acs, E. coli acetyl-CoA synthetasel); FcbA, Pseudomonas
sp. DJ-12 4-chlorobenzoyl CoA syntheta6g MatB, R. trifolii malonyl-CoA synthetasetb); GrsA, Bacillus bresis gramicidin synthetase
(46); TycA, B. brevis tyrocidine synthetase 47); Luci, Photinus pyralisuciferase 48).

might be important for catalysid$), and further studies of
the TycA enzyme indicated residue K186 of this motif (K248
of PrpE) may orient th¢ andy phosphates of ATP during
catalysis 16). Site-directed mutagenesis on the 4-chloroben-
zoate (4-CBA) CoA synthetase Bseudomonastrain CBS3,
and NMR spectroscopy and modeling studies of malonyl-
CoA synthetase oRhizobium trifoliiidentified residues of
motif 1 that were involved in acyl-AMP synthesi$7% 18).

shaking at 1820 °C water bath. The culture was grown to
an ODyp = 0.20-0.25, and protein overexpression was
induced with IPTG (0.5 mM final concentration). After
induction, the culture was incubated for an additionat-16
18 h before cells were harvested.

Assessment of the Effect of Mutations in prpE during
Growth on PropionateNo—Carbon E (NCE) medium was
used as a minimal mediun2?). S. entericastrains were

These studies on adenylation domains and CoA synthetasegrown overnight in LB broth, and the cultures were diluted

suggested that motif 1 was involved in adenylate formation.
However, the exact role of this motif in the enzyme
mechanism and in vivo remains unclear.

1:50 (vol/vol) into 5 mL of NCE medium supplemented with
1 mM MgSQ, 0.5 mM methionine, 30 mM propionate, 50

ug/mL ampicillin, and trace mineral®28). Cultures were

Recently, studies on the role of residue K529 of luciferase grown in 18x 150 mm tubes, and growth was monitored at

(K592 of PrpE) showed that this residue was required for
luciferyl-AMP formation and not the oxidation reaction to
oxyluciferin (19). This report was the first identification of

650 nM using a Spectronic 20D spectrophotometer furnished
with a red filter (Milton Roy, Rochester, NY).
Recombinant DNA and Genetic Techniqu@sstriction

a residue that was specifically required for adenylate forma- and modification enzymes were purchased from Promega

tion in the acyl-adenylate/thioester forming enzyme family.
In the crystal structure of gramicidin S synthetase, the
corresponding lysine residue (K517) forms electrostatic

Corporation (Madison, WI) unless otherwise stated, and were
used according to manufacturer’s instructions. All DNA
manipulations were performed i coli DH5a/F'. Plasmids

interactions with the phosphate of AMP and the carboxylate were transformed intcE. coli by CaC} heat-shock as
of L-phenylalanine, suggesting that this residue is also described Z1). Plasmids were transformed in& enterica

required for adenylation formation in peptide synthetages (

by electroporation as describe@4]. Nonradioactive se-

The interest in the adenylate/thioester-forming enzyme quencing of plasmids was performed at the Biotechnology

family has prompted numerous studies on their kinetic
properties and function of conserved protein motifs in vitro.
However, little effort has been applied to the functional
analysis of mutant enzymes with modifications in these
motifs in vivo. In this report, the propionyl-CoA synthetase
(PrpE) ofS. entericavas characterized, and the function of

conserved residues was addressed in vitro and in vivo.

Center at the University of Wisconsin-Madison.
Plasmid Constructionsin all cases, the presence of
mutations was verified by nucleotide sequencing.
Plasmids pPRP69, pPRP8B0. Site-directed mutations
in motif 1 were created using mutagenic primergé@ntain-
ing the Aatll site in prpE. The G245A mutation was PCR
amplified using a 3 mutagenic primer (5CCGCCGA-

Residue K592 of PrpE enzyme was required for adenylate CGTCGCGCTGGACGCCTTTCGGTTTGGCGGTYand

formation and for growth ofs. entericaon propionate.

EXPERIMENTAL PROCEDURES

Culture Media and Growth Conditionéll chemicals were

a 5 primer (8B-CATAGCCGTCCACCGTTTGCCC-3. PCR
was performed using conditions as described elsewBléje (
The 0.6-kb PCR products were purified using QIAquick PCR
Purification kit, digested witlAatll and Sall, and cloned into

purchased from Sigma Chemical Co. (St. Louis, MO) unless PPRP68 digested with rthe same enzymes. The resulting
otherwise stated. A list of strains and plasmids used and theirPlasmid was 9.4 kb (Ap and was named pPRP69. To

genotypes is provided in Table Escherichia colicultures
were maintained Luria-Bertani (LB) broth. Antibiotic con-
centrations in rich medium were (irg/mL): ampicillin (Ap),
100; chloramphenicol (Cm), 50; kanamycin (Km), 50.

construct other site-directed mutations at this motif, the
following

1 Abbreviations: Ap, ampicillin; Cm, chloramphenicol; CoA, co-
enzyme A,; DO, deuterated water; ESI-MS, electrospray ionization mass

For the overexpression of PrpE proteins, overnight cultures spectrometry; G6PDH, glucose-6-phosphate dehydrogenase; GSH,

of E. coli ER2566 strains were grown in 25 mL of LB broth
containing Ap at 30°C (20). Twenty milliliters of the
overnight culture was inoculated mt. L of SOCmedium
in a 2-L Erlenmeyer flask2A1), which was incubated with

glutathione; HK, hexokinase; LDH, lactate dehydrogenase; Km, kana-
mycin; MK, myokinase; NMR, nuclear magnetic resonance; PEP,
phosphoenolpyruvate; PK, pyruvate kinase; PMSF, phenylmethane-
sulfonyl fluoride; TBAB, tetrabutylammonium bromide; TCEPICI,
Tris(2-carboxyethyl)phosphine hydrochloride.
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Table 1: Strain List

strain or plasmid genotype reference or sotirce
E. coli
DH5w/F F/endAl hsdR1{™ mc™) supE44 thi-1 recAl New England Biolabs
gyrA (Nal) relA1 A(lacZYA-arghU169 deoR
[¢80dacA(laczM15]
ER2566 F 2~ tfhuA2[lon] ompT lacZ::T7 genel gal sulA1l New England Biolabs

A(merGmrr)114::1S10 R(mcr-73miniTn10)2
R(zgbh-210Tn10)1(Tet) endAl [dcm]

JE4034 DH&/pPRP37 prpE™, cath) 1

JE4153 DHB&/pPRP45 rpE*, bla+) this study
JE4528 ER2566/pPRP4BrpE", blat) this study
JE4298 DHB/pPRP54 |frpE*, bla+) 3

JE4813 ER2566/pPRP68 (Ti@o", prpE', bla') this study
JE5640 ER2566/pPRP69 (T@o", prpE-G245A,bla*) this study
JE5641 ER2566/pPRP87 (Tfgo*, prpE-P247A bla™) this study
JE5642 ER2566/pPRP88 (T{o", prpE-K248A, bla*) this study
JE5643 ER2566/pPRP89 (Tigo*, prpE-G249A,bla™) this study
JE5941 ER2566/pPRP90 (T@o", prpE-K248E,bla*) this study
JE6182 ER2566/pPRP100 (Tpo*, prpE-K592A, bla™) this study
JE6183 ER2566/pPRP101 (Tio", prpE-K592E,bla*) this study
JE6270 DH&/pPRP108 (Ragan, PrpE', bla™) this study
JE6271 DH%/pPRP109 (Rasan, PrpE-G245A,bla™) this study
JE6272 DHB/pPRP110 (Ragan, PrpE-P247A bla’) this study
JE6273 DH&/pPRP111 (Ragan, PrpE-K248A, bla™) this study
JE6274 DHB&/pPRP112 (Ragan, PrpE-K248E,bla™) this study
JE6275 DH5/pPRP113 (Rasan, PrpE-G249A, bla®) this study
JE6276 DH&/pPRP114 (Rasan, PrpE', bla®) this study
JE6277 DHB/pPRP115 (Rasan, PrpE-K592A, bla™) this study
JE6278 DHB&/pPRP116 (Ragan, PrpE-K592E,bla™) this study

S. typhimurium
JR501 hsdSA29 hsdSB121 hsdL6 metA22 metE551 trpC2 49

il -452 rpsL120 xyl-404 galE719 H1-b H2-en,n,x
(Fels2) fla-66 nml

TR6583 metE205 ara-9 K. Sanderson via J. Roth
JE4313 metE205 ara-9 prpE21&Xan' DEL1231(ac9 3
primers were used: P247A (plasmid pPRP87)CEGC- Plasmids pPRP109113 Site-directed mutations in plas-

CGACGTCGCGCTGGACGCCTTTCGCTTTG5X248A mids pPRP69, pPRP&R0 were moved onto plasmid
(plasmid pPRP88),'8CCGCCGACGTCGCGCTGGACGC- pPRP54 usind\atll and Sal restriction enzymes. These two
CGGCCGGTTTG-3 K248E (plasmid pPRP90), &£CGC- restriction enzymes removed a 0.6-kb piece popE in
CGACGTCGCGCTGGACGCCTTCCGGTTTG:35249A pPRP54, which was replaced with the corresponding frag-
(plasmid pPRP89),'8SCCGCCGACGTCGCGCTGGACG- ments from plasmids pPRP69 and pPRP8@. The final
GCTTTC-3. plasmids were 8.0 kkb{a®, Ap"), and were called pPRP109,

Plasmids pPRP100 and pPRP1Gite-directed mutations ~ PTPEG245A; pPRP11(QrpEP247A; pPRP11IorpEK248A;
at K592 were constructed using three-primer PCR as PPRP112prpEK248E; pPRP113prpEG249A.
described 26). The outer primers were & 37 promoter Plasmid pPRP114The prpE gene was PCR amplified
primer (3-CGAAATTAATACGACTCACTAT-3")anda 3 from strain TR6583 as described®5. The 3 primer
reverse primer (SCATGACCTTATTACCAACCTC-3), contained aKpnl site (3-AAAGGTACCGGCGTAAGT-
and the internal phosphorylated primers were K592A (5 TCAACAGGAGAG-3), the 3 primer contained Xbd site
CGTTCCGGAGCGATGCTTCGC-3and K592E (5CGT- (5-AAAGGGTCTAGACGCTGAGTCTAACCCGTT-3.
TCCGGAGAGATGCTTCGC-3. The 2.1-kb PCR products  The PCR product was purified and cloned into pGEM-T as
were identified by gel electrophoresis, excised from the gel, described above. The resulting plasmid was 4.9 ia*(
and purified using the QIAquick Gel Extraction kit (Qiagen, Ap") and was called pPRP103. Plasmid pPRP103 was
Chatsworth, CA). The purified PCR fragment was cloned digested withKpnl and Xba to remove theprpE gene as a
by A-tailing the DNA and ligating into pGEM-T Easy Vector 1.9-kb fragment, which was cloned into pBAD30 cut with
system (Promega, Madison, WI) according to manufacturer’s the same enzyme®7). The resulting plasmid was @pE
instructions. The resulting plasmid was 5.1 kia(", Ap") minimal gene clone, and the plasmid was 6.9 lida{, Ap")
and was called pPRP9®rOEK592A) or pPRP99 ffrpEK- and was called pPRP108. During initial studies with pPRP108,
592E). TheprpE gene with site-directed mutations was this plasmid overproduced PrpE protein and was deleterious
removed from these plasmids wiXiba andKpnl and cloned to growth ofS. entericadata not shown). To address these
into pTYB2 digested with the same enzymes. The size of concerns, the DNA sequence upstreanpagdE in plasmid
the final plasmids was 9.4 kiblat, Ap"), and were named pPRP54 was moved to pPRP108, which reduced the produc-
pPRP100 grpEK592A) or pPRP101rpEKS592E). These  tion of PrpE protein and allowed complementation @i pE
plasmids were used for the overexpression and purification mutant (strain JE4313). This new plasmid was constructed
of PrpEK592A and PrpEK592E mutant proteins. by removing a 0.8-kb fragment from plasmid pPRP108 with
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Kpnl andAatil and replacing it with a 0.96-kb fragment from  proximately 0.1-0.2 nmol/min were observed, and any acyl-
plasmid pPRP54 cut with the same enzymes. The final CoA synthetase assays in this range were considered not
plasmid was 7.1 kbhlat, Ap"), and was called pPRP114. detectable.
The only difference between pPRP108 and pPRP114 is ATP Formation AssaysSThe ATP assay used was based
addition of approximately 160 bp to pPRP114, between the on the one previously described!, (28). The reaction
Parasap promoter and therpE ribosome binding site. This  mixtures (1.0 mL) contained 50 mM HEPES buffer, pH 7.5,
160 bp containgrpD 3' sequence and intergenic sequence 3.0 mM p-glucose, 10 units HK, 10 units G6PDH, 5 mM
from theS. entericachromosomeX). When comparingrpE MgCls, 2.5 mM sodium pyrophosphate, and 0.25 mg of PrpE
complementing plasmids pPRP114 and pPRP54, it shouldprotein. For these assays, buffer and reagents were prein-
be noted that pPRP54 also contathentericachromosomal cubated in quartz cuvettes at 3T in a Lambda Bio-40
sequence downstream pipE (3). spectrophotometer. After 3 min, assays were started with
Plasmids pPRP115 and pPRP11Bor construction of propionyl-AMP, and the reaction was monitored for 10 min
complementing plasmids of thepEK592 mutations, three-  at 340 nm. Specific activities were calculated from the
primer PCR was performed as described above. T8, extinction coefficient of 6220 M' cm™? for the reduction
3-Xba, and the internal K592A and K592E primers of one molecule of NAD for each ATP released, and they
described above were used for PCR. The 1.9-kb PCRare reported as mmol mih (mg of proteiny?!. Significant
products were purified and cloned into pPGEM-T as described background activity was not observed using this assay.
above. The resulting plasmids were 4.9 kia(, Ap"), and Determination of K, and k. Values Apparent,, values
were called pPRP104(pEK592A) or pPRP105[rpEK- were determined for PrpE substrates by varying one substrate
592E). TheprpE gene with site-directed mutations was at a fixed concentration of the other two substrates. Initial
removed from these plasmids wikpnl and Xbd and cloned velocities of the acyl-CoA synthetase activity (with 2.5 mM
into plasmid pBAD30 digested with the same enzyn#s.( ATP, 5 mM MgCh, and 1 mM CoA) were determined as a
The size of the resulting plasmids was 6.8 kita(, Ap'), function of propionate concentration (#2000uM), acetate
and were named pPRP10®rgpEK592A) or pPRP107 concentration (0.0520 mM), and butyrate concentration<1
(prpEK592E). These plasmids did not complemergraE 60 mM). Initial velocities of the propionyl-CoA synthetase
mutant (data not shown). To address the concern that theactivity (with 2 mM propionate and 5 mM Mgg)l were
PrpE mutant proteins were being overproduced, the regiondetermined as a function of ATP concentration {2500
upstream oprpE in the prpEK592 alleles (pPRP166107) uM) and CoA concentration (251000 uM). Acyl-CoA
was replaced with a fragment from pPRP54 as describedsynthetases assays were performed as described above. Initial
above. The final plasmids were 7.1 Kidl*, Ap"), and were velocities of the ATP formation assays (with 5 mM Mgl
called pPRP115pfpEK592A) or pPRP116{rpEK592E). were determined as a function of propionyl-AMP concentra-
These plasmids should be compared to control plasmidtion (4.4-154 M) and pyrophosphate concentration {25
pPRP114, which was constructed in the same manner (se€500 uM). ATP formation assays were performed as
above). described above. Assay sets containee-1® points, and
Purification of Wild-Type and Mutant PrpE Proteins. each set was performed at least three times. Initial velocity
Chitin Affinity Chromatographywild-type and mutant PrpE ~ data were analyzed using the program GraFit 29).(
proteins were purified by chitin affinity chromatography as  Determination of K Values Inhibition of the PrpE
described 20). For efficient intein cleavage on the chitin  propionyl-CoA synthetase reaction was performed with
resin, an additional glycine residue was added to the adenosine 'Spropyl phosphate (propyl-AMP). Assays were
C-terminus of all PrpE proteins. performed varying both substrate and inhibitor at five
Enzyme Assays. Acyl-CoA Synthetase AsSdys.acyl- different concentrations (25 assays). Concentrations of
CoA synthetase assay used was based on the coupled assaybstrates used: (i) ATP inhibition, ATP (5@50uM), and
reported by WilliamsonZ8). Standard acyl-CoA synthetase propyl-AMP (0.0125 to 0.0xM); (ii) propionate inhibition,
assays (1.0 mL) contained 50 mM HEPES buffer, pH 7.5, propionate (26-100xM), and propyl-AMP (0.25 to 1.2M);
3.0 mM PEP, 10 units MK, 10 units PK, 10 units LDH, 5 (iiij) CoA inhibition, CoA (100-400«M), and propyl-AMP
mM MgCly, 2.5 mM ATP, and 1.0 mM CoA. Acyl substrates  (0.5—2.0 uM); (iv) propionyl-AMP inhibition, propionyl-
were added at the following concentrations:alanine, 20 AMP (20—100uM), and propyl-AMP (0.025 to 0.1M).
mM; p-alanine, 20 mMy-alanine, 20 mM; glycine, 20 mM;  Each set of assays was performed at least three times. Initial
sodium glyoxylate, 20 mM; sodium malonate, 20 mM; velocity data were analyzed using the program GraFit 4.0,
sodium mercaptoacetate, 20 mM; sodium propionate, 0.15andK; values were determined by fitting velocity data into
mM. For these assays, buffer and reagents were preincubatethe appropriate rate equations in Grafit 429)(
in quartz cuvettes at 37C in a Lambda Bio-40 spectropho- Chemical Synthesis. Propionyl-AMHAhe synthesis of
tometer (Perkin-Elmer) equipped with a circulating water- propionyl-AMP was performed as describés). (The com-
jacket. After 3 min, assays were started with the addition of pound was approximately 93% pure as determined by HPLC
PrpE protein (0.251.0ug), and the reaction was monitored (protocol described below) with the primary contaminant
for 10 min at 340 nm. Specific activities were calculated being AMP. The U\+visible spectrum of propionyl-AMP
from the extinction coefficient of 12440 M cm™? for the was similar to the one for AMP. The mass of the compound
oxidation of two molecules of NADH for each AMP  was verified using negative ion ESI-MS. The mass observed,
released, and they are reported as mmol fifmg of m/z = 402, correlated to the negative ion of the expected
protein) %. Wild-type and mutant PrpE proteins were diluted mass of 403 Da.
in 50 mM HEPES, pH 7.5, with 1 mM TCEP prior to assay Propyl-AMP. The synthesis of propyl-AMP was performed
measurement. Using this assay, background levels of ap-as described30). The compound was purified on DEAE-
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Sephadex A-25 as described by Yasuda and In@1 (
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Preparation of Samples fo*P NMR Each mixture was

except an ammonium acetate gradient was used instead ofransferred into a NMR tube (5 mm, Wilmad Glass, Buena,

NH4HCO;. A mass ofm/z = 388 was observed in negative
ion ESI-MS, correlated with that of the negative ion of the
expected mass of 389 Da.

HPLC of PrpE Reactions. Equipment and &wits.

NJ), and 0.1 mL of 100% D was added. fD and TMS
were purchased from Cambridge Isotope Labs (Andover,
MA).

3P NMR Spectra Acquisition®P NMR spectra were

Samples were run on Waters 600 solvent delivery systemacquired at 161.98 MHz with a deuterium lock on a Bruker

equipped with a Waters 900 PDA detector. A LUNA 618
column (150x 4.6 mm, 5uM particle diameter, Phenom-
enex, Torrance, CA) was used for all separations, and flow-
rate was maintained at 1 mL/min. The separations were

Instruments DMX-400 Avance console with a 9.4 T wide-
bore magnet (Nuclear Magnetic Resonance Facility at the
University of Wisconsin-Madison). Spectra were Fourier
transformed with 3 Hz line-broadening. Chemical shifts

monitored at 260 nM. The solvent system was based on onepresented in this work were relative to;D, which was

previously described3@). The following solvents were
prepared: solvent A: 100 mM KIPO, with 2 mM TBAB;
solvent B: 100 mM KHPQO, with 2 mM TBAB and 15%
CH3CN; solvent C: 100 mM KHPO, with 2 mM TBAB
and 35% CHCN. All solvents were adjusted to pH 3.3 with
HsPQ..

Conversion of Propionyl-AMP to ATPA 0.1-mL reaction
mixture was prepared with the following components: 50
mM HEPES buffer at pH 7.5, 2 mM propionyl-AMP, 2 mM
sodium pyrophosphate, 5 mM MggCland 5ug of PrpE
protein. The reaction was incubated for 60 min af@7and
was stopped with kL of hydrochloric acid. The reaction
was kept on ice and 14L was analyzed by RP-HPLC. The
sample was separated using the following conditions: 10
min linear gradient of 100% solvent A to 100% solvent B,
followed by 10 min isocratic of 100% solvent B. Standards
eluted with the following retention times: AMP, 9.0 min;
propionyl-AMP, 15.5 min; ATP, 16.8 min.

Corwersion of Propionyl-AMP to Propionyl-CaoA 0.1-

mL reaction mixture was prepared with the following
components: 50 mM HEPES buffer at pH 7.5, 2 mM
propionyl-AMP, 2 mM CoA, and mg of PrpE protein. The
reaction was stopped and injected onto the €lumn as
described above. The sample was separated using th
following conditions: 5 min isocratic elution using 100%
solvent B, 10 min linear gradient to 100% solvent C, and 5
min isocratic elution using 100% solvent C. Standards eluted
with the following retention times: AMP, 1.9 min; propionyl-
AMP, 3.4 min; CoA, wide peak at 11-513 min; propionyl-
CoA, 17.2 min.

3P NMR SpectroscopyPeak assignments were based on
experiments with known standards. TH&® NMR spectra
are available upon request.

In Vitro Synthesis of Propionyl-CoAhe following were
combined in a 0.5-mL reaction mixture: 50 mM potassium
phosphate buffer at pH 7.5, 5 mM sodium propionate, 5 mM
ATP, 5 mM CoA, 10 mM MgC}, and 30ug of PrpE protein.
The reaction was incubated for 60 min at 3C. CoA
solutions were prepared fresh for each experiment.

In Vitro Corversion of Propionyl-AMP to ATPThe
following were combined in a 0.5-mL reaction mixture: 50
mM phosphate buffer at pH 7.5, 5 mM propionyl-AMP, 5
mM PPi, 10 mM MgC}, and 30ug of PrpE protein. The
reaction was incubated for 60 min at 3C.

In Vitro Corversion of Propionyl-AMP to Propionyl-CoA.
The following were combined in a 0.5-mL reaction mix-
ture: 50 mM potassium phosphate buffer at pH 7.5, 2 mM
propionyl-AMP, 2 mM CoA, and &g of PrpE protein. The
reaction was incubated for 60 min at 3C.

set to 0.0 ppm.

Other ProceduresProtein concentrations were determined
by the method of Bradford3@) using the BioRad protein
reagent (BioRad, Hercules, CA). A standard curve was
generated for protein determinations with bovine serum
albumin. Proteins were separated by SIPFRAGE 34) using
12% polyacrylamide gels and were visualized with Coo-
massie Blue §5). Midrange standards (34150 kDa) were
used for SDSPAGE (Novagen). All U\-vis spectroscopy
was performed on a computer-controlled Lambda Bio-40
spectrophotometer (Perkin-Elmer) equipped with temperature
control.

RESULTS

PrpE Purification and Identification of Reaction Byprod-
ucts.PrpE protein was purified to homogeneity using chitin
affinity chromatography followed by intein cleavage. The
resulting PrpE protein contained one additional C-terminal
glycine. The addition of this G residue was needed to
optimize intein cleavage2(). The specific activity of the
PrpE protein was 2Zmol min~* mg™1, which compared
favorably to other acyl-CoA synthetaseZ6(38).

Propionyl-CoA was previously identified as the end-

eproduct of the reactiorj, but the reaction byproducts were

not determined. To identify these byproducts, PrpE reactions
were analyzed by'P NMR spectroscopy. AMP and pyro-
phosphate were observed in fie NMR spectrum following

the incubation of propionate, Mg-ATP, CoA, and PrpE in a
reaction mixture (data not shown). This result supported the
proposal that PrpE proceeded via a propionyl-AMP inter-
mediate B8).

Propionyl-AMP is a Substrate for PrpHo0 test whether
propionyl-AMP was a substrate for the PrpE enzyme, this
compound was chemically synthesized. The PrpE enzyme
was incubated with propionyl-AMP and Mg-pyrophosphate
and the formation of ATP was monitored by HPLC (data
not shown). The addition of PrpE to the reaction mixture
converted the propionyl-AMP and pyrophosphate to ATP
and AMP. 3P NMR was used to monitor the fate of
pyrophosphate during the course of the reaction. Pyrophos-
phate levels dropped following the addition of PrpE protein
to the reaction mixture (data not shown). Although the
formation of propionate was not observed, this byproduct
was expected upon cleavage of propionyl-AMS). (The
synthesis of propionyl-CoA from propionyl-AMP and CoA
was also monitored by HPLC (data not shown). The addition
of PrpE to a reaction mixture containing propionyl-AMP and
CoA resulted in the formation of propionyl-CoA and AMP.
This reaction did not require divalent cations as previously
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Table 2: Kinetic Parameters of PrpE

KealKm
substrate Km («M) Keat (S71) (mM~1s

propionate 20t 2 33+ 2 1644
acrylate 279 14 26+ 1 92
acetate 170& 145 32+1 19
butyrate 5600t 210 6+ 0.2 1
ATP 57+5 34+ 1 600
CoA 215+ 31 42+ 1 196
PPi 2544+ 9 79+5 310
propionyl-AMP 23+ 2 78+ 4 3440

observed for other acyl-CoA synthetasé&y. (The specific
activity of PrpE in both half-reactions was also measured
using propionyl-AMP as substrate (Table 2). PrpE protein
synthesized ATP from propionyl-AMP and Mg-pyrophos-
phate at 66umol min~* mg™%, and the enzyme converted
propionyl-AMP to propionyl-CoA at 3Zzmol min~t mg.

Both of these half-reactions were faster than the overall

reaction, which was 2Zmol min~! mg*. The results of

these experiments demonstrated that propionyl-AMP was a

substrate for the PrpE enzyme.

Kinetic ParametersUsing a continuous spectrophotomet-
ric assay to detect AMP level2§), the kinetic parameters
of the PrpE protein for ATP, CoA, acyl substrates, and
reaction intermediates were determined (Table 2).

Acyl SubstratesPropionate was the preferred acyl sub-
strate with aK, of 20 uM. Acrylate was the next best acyl
substrate with &, of 280uM, although thek../Kr is more

Horswill and Escalante-Semerena

consistent with those reported in the original study of these
inhibitors 39). As shown in Figure 3C and D, propyl-AMP
showed uncompetitive inhibition against CoK; (= 1260

nM) and competitive inhibition versus the reaction interme-
diate propionyl-AMP K; = 34 nM). These results strongly
suggested a Bi Uni Uni Bi Ping Pong kinetic mechanism
for the reaction catalyzed by the PrpE enzymé)( The
kinetic mechanisms of several acyl-CoA synthetases have
been determined, and all show ordered Ping Pong mecha-
nisms @6, 38, 41). Although full ter-reactant kinetics was
not performed, it is unlikely that the PrpE reaction will
proceed via a different kinetic mechanism.

Residues Inolved in Propionyl-AMP SynthesiBrevious
studies on motif 1 with other acyl-CoA synthetases suggested
that these residues were important for adenylate formation
(15, 17, 18, 36, 38). Although studies on this motif have
identified residues that affect catalytic activities, many of
these mutant proteins had only small decreasek.nor
specific activity as compared to their respective wild-type
proteins (5, 17, 36, 38). Mutations in motif 1 of 4-CBA-
CoA synthetase identified residues that reduced the turnover
rate 1000- to 5000-fold1(7). This study prompted initial
experiments with motif 1 in PrpE presented in this report.
Using synthetic propionyl-AMP, the adenylation reaction of
PrpE mutant proteins could be bypassed to identify residues
critical for this half-reaction. For these experiments, con-
served residues G245, P247, K248, and G249 were all
changed to alanines, with an additional change of residue
K248 to glutamate. These mutations were introduced into

than 17-fold lower than propionate. Acetate was also a prpE carried on plasmid pPRP68, and the site-directed mutant
substrate for PrpE, but the affinity of the enzyme for acetate proteins were overproduced and purified using chitin-affinity

was significantly lower Ky of 1.7 mM). Theke/Kn, for

acetate was more than 86-fold lower than propionate.

Butyrate was a very poor substrate for PrpE witKaof
5.6 mM and ak.{Kn, 1640-fold lower than propionate.
Recently,S. entericaPrpE was also purified by Valentin et
al. (8), andKy, values of 5quM for propionate and 0.9 mM

chromatography (see Experimental Procedures).

The specific activity of each mutant PrpE protein was
determined for the complete reaction and for the conversion
of propionyl-AMP and pyrophosphate to ATP and propi-
onate, and for the conversion of propionyl-AMP and CoA
to propionyl-CoA and AMP. As shown in Table 3, the

for acetate were reported are in agreement with those reportech;nEG245A andprpEP247A mutations had little effect on

in this work.

the activity of the enzyme. The specific activity of the

Other acyl compounds not shown in Table 2 were also prpEG245A mutant protein was reduced-Z0% in the
tested as substrates for PrpE. Mercaptoacetoacetate was hree types of reactions, while the PrppEP247A mutant protein

good substrate for PrpE at a specific activity of A@ol
min~! mg L. Glyoxylate and glycine were poor substrates
at specific activities of 0.65 and 0.060nol min™* mg?,
respectively 5-Alanine, L-alanine,p-alanine, and malonate
were not substrates for the enzyme.

ATP and Coenzyme.Ahe kinetic parameters for other
PrpE substrates were also determined (Tabl&KR)values
for Mg-ATP and CoA were 57 and 21@M, respectively,
which compare favorably to those reported for other acyl-
CoA synthetases36—38). The K, values for reaction

was only reduced 517%. However, the PrpEK248A and
PrpEG249A mutant proteins showed a—/0% drop in
specific activity during the conversion of propionate to
propionyl-CoA and for the conversion of propionyl-AMP
to propionate, and a 97% drop in specific activity in the
reaction that synthesized ATP from propionyl-AMP and PPi.
The prpEK248E mutation had the most pronounced negative
effect (95-96% drop) on the specific activity in both the
complete reaction and in the conversion of propionyl-AMP
to propionyl-CoA, and a 98.5% drop in the specific activity

intermediates were determined using hexokinase and glucoseeuring the conversion of propionyl-AMP and pyrophosphate

6-phosphate dehydrogena8g énd the results were 254V
for Mg—PPi and 2:M for propionyl-AMP.

Inhibition Kinetics. Adenosine 5alkyl phosphates are
known inhibitors of acyl-CoA synthetase39. To investi-
gate the PrpE reaction mechanism, adenosinprdpyl

to ATP and propionate.

Effect of the Mutations at Residue K5@uring the course
of this work, residue K529 of firefly luciferase was identified
as a key residue for the adenylation reactiv®) (This study
suggested the corresponding residue of PrpE, K592, could

phosphate (propyl-AMP) was synthesized and tested againstlso be critical for propionyl-AMP synthesis. Site-directed
PrpE substrates (see Experimental Procedures). As showrmprpE allelesprpEK592A andprpEK592E were constructed,

in Figure 3A and B, propyl-AMP showed competitive
inhibition against ATP K; = 18 nM) and mixed-inhibition
against propionateK{ = 343 nM). These results were

and the resulting mutant proteins were purified.
As shown in Table 3, PrpEK592A and PrpEK592E mutant
proteins were unable to catalyze the conversion of propionate
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Ficure 3: PrpE inhibition kinetics using propyl-AMP. (A) competitive versus ATP; (B) mixed-inhibition versus propionate; (C) uncompetitive
versus CoA; and (D) competitive versus propionyl-AMP.

sion of propionyl-AMP to propionyl-CoA was inhibited by

Table 3: Specific Activities of PrpE Site-Directed Mutants ' o
ATP. At ATP levels of 1 mM, the specific activity of the

?;’;T:E’i'c‘?;e ATP synthesis prg’;’,ﬁ?ﬁg;%OA mutant protein dropped 60% (data not shown). Interestingly,
% % % the PrpEK592E mutant protein was not inhibited by ATP in
specific  wild-  specific  wild-  specific wild- the reaction mixture. These results demonstrated that residue
allele act  type act type act  type K592 of PrpE plays an important role in the adenylation
wild-type 22 ¢ 0.6) 100 664 6) 100 3142) 100 reaction. The negative effect of ATP requires further analysis.
SSE?,’Q ﬁ’g“tgéf’ ) 952 g? fﬁ% 1831‘ 2%%%; §i Effect of PrpE Motif 1 Site-Directed Mutations on the
K248A 3(*01) 12 2¢006) 24 3402 10 Activity of Proteins in Vio. During growth ofS. enterica
é%igi % Et 8-2)02) 1?-8 ;gg 8-2)3) 31,2 éé‘i 8-3 2'2 on propionate, PrpE and acetyl-CoA synthetase (encoded by
K592A ND° 1(+005) 12 5046) 161 acs can activate propionate to proplo_nyI-CoA to initiate the
K592E ND 0.004 0.007 144 05) 45 2-methylcitric acid cycleJ). The requirement for the PrpE
(% 0.001) enzyme in propionate catabolism was addressed usingfa

aThe average of three independent determinatibiitie average  acsdouble mutant strain (JE4313). Plasmid pPRP 34k
of six independent determinatiorfSND, not detectable under the assay prpE") carried the prpE" allele under control of the
conditions used. L-arabinose inducible Rgap promoter, which was needed

to test the function oprpE alleles in vivo 8). All motif 1

to propionyl-CoA. If these mutant proteins could perform site-directed prpE alleles were constructed on plasmid
the propionyl-CoA synthetase reaction, it was below the limit pPRP54 using uniqudal and Aatll sites flanking the motif
of detection of the assay (see Experimental Procedures).(see Experimental Procedures). Strain JE4313 was trans-
Surprisingly, the PrpEK592A mutant enzyme was able to formed with these plasmids and control plasmids (pPRP54
convert propionyl-AMP and pyrophosphate to ATP and and pBAD30), and the resulting strains were tested for
propionate, although at a 82-fold lower specific activity than growth on minimal media containing propionate as the source
the wild-type enzyme. In contrast, the specific activity of of carbon and energy. As shown in Table 4, pineE" control
the PrpEK592E mutant enzyme for this reaction was reduced(plasmid pPRP54) restored growth of strain JE4313 on
over 15000-fold. A similar fold reduction in the propionyl- propionate when 10:M arabinose was present in the
CoA synthetase assay would have been at the limit of medium. The doubling time of this strain was the same as
detection, suggesting the interconversion of propionate andstrain TR6583, which has a wild-typgpRBCDE operon
propionyl-AMP by the PrpEK592E mutant was nearly in its genome. All motif 1IprpE mutant alleles compensated
undetectable. Both mutant enzymes were effective for for the lack of PrpE function at 10@M arabinose. The
conversion of propionyl-AMP to propionyl-CoA; compared PrpEK248E and PrpEG249A mutant proteins, which dis-
to wild-type PrpE enzyme the conversion rates were 174 andplayed the lowest specific activities in vitro, also supported
44% for the PrpEK592A and PrpEK592E mutant enzymes, growth of strain JE4313 on propionate. The control plasmid
respectively. For the PrpEK592A mutant protein, the conver- carrying the wild-typerpE" allele, restored growth of strain
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The prpE Gene Encodes a Bona Fide, Highly Specific
Propionyl-CoA Synthetase Enzyriée results reported here
demonstrate that the PrpE protein has all the properties of

Table 4: In Vivo Function of PrpE Mutant Proteins

doubling times ()

site- no 25uM  100uM acyl-CoA synthetase. Noteworthy, however, is the high
chromo- directed arabin-  arabin-  arabin- e . . .
line  some plasmid mutat ose ose ose spem_ﬂcny of PrpE for propionate. Acyl_ chain-length was
1 prpE’ acs' pBAD30 VOO 6(£05) 6@ 1) 6(05) very important to the enzyme con5|der|ng_that acetate and
2 prpE-acs pBAD30 VOC  >60 >60 >60 butyrate were poor substrates. Interestingly, PrpE can
3 prpE-acs pPRP54 norfe 22(+2) 9(&1) 6(x0.5) substitute for acetyl-CoA synthetase f enterica(3),
‘5* B:EE: acs BESE%% S222$AA gi‘égg 1(2) & B 2-&%1) suggesting that low levels of this activity are sufficient to
6 prpE-acs pPRP111 K248A 38.5(3) 18.5 7 (+0.5) support growth on acetate. We prewousl_y reported that
(£ 2.5) butyrate was not a substrate for Prp#. (Using an assay
7 prpE”acs’ pPRP112 K248E 48&(12) 30(:9) 115 1) with increased sensitivity, it became clear that butyrate was
g E:BE* Zgi Egsgﬂi SOZ:SA ggf(g) ﬁ?rft 9 é‘gfz%‘r’) a substrate for the PrpE enzyme, albeit a poor one. The
10 prpE-acs pPRP115 K592A NG NT NG affinity of the enzyme for butyrate was podt{ = 5.6 mM),
11 prpE-acs pPRP116 K592E NG NT NG and the enzyme turned over slowli.4 = 6 s%) when
a Error reported as standard deviatié/OC, vector-only control.  butyrate was the substrate. The acyl substrate specificities
¢None, wild-type prpE plasmid.? NT, not tested® When 250uM of PrpE make this enzyme an ideal candidate for applications

arabinose was included in the medium, the doubling time was reducedrequiring the synthesis of propionyl-CoA in the presence of
to 6 h. This co_nc_ent_ration of arabinose did not reduce the doubling gther acyl groups.
fime of the strain in line 3 any furthefNG, no growth. Motif 1 Is Important for AdenylationResults of the
mutational analysis of motif 1, clearly showed that residues
JE4313 with as low as 2BM arabinose in the medium, K248 and G249 were important for adenylation. Noteworthy
although the doubling time was relatively long, i.e., 9 h. This were the minor effects the G245A and P247A mutations had
concentration of arabinose (28V), however, was useful  on the specific activities of the enzyme. Mutations of the
for assaying the efficiencies of the site-directed mutant corresponding residues in 4-CBA synthetase (i.e., G166l and
proteins to support growth on propionate in vivo. Strain P168A) reducedk, 14- and 5000-fold, respectivelyi 1),
JE4313 carrying a plasmid encoding the P247A or G245A although the G245A mutation in PrpE is more conservative
mutant protein grew almost identically to thepE" control than the G1661 mutation of 4-CBA synthetase.
strain at 25«M arabinose; the doubling times for the strain The in vitro results suggested the K248 and G249 residues
carrying the prpEG245A allele was approximately 30% were important for function. However, the PrpE mutant
higher, and the strain carrying thepEP247A allele was  enzymes were only 8894% slower than the wild-type
only 10% higher. Plasmids containing thprpEK248A, enzyme in the complete reaction. Complementation experi-
PrpEK248E, andprpEG249A alleles also complemented at ments of aS. enterica prpE acslouble mutant strain
this level of induction, although the doubling times of the (JE4313) showed that PrpE mutant proteins (including those
PrpEK248E andprpEG249A alleles were 3-fold higher than ~ carrying mutations in residues K248 or G249) were func-
the prpE* control (Table 4, line 7 or 8 vs line 3). The tional and supported growth of the cell on propionate as the
doubling time of the strain carrying th@pEK248A allele sole source of carbon and energy. Strains carrying plasmids
was 20 h, only 2-fold higher than the control strain (Table encoding the PrpEK248A, PrpEK248E, or PrpEG249A
4, line 3 vs line 6). mutant proteins had the longest doubling times, however, a
In Vivo Assessment of the Importance of Residue K592 result consistent with the reduced catalytic activities dis-
The effect of mutations in residue K592 was also tested in Played by these mutant enzymes in vitro. _
vivo using strain JE4313. Arabinose-inducible plasmids _ Residue K592 Is Required for Propionyl-AMP Synthesis.
containing theprpEK592A or prpEK592E alleles were ~ Potential Practical Use of the PrpEK592 Mutant Protein.
constructed using plasmid pBAD30 (see Experimental 1he PrpEKS92A and PrpEKS92E mutant proteins showed
Procedures). The resulting plasmids containingiipEK592 no propionyl-CoA synthetase activity in vitro, but effecpvely
alleles (pPRP115 and pPRP116) were identical to the Catalyzed the conversion of propionyl-AMP to propionyl-

pPRP54-based plasmids described above, except that thego'_a" The deficiencies in these mutant enzymes appeared to
lackedS. entericasequence downstream pfpE (1, 3). A e in adenylation reaction, although the PrpEK592A mutant
: L could convert propionyl-AMP to propionate and ATP at a

control plasmid (pPRP114) was constructed in the same . . . -
P (P ) slow rate. It is possible the propionyl-CoA synthetase activity

manner, which verified the absence of this downstream
sequence had only a small effect on complementation (Table.Of the PrpEK592A mutant was not observed due to ATP

4, line 3 vs line 9). Both plasmids containingpEK592 mhibition, a property of this mutant protein that requir'es
alleles (pPRP115 and pPRP116) failed to support growth of further investigation. Taken together, these observations

strain JE4313 on propionate (Table 4, lines 10 and 11), evensugghest' thath residue :<592 1S req;}nred for prpp|onyI-AMP_ h
at arabinose levels 100 «M (data not shown). synthesis. These results support the observations made wit

the corresponding lysine mutant (K529) of luciferagé)(
DISCUSSION and they provide further evidence that acyl-CoA synthetases
and luciferases share a similar enzyme mechanism. Consis-
In this report, the propionyl-CoA synthetaseSfenterica tent with these results, PrpEK592 mutant proteins failed to
encoded byrpE, was purified and kinetically characterized. support growth of grpE acsdouble mutant strain (JE4313)
The role of conserved residues in propionyl-AMP formation on propionate. Acyl-AMP pools have been reported to exist
was addressed, and the importance of these residues duringn procaryotes, and acyl-CoA synthetases are likely to be
growth of S. entericaon propionate was tested. the only source of these poolX 43). Acyl-CoA synthetases
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with a mutation corresponding to the K592 residue would
make useful biochemical tools for measuring acyl-AMP
levels.

NOTE ADDED AFTER ASAP POSTING

An earlier version posted ASAP on 1/19/02 contained an
incorrect propionyl-AMP concentration in the Experimental
Section-Determination df, andk values. It has now been
corrected in this version posted 2/12/02.
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