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ABSTRACT: In the peptidoglycan biosynthesis pathwayEscherichia coli UDP-N-acetylmuramate:

alanine ligase (MurC) catalyzes the formation of UNRcetylmuramylk-alanine. A peptide bond is

formed in this reaction and an ATP molecule is hydrolyzed concomitantly to produce ADP and
orthophosphate. A biochemical approach was devised to elucidate the role of ATP in this reaction. A
fusion construct pMALmMurCwas prepared and the maltose binding protéidP-N-acetylmuramyt:-

alanine ligase fusion protein was overproducedtircoli/pMal::murC upon isopropy|3-thiogalactoside
induction. The fusion protein was purified ¥0% homogeneity by a single-step affinity chromatography.
Subsequently, the ligase was released from the maltose binding protein by proteolytic cleavage and was
purified to =95% homogeneity by an ion-exchange chromatographic step. The kinetic parameters of the
regenerated ligase are comparable to those of the purified native enzyme. This ligase was used to investigate
the role that ATP plays in the formation of UD¥acetylmuramyl-alanine. UDPN-acetylf8O]muramate

(with 180 located at the carboxylate function only) was prepared by a combination of chemical and
enzymatic processes and was used as the substrate of the ligase to probe the reaction mechanism. All
reaction products were purified and subjected to liquid chromatograpidss spectrometric analysis.

A single ['®0OJoxygen was transferred from UDR-acetylff0]muramate to the orthophosphate produced

in the reaction. No'fOJoxygen was detected in the adenosine nucleotides recovered from the reaction.
These results strongly suggest that this ligase-catalyzed peptide formation proceeds through an activated
acyl-phosphate linkage during the reaction process. ATP therefore assists in the process of the peptide
bond formation by donating itg-phosphoryl group to activate the carboxyl group of UBHeetylmuramic

acid.

Peptidoglycan is an essential component of bacterial cell Complete purification of this enzyme was first reported from
walls, critical to the maintenance of cell integrity. The a Gram-positive bacteriungtaphylococcus aureizuno
peptidoglycan precursor, UDR-acetylmuramyl pentapeptide et al., 1973). The gene that encodes thaanine adding
(Park, 1987), is constructed in the bacterial cytoplasm and enzyme inE. coli has also been identified, sequenced, and
subsequently exported through the cytoplasmic membrane.designatednurC (lkeda et al., 1990a,b). Due to the low
It is in the periplasmic space that the precursors are finally level of MurC activity in E. coli cell lysates (Mengin-
inserted into the existing murein network (Holtje & Schwarz, Lecreulx et al., 1982), only limited biochemical studies have
1985; Koch, 1990), resulting in continued network expansion. been undertaken (Ishiguro, 1982; Liger et al., 1991). It was
The pentapeptide moiety of UDR-acetylmuramyl pen-  not until recently that the purification of the. coli ligase
tapeptide is synthesized by appending to the lactyl moiety from a ligase-overproducing. coli strain was reported (Liger
of UDP-N-acetylmuramate (UDPNacMdr group ofb- and et al., 1995). In this report we describe alternative methods
L-amino acids in alternating steps. Hscherichia coli this to overproduce and obtain purifiddl coli L-alanine-adding
involves the sequential addition ofalanine,n-glutamate, enzyme, which allowed us to provide biochemical evidence
meseDAP, and finally p-alanylp-alanine. Each of these indicating that the peptide bond formation in the MurC-
reactions is catalyzed by a unique cellular enzyme and is catalyzed reaction proceeds via an acyl-phosphate covalent
driven by the concomitant hydrolysis of ATP to ADP and

orthophosphate (lto et al., 1966). The role (or roles) that 1 apbreviations: ADP, adenosine'-8iphosphate; AEBSF, 4-(2-

ATP plays in these reactions, however, has not beenaminoethyl)benzenesulfonyl fluoride; ATP, adenosih&ibhosphate;
elucidated to date B-Me, p-mercaptoethanol; DTT, dithiothreitol; EDTA, ethylenedi-
' aminetetraacetic acid; IPTG, isopropgtthiogalactoside; LC-MS
The attachment af-alanine to UDPN-acetylmuramate has  analysis, liquid chromatographienass spectrometric analysis; MBP,

been demonstrated, in several bacterial species, to benaltose binding protein; MBPMurC, maltose binding proteinUDP-

. ; . N-acetylmuramate:alanine ligase fusion protein; MurC, UDR-
catalyzed by UDPN-acetylmuramate:alanine ligase (lto et acetylmuramate:alanine ligase; NADHg-nicotinamide adenine di-

al.,, 1966; Hishinuma et al., 1971; Mizuno et al., 1973). nucleotide, reduced form; ORF, open reading frame; PCR, polymerase
chain reaction; PEP, phosphoenolpyruvate; PMSF, phenylmethane-
sulfonyl fluoride; SDS-PAGE, sodium dodecy! sulfatgpolyacrylamide
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linkage between the carboxyl group of UDNRacetylmura- harvested by centrifugation at 4@ffdr 20 min. Cell pellets

mate and the-phosphoryl group of ATP. were combined and resuspended in 30 mL of lysis buffer
(20 mM Tris-HCI, pH 8.0, 10 mMB-mercaptoethanol, 1 mM
EXPERIMENTAL PROCEDURES EDTA, 0.1 mM PMSF, 1 mM benzamidine, and 10 mg/mL

AEBSF). Following sonication and centrifugation at 1500
for 30 min, the supernatant was diluted-8-fold with the
lysis buffer. The fusion protein in the crude cell lysate was
absorbed onto 1214 mL of amylose resin by gently mixing

Materials Plasmid pUCmurC containing the ORF of
murC gene was generously provided to us by Dr. T.
Dougherty, Bristol-Myers Squibb Co. The pMALc2 fusion

vector and factor Xa were purchased from New England the resin-lysate suspension for 1 h. Subsequently the resin

Biolabs, Inc. Oligonucleotide primers for PCR were syn- .
thesized at Bristol-Myers Squibb Co. dNTPs were purchased‘%vﬁs_':véfhsg V;'T 12%% n;]LMOfN;%Tmlnowrgf/E_bMug erl (#OMmM

from _U.S. Biochemical Corp. Vent DNA polymerase and EDTA, 1 mM DTT, and protease inhibitors as above).

reaction butfer for PCR were purchased from New England MBP—MurC fusion protein was then eluted from the resin

Biolabs. Ligases and restriction enzymes were from Boe- with 10 mM maltose in the same buffer

hringer Mannhgim. Molecular cloning protocols were_based Preparation of UDPN-Acetylmuramate-Alanine Ligase

on those described by_ Sambrook et al. (1989). Protein assayrpq affinity chromatography-purified MBPMurC fusion

reagents were from Bio-Rad. SBFAGE _molecular mass protein was concentrated in a Centriprep 10 concentrator to

standards were from Integrated Separation Sylstems. I:‘Oly'a concentration of 7.5 mg/mL and then treated with factor
X 0 .

a;g%camlde gbetllg (1d2fA)) wleret frolm NS\E;): Cot. Eiql]Hzo Xa (wiw, 0.2% of fusion protein) at 4C. The regeneration

(98%) was obtained from Isotec Inc. acetylgiucos- of the ligase from the fusion protein was monitored by SDS

amine (UDPGNac), phosphoenolpyruvate (PEP), NADPH, 5,cE (1294 polyacrylamide gel) analysis. After incubation

ATP’ pyruvatg kinase, and lactate dehydrogenase were frOmat 4°C for 5 days the fusion protein was completely cleaved
Sigma Chemical Co.

. to form MBP and free ligase. The enzyme was purified from
Construction of pMALc2::murCMurC DNA was PCR- the mixture by FPLC using a MonoQ HR 5/5 anion-exchange
amplified by using pUC18murCplasmid DNA as template  column. Elution of the enzyme from the column was

and the following synthetic oligonucleotide primers: achieved with a three-step Tris-HCI buffer/NaCl gradient:
5 ATCTAGTCTAGA ATGAATACACAACAATTGGCA 0-5 mL (2.5 MM NaCl), 5-20 mL (2.5-500 mM NaCl),

(N-terminus) and ACGTACACTGCAG TTATCAGTCAT- and 26-30 mL (500-1000 mM NaCl) at a flow rate of 1
GTTGTTCTTCC (C-terminus). The N-terminal primer m|/min. Fractions containing the ligase were pooled,
encoded aiXba restriction site (boldface type) immediately  concentrated, and stored-a20 °C with 20% glycerol and
before themurC start codon (underlined). The C-terminal 1 mm B-ME added.

primer included #st restriction site (boldface type) just 3 Assay of UDPN-Acetylmuramic AcidL-Alanine Ligase

of the termination site of thenurCgene. The PCR-amplified Activity. An endpoint assay was developed and the amount
DNA product was subjected to agarose gel electrophoresis, ¢ UDP-N-acetylmuramyk-alanine (UDPNacMur-L-Ala)
excised, minced, and transferred into a CoStar SpinX filter t5rmed in a reaction mixture was analyzed using a strong
containing TE buffer, pH 8.0. Following an overmight - apjon_exchange HPLC. The reactions were carried out at
incubation at 4°C, the DNA was separated by centrifugal  ampjent temperature. In a 100-enzymic reaction mixture,
filtration at 14 000 rpm for 4 min. The purified PCR product  he following components were included: 100 mM Tris-
was concentrated, digested wikba and Pst restriction HCI, pH 7.5, 20 mM MgC}, 25 mM (NH,),SOs, 2.5 mM
enzymes, and ligated to pMALc2 which had been digested g \E 1 mM UDPNacMur, 1 mM L-alanine, 2 mM ATP
with the same enzymes. The resulting expression plasmid,ang 5 predetermined amount of ligase. The reactions were
pMALc2::murC, was confirmed by restriction digestion and stopped with 1QuL of 2 N HCI during the time of linear

DNA sequence analysis O_f _the_vector/ insert j“”CtiO”_S- product formation. After removal of enzyme by centrifugal
Overproduction and Purification of MBPMurC Fusion filtration with a Millipore Ultrafree MC 10 000 NMWL
Protein The MBP-MurC fusion protein overproducing. concentrator, the protein-free filtrate was analyzed by HPLC.

coli strain was prepared by transforming tecoli/JM109  HPLC analysis was carried out on a Waters HPLC equipped
cells with the pMalc2MurC fusion plasmid. The trans-  with a Phenomenex Optisil 10n SAX column (250x 4.6
formed cells were plated onto a LB agar plate containing 50 mm), two Model 590 pumps, and an on-line Waters 490E

pg/mL ampicillin and incubated at 3T overnight. Colo-  programmable multiwavelength detector. The column was
nies were selected to evaluate the expression level of thee|uted with a 150 mM potassium phosphate buffer, pH 3.5,
fusion protein. Overproduction of MBAMurC was con-  at 1.5 mL/min. Elution of uridine- or adenine-containing
firmed by SDS-PAGE analysis of cells grown up in 5-mL  entities was monitored by the absorbance at 262 nm. Under
cultures at 37C, with and without IPTG induction. these conditions the retention times of UDPNacMur-L-Ala,

MBP—MurC fusion protein was overproduced in the UDPNacMur, and ADP were 4.7, 5.3, and 10.5 min,
IPTG-inducedE. coli JM109/pMalc2murC cells. Two respectively. ATP was retained on the column until the
flasks of 500 mL of freshly prepared SOC medium, contain- column was washed with 1 M potassium phosphate, pH 3.5.
ing 50ug/mL ampicillin, were inoculated each with a 5-mL  The areas under the peaks of both the substrates and products
overnight culture oE. coli IM109/pMALc2:murC (grown were measured to calculate the enzyme activity.
in TB medium with 50ug/mL ampicillin added). The Determination of thé&,, andVnyax values of UDPNacMur
cultures were grown at 37C with constant aeration. When andL-alanine was carried out by varying the concentration
AsoonmOf €ach culture reached 0.6, IPTG was added at a final of a single substrate while keeping all other ingredients at
concentration of 1 mM. The cultures were incubated for an the same concentrations as mentioned above. Evaluation of
additional 2 h to maximize protein expression. All the the ligase inhibitors was carried out with the concentrations
following steps were carried out at€. The cells were  of UDPNacMur and -alanine in the reaction mixture reduced
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to 100 and 5Q«M, respectively. Potential inhibitors of the | TP R S
ligase were added individually to the reaction mixtures at
10 mM final concentration.

Preparation of [fO]Phosphoenolpyruate  Exchange of - FUSTON PROTEIN
the [L80OJoxygen from [8O]H.O into [**O]PEP was carried i L A st
out according to the procedure described by O’Neal et al.

(21983) with minor modification. Eighty milligrams of PEP — — Hu
was dissolved in 0.75 mL of§O]H,O in a 1.5-mL 3
Eppendorf vial to which 9% of 12 N HCI in [$80]H,O k] . - b
was then added. The vial was sealed and heated in a boiling

water bath for 5.5 min. After fast cooling of the solution in

an ethanotice bath, the solvent was removed under vacuum ETN —

in a SpeedVac vacuum concentrator. The residue was

neutralized with 0.9 mL of 1 M Tris to a final pH of 8,

diluted to 50 mL with HO, and loaded onto a 0.2 9-cm 20.4) -

Dowex AG1-X4 column. The column was washed in the —

following order: 8 mL of HO, 40 mL of 30 mM HCI, and ) _

24 mL of 50 mM HCI. [EOJPEP was then eluted with 38 Ficure 1: SDS-PAGE analysis of the purification of the MBP

. . MurC fusion protein and UDMN-Acetylmuramatea:-alanine ligase
mL of 100 mM HCI. The fractions containing®D]PEP from E. coli/pMAL::murC. Lane 1, molecular weight standards;

were pooled and dried overnight in a SpeedVac vacuum |ane 2, crude cell lysate; lane 3, MBRIurC fusion protein after

concentrator. The residue was redissolved in 1 mL of amylose resin affinity chromatography purification; lane 4, pro-
Millipore Milli Q system purified water and the pH was teolytic cleavage of fusion protein with factor Xa; lane 5, purified
adjusted to 8 by adding KOH. The amount 8{Q]PEP UDP-N-acetylmuramate:alanine ligase; lane 6, maltose binding

obtained and its percedtO enrichment were determined protein (MBP).
by a coupled pyruvate kinase/lactate dehydrogenase assay_ \Me, 20 mM MgCh, 25 mM (NH,),SOs, 4 mM UDPNac-
and by LC-MS analysls, respectively. ind [*8O]Mur, and 0.2 mg of ligase at 37C overnight (Ho et
Enzymatic Synthesis of Uuﬂ—Acst(a)tylglucosamm fO]- al., 1995). Excess-alanine was used to drive the reaction
Enolpyrst)zcz)ate and UDPN-Acetylf*O]muramate UDP- in the forward direction. At the completion of the reaction
NacG-f*OJEP was prepared by incubatinQ]PEP with  (yerified by HPLC analysis), the reaction mixture was loaded
UDPN-acgtylqucosamlne in the presence of UDP-N-acetyl- j.:0 a DEAE-cellulose column (2.5 60 cm) which was
glucosamine enolpyruvate transferase (Murz) (Falk, 1994; nreqquilibrated with 10 mM triethylammonium bicarbonate

Dhalla et al., 1995) at 37C. The reaction mixture (7 mL) (TEAB) buffer . :
: . , pH 7.8. The column was first washed with
contained 100 mM Tris-HCI, pH 7.5, 10 mM*D]PEP, 20 several column volumes of 50 mM TEAB and then eluted

mM UDPNacG, 5 mM DTT, and 1 mg of MurZ. The = o0 ise with increasing concentrations of TEAB (340 mL,
progress of the reaction was monitored by HPLC analysis 100 mM: 1 L. 125 mM: 660 mL. 175 mM: and 600 mL

of 10xL aliquots of the reaction mixture over time. Elution 344 my. Uridine and adenine nucleotide-containing frac-
was carried out with a 75 mM potassmm phosphate buffer, tions were identified by absorbance at 260 nm. Fractions
pH 3.5, at 1.5 mL/min and was monitored on-line at 262 aining orthophosphate were identified with malachite
nm. The retention times for UDPNacG, UD_PNacG-EP, green reagent (Lanzetta et al., 1979). Fractions containing
UDPNacMur, and UDRN-acetylmuramyl-L-alanine (UDP- i, iq,al components were pooled accordingly. After

NacMur-L-Ala) were 8, 26, 20, and 18 min, respectively. o qya of excess elution buffer, the identity of each product
When the conversion of PEP to UDPNacG-EP was was verified by HPLC as described above.

completed, NADPH (20 mM), KCI (20 mM), and MurB (0.4 . . . .
\ LC-MS Analysis of PercerifO Enrichment in Indiidual
mg/mL) (Benson et al., 1993; Falk, 1994) were added directly Reaction Pro d}lljcts The percent'fO]oxygen atom enrich-

to the UDPNacG¥O]EP reaction solution to prepare : . .
: . : ment in the compounds of interest was characterized by full-
UDPNac[®O]Mur. The reaction mixture was incubated . : : . :
scan ion-spray MS analysis, using a Sciex API Il triple

further at 37°C and the formation of UDPNacMur was g . .
confirmed by HPLC analysis. UDPN&&D]Mur was puri- quadruple mass spectrometer equipped with an ion-spray
' interface operated in the negative-ion mode. The level of

fied by reverse-phase HPLC using a Bio-Rad HiPore RP 318 150 enrichment and number oBD]Joxygen atoms incorpo-
column (250x 21.5 mm), eluting with 50 mM ammonium . L
rated for each compound was determined by examination

formate buffer (pH 5.0) at 5 mL/min. Eluted fractions 18 :
o ; . of the *0 isotope clusters present in the full-scan mass
containing UDPNacfO]Mur still contained some unreacted spectra

UDPNacG. These fractions were pooled and further purified

using the same reverse-phase column, this time eluting withgeg TS

50 mM ammonium formate at pH 3.5. Fractions containing

UDPNac[fO]Mur with >95% purity were pooled and dried Preparation and Characterization of the Ligas@ fusion

on a SpeedVac vacuum concentrator. A small sample wasplasmid containing thenalE—=murC fused gene was con-

subjected to LC-MS analysis to determine the percéax]f structed by inserting thenurC gene into the pMALc2

oxygen content. expression vector at the polylinker site, downstream of and
UDP-N-Acetylmuramate-Alanine LigaseCatalyzed Re-  in-frame with themalE gene. E. coli JIM109 cells trans-

action, Using UDPNacfO]Mur, L-Alanine, and ATP as the  formed with the fusion construct overproduced MBRurC

Substrates The ligase-catalyzed reaction was carried out fusion protein (MW~95 kDa) upon IPTG induction (Figure

by incubating a reaction mixture which contained 50 mM 1). From a 1-L culture 100150 mg of fusion protein could

Tris-HCI (pH 8.75), 4.5 mM ATP, 8 mM-alanine, 2.5 mM be recovered after a single amylose resin affinity chromato-
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Table 1: Purification of UDMN-Acetylmuramatea:-Alanine Ligase Scheme 1. Preparation of (A)*®D]PEP and (B)

from E. coli/pMAL:: murC UDPNac{*O]Mur
total protein  specific activity  yield A.
purification steps (mg/L) [nmol/(mgmin)] (%) Cﬁiz 0 ﬁHZ "
crude extract 400 400 100 i (')P 0 H*/Heat Ic—o-F:' -0
amylose affinity column 160 1100 110 o o H,® Lo o
Mono Q 80 2100 102 )
Table 2: Comparison of the Kinetic Parameters of the MBRIrC B.
Fusion Protein, the Regenerated Ligase, and the Native ldigase OH o OH o
Ko (M) RN ) 0_29%
enzyme UDPNacMur L-Ala  ATP . ouoe MurZ 2 i oupbp
MBP—MurC fusion protein 40 24 109 CH: o o
regenerated ligase 55 21 90 C—0-P-@ [
native ligase 39 24 140 ¢ e o-p-@
/ N\
aThe kinetic parameters of native MurC were determined using o o °
ligase partially purified from cell lysate d&. coli/pUC::murC. MurB NADPH
graphic step. The fusion protein obtained this way was NADP
>90% pure and retained the-alanine-adding enzyme OH

activity. Proteolytic cleavage of the fusion protein by factor HOZ)%
Xa resulted in the complete release of the intact ligase from HC NAc
MBP. Subsequent anion-exchange chromatography ef- A ouoP
fectively resolved the two proteins. The ligase regenerated ¢ o

from the fusion protein wag 95% homogeneous. SDBS

PAGE analysis of the regenerated enzyme showed a single e =%._,4

protein band with a molecular mass of 55 kDa (Figure 1).

No loss of the specific activity was observed throughout the significantly reduces their binding affinity to the enzyme
purification process. An overall yield af80% has been (~50% inhibition). Changes made at the -Ngtoup (e.g.,
routinely achieved (Table 1). N-methylalanine ana,.-lactate) resulted in complete loss

The kinetic properties of the ligase (regenerated from of affinity (no inhibition observed). TheL-isomer of
MBP—MurC fusion protein) were compared with that of the  cycloserine inhibited the enzyme activity by more than 30%
partially purified native ligase. Simildty values pertaining  while the p-isomer exerted no inhibitory effect, indicating
to the individual substrates were obtained for both the the enzyme is selective for acceptor amino acids with
regenerated and the native enzymes (Table 2). In addition,_-configuration at G. This was further confirmed by the
the Ki, andVmax values obtained for the MBPMurC fusion failure of p-alanine to serve as a substrate for the ligase.
protein, with regard to the-alanine-adding enzyme activity, The enzyme also showed high selectivity for the ribo-
were comparable to those of the free ligase (Tables 1 andnucleoside triphosphate, with the reaction only taking place
2). Therefore the ligase domain in the fusion protein was in the presence of ATP, but not with GTP, CTP, or TTP.
properly folded and retained itsalanine-adding enzyme  Optimal activity was observed around pH 8.
characteristics. Size-exclusion HPLC, using a Bio-Rad Bio-  Preparation of [8O]JPEP and UDPNacfO]Mur. The
Sil Sec 125-5 column (30Q 7.8 mm), of the fusion protein,  exchange of both the carboxylic and the nonbridging
the regenerated ligase, and the native ligase indicated thaphosphoryl {¥OJoxygen of [fO]JPEP with the solventfO]-
these proteins existed as dimers (data not shown). This resulbxygen was accomplished under acidic conditions at an
suggested that the presence of the MBP in the fusion proteinelevated temperature (Scheme 1A). After purification through
did not interfere with the physical interaction between the an anion-exchange column, the yield 8XJ]PEP was 24%.
ligase molecules. The observation that the fusion protein Seventy-two micromoles of§O]PEP was obtained. LC-
has similar-alanine-adding enzyme efficiency as free ligase MS analysis of a small sample oD]PEP revealed the
is in good agreement with the physical properties observed. presence of five subpopulations of PEP molecules; these
The structure-activity relationship of the monomeric and contained 1, 2, 3, 4, and 38D]oxygen atoms/molecule of
the dimeric enzyme has been investigated and will be PEP, respectively. The distribution of the percéfDoxy-
reported elsewhere (Jin et al., 1996). gen enrichment of'fO]PEP is summarized in Table 3.

To further characterize this enzyme, severalanine UDPNac[®O]Mur was prepared fromO]PEP, UDPN-
analogs were evaluated as potential ligase inhibitors to probeacetylglucosamine, and NADPH by two consecutive enzy-
theL-alanine binding site specificity. Moderate modification matic reactions, without intermediate product isolation
of the side chain of the receptor amino acid substrate was(Scheme 1B). The specificity of the enzymatic reactions
tolerated by the enzymeL-Cysteine,L-vinylglycine, and allowed only the carboxylic function of UDPN&&D]Mur
B-chloro4-alanine all demonstrated significant affinity for to be labeled with OJoxygen (Scheme 1B). Product
the enzyme as shown by their ability to effectively inhibit conversion in each step was quantitative. The final product
the addition of_-alanine to UDPNacMurx90% inhibition). UDPNac[fO]Mur was separated from NADP/NADPH and
L-Valine, L-leucine, and -isoleucine, on the other hand, did the unreacted UD-acetylglucosamine by reverse-phase
not inhibit the enzyme activity. Modification of the carboxyl HPLC. Only fractions containing 90% pure product were
function, such as itrbutyl-L-alanine and-alaninamide, also  pooled and this amounted to 4@nol of UDPNacftO]Mur
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Table 3: [f0]Oxygen Enrichment in'fO]JPEP and taken into account (Table 4). The presence of AMP in the
UDPNacl80]Mur Determined by LC-MS Analysis reaction mixture at the end of the reaction period indicated
that nonspecific hydrolysis of ATP and ADP also occurred
in the setting of prolonged incubation. Exce&Ojortho-
phosphate generated from the nonspecific hydrolysis of ATP
and/or ADP therefore reduced the concentration'8®]
orthophosphate in the total orthophosphate population. These

results showed that a sin oxygen atom from UDPNac-
aThe % [l®0Joxygen enrichment in UDPNaéD]Mur (A) was used gié@loxyg

: ; . [*8O]Mur was transferred to the orthophosphate produced
in Table 4 to calculate the projected %6QJoxygen enrichment of . . . .
UDPNacff0]Mur-L-Ala and orthophosphate which were produced in during the reaction and demonstrated the direct involvement

the ligase reaction. of the y-phosphoryl group of ATP in the amide bond
formation process between UDPNacMur andlanine.

% 180 enrichment
no 1180 2180 3180 410 5180
180 atom atoms atoms atoms atoms

[*8Q]PEP 0.0 1.0 81 229 38.0 299
UDPNac[®O]Mur (A) 8.5 38.9 52.6

Table 4. Percent'fO]Oxygen Enrichment of the Products Formed
in the UDPN-Acetylmuramate:-Alanine Ligase-Catalyzed DISCUSSION

Reactio E. coli UDP-N-acetylmuramate:alanine ligase catalyzes
% 80 enrichment % %0 enrichment the formation of the first peptide linkage in the peptidoglycan
detected projected biosynthesis pathway. Large quantities of purified enzyme
UDPNac[tO]Mur-L-ala B) 73.2 72.0 have been obtained (5@0 mg/L of culture). Kinetic
[*%OJorthophosphated) 313 s82.7 analysis of both the fusion protein and the freed ligase
@Values are for 1'80 atom per molecule. The projected %O showed that these proteins retain comparable ligase activity

enrichment is calculated on the basis of the assumption that the twoty that of the native enzyme. Furthermore, the kinetic

oxygen atoms of the carboxyl group have equal probability of being - . . .
involved in the activation process. UDPN#€E)]Mur released one of parameters and other biochemical properties of the ligase

the two carboxyl oxygen atoms during the reaction. Using thE®6 we obtained are comparable to those recently reported by
distribution determined in UDPNaéD]Mur (A) as reported in Table  Liger et al. (1995). Inhibition studies performed with
3, the projected %O enrichment forB) is calculated: %°0 projected L-alanine analogs demonstrated the substrate selectivity of
for B = {(% ™0 of 1-[%0])0.5 + {(% '°O of 2-[*O])1.0} in A = MurC which would ensure proper incorporation of the

{(38.9)(0.5) + {(52.6)(1.0} = 72.0%. Projected %O enrichment t . id in this rib ind dent tid
in [180]orthophosphate was calculated using the same principle above @CEPION amino acid in this ribosome-independent peptide

and taking into consideration excess phosphate generated in AMPSynthesis process vivo.
formation. %O projected foiC = (projected %°0 in B){ (umol of The biosynthesis of bacterial peptidoglycan precursor
UDPNacf*OJMur-L-Ala)/[(«mol of ADP) + 2(umol of AMP)}} = includes the formation of several peptide bonds independent
(72.0X(30)/[(14) + (26)(2)} = 32.7%. of ribosomes. The ribosome-independent, enzymatic bio-
synthesis of peptide bonds generally proceeds through two
different mechanisms. In a multienzyme system, the indi-
X X vidual acceptor amino acids are sequentially added on to the
Table 3. Three subpopulations of UDPNacMur with 0, 1, 44n0r amino acid/peptide through the formation of a series
and 2 f*OJoxygen atoms were observed. of covalent enzymesubstrate intermediates, of which only
UDP-N-Acetylmuramate:Alanine LigaseCatalyzed Trans- e final product can be released into the medium (Lipmann,
fer of [*%0]Oxygen from UDPNacfO]Mur to [**0]Ortho- 1982; Christiansen et al., 1982). On the other hand, the
phosphate The ligase-catalyzed formation of UDPN&C]]- synthesis of some peptides involves a series of unique
Mur-L-ala from UDPNacPO]Mur and L-alanine was  enzymes which independently catalyze the sequential addi-
quantitative. The individual components recovered from the tion” of the acceptor amino acids without the formation

reaction mixture included UDPNacMurAla, AMP, ADP, covalent enzyme intermediates (Strumeyer & Bloch, 1960;
ATP, and orthophosphate. These components were isolatedpy|lins et al., 1990). In either case, an initial activation of
quantified, and subjected to LC-MS analysis to determine the carboxyl function of the donor substrate at the expense
their percent ffOJoxygen atom enrichment. Thirty micro-  of ATP generally takes place. The cleavage of ATP can
moles of UDPNacfO]Mur-L-Ala was recovered along with  take place between either the-g (Lipmann, 1982; Chris-

14 umol of ADP and 26umol of AMP. [®O]Oxygen was tjansen et al., 1982) or th@—y (Strumeyer & Bloch, 1960;
found to be present only in UDPN&#D]Mur-L-Ala and Mullins et al., 1990) phosphoryl linkage. The formation of
[*®0OJorthophosphate, and there was no more than 88-[  either an acyl-adenylate or acyl-phosphate mixed anhydride
oxygen atom present per molecule. None of the three intermediate in these reactions has been suggested. Among
adenosine nucleotides (AMP, ADP, and ATP) contained any the enzymes involved in the formation of tHe coli
[*80Joxygen. The projected and the LC-MS-determined peptidoglycan precursor biosynthesis, it has been reported
percent'®0 enrichment in the products are summarized in that MurC and MurE (then-DAP-adding enzyme) catalyzed
Table 4. The projected percel¥O enrichment for each of  the exchange between the free acceptor amino acid and the
the products was calculated assuming that a single phos-corresponding uridine nucleotide product only when both
phorylated intermediate was formed during the reaction. The ADP and orthophosphate were present (Michaud et al., 1990;
percent ffO0Joxygen enrichment of UDPN&éD]Mur-L-Ala, Liger et al., 1995). Although speculation of the presence of
as determined by LC-MS, was 73.2%. This value is an activated acyl-phosphate intermediate was made, no
essentially identical to the percel¥O enrichment (72.0%)  further biochemical elucidation of the mechanism of these
projected for this molecule. The LC-MS-determined percent reactions has been carried out to date.

80 enrichment of JOJorthophosphate was 31.3%. Al- We have utilized the enzymes which catalyze the first two
though this value was lower than that observed in UDPNac- committed reactions in the bacterial peptidoglycan biosyn-
[*8O]Mur-L-Ala, it agreed with the 32.7%%0 enrichment  thesis pathway to prepare UDPN&E|Mur with [*8O]-
projected when nonspecific hydrolysis of ATP and ADP was oxygen specifically placed at the carboxyl function of the

recovered. The percent®QJoxygen atom enrichment of
UDPNac[fO]Mur determined by LC-MS is summarized in
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Scheme 2: Proposed Route of Transfel%d from
UDP-N-Acetyl[*80]muramate to Orthophosphate in the
UDP-N-Acetylmuramate:-Alanine Ligase-Catalyzed
Reaction
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muramic acid moiety. Using thi$O-labeled substrate, we
were able to probe the mechanistic role of ATP in the

coli L-alanine-adding enzyme-catalyzed reaction. Although
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