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Abstract: The first six cytoplasmic intermediates of murein biosynthe8is7) have been prepared in high

yield (>60%) and at preparative scale (1000 mg) using purified enzymes of the murein biosynthetic pathway
(MurA—MurF). For at least three of these compoungisg, and7, this is the first high-yield synthesis and
purification by any means that has been reported. Detailed spectroscopic and analytical data accompany each
of the six compounds and serve as reference standards for future work. The availability of these intermediates
will facilitate the study of the murein pathway enzymes MuidurF, all of which are validated antibacterial
targets.

Introduction We also provide detailed characterization, including complete
IH and 13C NMR assignments, elemental analysis, and mass
spectral data, for each of the intermediates, many of which
heretofore have not been chemically characterized.

Cell wall, or murein, biosynthesis is an essential and uniquely
bacterial process and thus is an attractive target for antibiotic
action. While many antibacterial compounds, sucfi-tectams,
vancomycin, fosfomycin, and bacitracin, target this complex
pathway! the emergence of bacterial resistaheew threatens
the effectiveness of these (and virtually all other) antibiotics.  Materials. The disodium salt of UDRN-acetyl glucosamine, phos-
The seriousness of the medical concern has invigorated thephoenol pyruvate hexaammonium sg@itNADH, S8-NADPH, DTT,
search both for antibacterial compounds of novel chemical ATP, and ammonium acetate were purchased from Sigma. Pyruvate
structure as well as for new mechanisms by which to kill kinase type Il from rabbit muscle.-lactate dehydrogenase type
bacteria. The cytoplasmic steps of murein precursor assembly XXIX-S from porcine muscle,L-alanine, p-glutamic acid, mese
catalyzed by the enzymes MutAhrough MurF (Scheme 1), diaminopimelic acid, and-alaninep-alanine were also obtained from

offer a wealth of unexploited targets for which permeable S/9Ma- Ammonium acetate buffers were prepared by titrating with
R . ammonium hydroxide or acetic acid to obtain the desired pH.
inhibitors might be found.

. " UDP-N-acetyl muramyl substrates were assayed routinely following
Since temperature-sensitive mutants of each of rtheA the consumption of NADH (at 340 nm wavelength= 6.2 x 10°

throughmurF genes are lethal and each of the wild type genes \1-1 ¢yy-1) in a pyruvate kinase/lactate dehydrogenase-coupled assay
are highly conserved among a wide range of bacteria, permeableg detect the enzymatic formation of ADP (converting PEP to pyruvate
inhibitors of any one of thenur gene products will be bac-  with regeneration of ATP). Reaction mixtures (4@0) contained bis-
teriocidal and have a wide spectrum. Screening these enzymedris propane (100 mM), NADH (20&M), ATP (1 mM), PEP (10

for such compounds, either singly or combinatorially using a mM), MgCl, (5 mM), DTT (1 mM), pyruvate kinase (215 units), and
reconstituted murein pathwagf MurA through MurF (Scheme  L-lactate dehydrogenase (995 units). The amino aciddanine,

1), requires pure pathway intermediates. Unfortunately, many P-glutamic acid, angnesediaminopimelic acid were dissolved in water.

of these intermediates are not readily available to support the "€ reaction is initiated by the addition ofé of Mur enzymes (typical
necessary mechanistic and structural studies of these enfymespmtem concentration of 2 mg/mL). The extents of reaction of substrates

H " ified t | for th id thesi d 2 and3 were assayed by adding MurB, MurC, andlanine, whereas
ere, we report a unitied protocol for th€ rapld SyntnesiS and e exient of reactions of substratés5, 6, and 7 were assayed by

Materials and Methods

purification of 10-100 mg quantities of murein substrages?. adding only reaction mixtures and assaying for ADP, since ADP is
* To whom correspondence should be addressed. E-mail: kenny wong@ produced in the reactions.

merck.com or david pompliano@merck.com. - IH NMR spectra were recorded on either a Bruker AMX-500 (500
T Department of Medicinal Chemistry. MHz) or a Varian Mercury-400 (400 MHz) spectrometer. Chemical
(1) Ghuysen, J.-M., Hackenbeck, R., Ed&acterial Cell Wall. New shifts are reported in ppm from trimethylsilane with the solvent

Comprehensie BiochemistryElsevier: Amsterdam, 1994; Vol. 27. resonance as the internal standard (GD@ 7.24 ppm, CBOD: &

(2) (@) Goetz, A.; Yu, V. L.Curr. Opin. Infect. Dis.1997, 10, 319- . ) .
323. (b) Chadwick, D. J., Goode, J., Edsitibiotic Resistance: Origins, ~ <-2° PPM, RO: 0 4.80 ppm). Data are reported as follows: chemical

Evolution and SpreagCiba Foundation Symposium 207, John Wiley &  shift, multiplicity (s = singlet, d= doublet, t= triplet, q= quartet, p

Sons: New York, 1997. (c) Davies, Sciencel994 264, 375. (d) Cohen, = pentet, b= broad, m= multiplet), integration and coupling constants

M. L. Sciencel992 257, 1050. (Hz). *3C NMR spectra were recorded on either a Bruker AMX-500
(3) The capitalized gene name in roman type is used to refer to the gene (125 MHz) or a Bruker DPX-300 (75 MHz) spectrometer. Chemical

prcﬁ;l(\:/t/ét:}rgu%h&u.tlgu%,Ichev\tizjgr(1:ehgé?r?u;z:trﬂilp’-l\:igu?ﬁiseirgngt.egé\gﬁraﬁg).L shifts are reported in ppm from trimethylsilane with the solvent
D.; Waddell, S. T.; Marsilio, F.; Leiting, B.; Pompliano, D. lL.Am. Chem. resonance as the internal standard (Gb@ 77.0 ppm, CROD: o

Soc 1998 120, 13527-13528. 49.8 ppm). Dioxane { 66.5 ppm) was added to,D as internal
(5) Bugg, T. D.; Walsh, C. TNat. Prod. Rep1992 9, 199-215. standard. By employing a combination of two-dimensional NMR
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techniques, including COSY (proteiproton correlation), HMQC (one- mmol), PEP (114 mg, 427 mmolp-NADPH (237 mg, 284 mmol),
bond protorn-carbon correlation), and HMBC (two- and three-bond and DTT (4 mmol) was prepared in a round-bottom flask and flushed
proton—carbon correlation), it was possible to assign the proton and with nitrogen for 30 min. MurA (0.056 mg/mL) and MurB (0.056 mg/
carbon spectra for each of the murein enzyme substrates with few mL) were added, which initiated the reaction, and the reaction flask
ambiguities. In the proton spectrum, many resonances overlap, par-was flushed with nitrogen for 10 min. The extent of the reaction was
ticularly in the region fromd 4.5 tod 3.5, and peaks corresponding to  determined by assaying f& using MurC and the pyruvate kinase/
individual protons are sometimes impossible to discern in the one- lactate dehydrogenase-coupled assay. The reaction was complete within
dimensional proton spectrum. In these cases, chemical shifts were5 h at 37°C or overnight at 25C. The workup of the reaction was
assigned via cross-peaks in the HMQC spectrum. Occasionally, precisecarried out as in the case Bfexcept that the MonoQ anion-exchange
determination of chemical shift was impossible due to overlap of column (10x 10 cm Pharmacia) was eluted with a nonlinear gradient
HMQC cross-peaks, and in these cases the chemical shifts for thefrom 0.02 to 1.0 M NHOAc, pH 5.0. The active fractions were pooled,
overlapping protons are given as a range. Microanalytical data were concentrated, and lyophilized. The lyophilized flocculent powder was
obtained from Robertson Microlit Laboratories, Inc. NJ. Mass spectra dissolved in water and lyophilized three times to remove ammonium
were recorded on a Finnigan MAT TSQ700 triple quadropole mass acetate. Finally, the residue was dissolved in water and store@@t
spectrometer for electrospray ionization (ESI). HPLC analysis was °C. ProducB (130 mg, 87%) was analyzed by FAB mass spectrometry,
performed using YMC AX300 weak anion-exchange column (4.6 mm HPLC, 'H and**C NMR, and elemental analysis. MS (FByz 680
internal diametex 250 mm length) and run using an isocratic gradient  (100%, M+ H); Anal. Calcd for formula GH3zi1NzO19P2: C, 29.27,

of 300 mM KH,PO4 pH 3.5 (1.5 mL/min over 25 min). The reaction H, 6.14; N, 10.24; P, 7.55. Found: C, 29.35; H, 5.86; N, 10.56; P,
mixtures were concentrated by overnight lyophilization with Virtis 7.24.

Benchtop 3L lyophilizer. All UV/vis spectra were recorded using a UDP-N-Acetylmuramyl-L-alanine (4). Purified 3 was used as a
HP8425A diode-array UV/visible spectrophotometer (Hewlett-Packard) starting material to synthesiZe The reaction mixture contained TAPS
equipped with a thermostated, multicell-transport cell holder connected (50 mM, pH 8.0), ATP (475 mmol), Mg@I(190 mmol), DTT (95

Scheme 1

H

"
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H
mDAP =mesodiaminopimelate 2

to a RM6 Lauda thermostat. mmol), L-alanine (380 mmol), an8 (123.5 mmol). The MBP fusion
Synthesis of UDPN-Acetylglucosamine Enolpyruvate (2).A MurC (0.2 mg/mL) was added to initiate the reaction. The extent of
reaction mixture containing TAPS (100 mM, pH 7.5), UBR-acety! the reaction was followed by quantitating the amount of ADP present

glucosamine 1) (32.5 mg, 50 mmol), and PEP (18.7 mg, 70 mmol) in the reaction mixture using the pyruvate kinase/lactate dehydrogenase-
was prepared in a round-bottom flask. MurA (0.056 mg/mL) was added coupled assay. The reaction was complete withih at 37°C. The
to the reaction mixture and incubated at &7 for 5 h. The extent of workup of the reaction was carried out as in the cas2 except that
the reaction was determined by assayingerith MurB and NADPH, the Mono Q anion-exchange column (3010 cm, Pharmacia) was
following the decrease in absorbance at 340 nm. The reaction waseluted with a nonlinear gradient from 0.02 1 M NH,OAc, pH 9.0.
complete within 5 h at 37°C. The reaction mixture was filtered through ~ The active fractions were pooled, concentrated, and lyophilized. The
an Amicon YM 10 membrane to remove the enzymes. Part of the lyophilized material was dissolved in 20 mL of water, and 5 mL of it
reaction mixture (5 mL) was applied to a MonoQ anion-exchange was applied to the pre-equilibrated MonoQ column with a nonlinear
column (10x 10 cm, Pharmacia) and eluted with a nonlinear gradient gradient of 0.021 M NH4,OAc, pH 5.0 buffer. Fractions containing
from 0.02 to 1.0 M NHOAC, pH 8.0. The active fractions were pooled, the product were pooled and lyophilized. The lyophilized flocculent
concentrated, and lyophilized. The lyophilized flocculent powder was powder was dissolved in water and lyophilized three times to remove
dissolved in water and lyophilized three times to remove the ammonium ammonium acetate. Finally, the residue was dissolved in water and
acetate buffer. The residue was dissolved in water and store@Gt stored at-=80°C. Product (66 mg, 79%) was analyzed by FAB mass
°C. Produc® (30 mg, 92%) was analyzed by FAB mass spectrometry, spectrometry, HPLC'H and3C NMR, and elemental analysis. MS
HPLC, H and**C NMR. MS (FD) vz 679 (100%, M+ H). (FD) m/z 751.1 (60%, M+ H); Anal. Calcd for GsHzegN4O20P2: C,
UDP-N-Acetylmuramic Acid (3). A reaction mixture containing 29.23; H, 6.29; N, 11.86; P, 6.55. Found: C, 29.55; H, 6.22; N, 12.18;
TAPS (50 mM, pH 8.0), UDMN-acetyl glucosamine (150 mg, 230 P, 6.18.
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UDP-N-acetylmuramyl-L-alanyl-y-p-glutamic Acid (5). Purified
3 was used as a starting material to syntheSiZEhe reaction mixture
contained TAPS (50 mM, pH 8.0), ATP (600 mmol), MgGR40
mmol), DTT (120 mmol)L-alanine (480 mmol)p-glutamic acid (600
mmol), and3 (120 mmol). MBP fusion MurC (0.2 mg/ml) and MurD
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Results and Discussion

Although cell wall precursor8—7 will accumulate in bacteria
treated with specific inhibitors of the murein pathway, purifica-
tion of these compounds is inefficient and labor inten8ive.

(0.25 mg/ml) were added to initiate the reaction. The progress of the Chemical synthesis is not an easy route either, given the stereo-

reaction at 37C was followed by assaying for ADP activity as in the
case of4. The reaction was complete within 5 h. The workup of the
reaction was carried out as in the case2oéxcept that the MonoQ
anion-exchange column (19 10 cm, Pharmacia) was eluted with a
nonlinear gradient from 0.02 to 1.0 M NBAc, pH 9.0. The active
fractions were pooled concentrated and lyophilized. The lyophilized
material was dissolved in 20 mL of water and 5 mL of it was applied
to the preequilibrated MonoQ column with a nonlinear gradient of
0.02-1M NH4OAc pH 9.0 buffers. Fractions containing the product
were pooled and lyophilized. The lyophilized flocculent powder was
dissolved in water and lyophilized three times to remove ammonium
acetate. Finally, the residue was dissolved in water and store@Gt
°C. Product5 (60 mg, 74%) was analyzed by FAB mass spectrom-
etry, HPLC,'H and ®C NMR, and elemental analysis. MS (FD)
m/z 880.2 (100%, M+ H); Anal. Calcd for GgHasNsO23P,: C, 29.38;
H, 6.43; N, 13.46; P, 5.41. Found: C, 29.38; H, 6.36; N, 13.05;
P, 5.13.
UDP-N-Acetylmuramyl-L-alanyl-y-p-glutamyl-m-diaminopimel-
ic Acid (6). To synthesizé, purified 3 was used as a starting material.
The reaction mixture contained TAPS (50 mM, pH 8.0), ATP (225
mmol), MgCkL (90 mmol), DTT (45 mmol),L-alanine (135 mmol),
D-glutamic acid (135 mmol)mesediaminopimelic acid (135 mmol),
and 3 (22.5 mmol). MBP fusion MurC (0.2 mg/mL), MurD (0.25
mg /mL), and MurE (0.25 mg/mL) were added to initiate the reac-
tion. The progress of the reaction was followed by assaying for ADP
activity as in the case of and5. The reaction was complete within
5 h at 37°C. The work up of the reaction was carried out as in case
of 2 except MonoQ anion-exchange column (X010 cm Pharm-
acia) was eluted with a nonlinear gradient from 0.602 tM NH,OAc,
pH 5.0. The active fractions were pooled, concentrated and lyophilized
The lyophilized material was dissolved in 20 mL of water, and 5 mL
of it was applied to the preequilibrated MonoQ column with a nonlinear
gradient of 0.02-1.0 M NH,OAc, pH 9.0 buffers. Fractions containing
product were pooled and lyophilized. The lyophilized flocculent powder
was dissolved in water and lyophilized three times to remove am-

chemical complexity of these intermediates, and dréyd (the
lysyl-containing versiohof) 7 have been prepared syntheticdlly.
Although enzymatic syntheses and purification208, and4
have been reported, the HPLC purification protocol limited the
amount of material that could be proces8eAl.larger scale,
open-column chromatography metfdtb purify 3 using trieth-
ylamine ammonium bicarbonate (TEAB) as solvent produced,
in our hands, a persistent contaminant of 317 amu (as revealed
by FAB mass spectral analysi$)No high yield synthesis and
purification of 5, 6, or 7 by any method has been reported.
The drawbacks of literature protocols compelled us to devise
a generalized procedure for producing large quantitiesach
cell wall precursor. Since recombinaBscherichia coli mur
genes can be overexpressed in soluble fornEincoli and
purified in gram quantitie$? enzymatic synthesis appeared to
be the most efficient way to proceed. In short, the target
compound was prepared by incubatihgith the Mur enzyme-
(s) and their cosubstrates that preceded the target compound in
the metabolic sequence. Each intermediate could be produced
in turn, capitalizing on the in situ synthesis of the prior
intermediate. Thus, synthesis2from 1'3was straightforward
using MurA (Table 1). Developing a one-pot, two-enzyme
(MurA and MurB) synthesis of3 from 1 to bypass the
purification of 2 was complicated by the sensitivity of MurB
to substrate and product inhibitifwhich precluded the use
of high substrate concentration in the reaction. Using high
.concentrations of MurB mitigated the substrate inhibition
problem but also revealed an intrinsic NADPH oxidase activity

(6) (a) Flouret, B.; Mengin-Lecreulx, D.; van Heijenoort. Anal.
Biochem 1981 114 59-63. (b) Kohlrausch, U.; Holtje, J. VFems.
Microbiol. Lett 1991 78, 253-258. (c) Allen, N. E.; Hobbs, J. N., Jr.;
Richardson, J. M.; Riggin, R. Meems. Microbiol. Lett1992 98, 109—

monium acetate. Finally, the residue was dissolved in water and stored; 15, (c) Michaud, C.; Blanot, D.; Flouret, B.; van HeijenoortEdr. J.

at —80 °C. Product6 (10.4 mg, 68%) was analyzed by FAB mass
spectrometry, HPLC, anéH and **C NMR. MS (FD) m/z 1052.9
(100%, M+ H). Anal. Calcd for GsHssN7O26P2: C, 34.29; H, 6.49;
N, 13.71; P, 5.05. Found: C, 34.70; H, 6.29; N, 13.55; P, 4.65.
UDP-N-Acetylmuramyl-L-alanyl-y-b-glutamyl-m-diaminopime-
lyl-p-alanyl-p-alanine (7). To synthesize?, purified 3 was used as a
starting material. The reaction mixture contained TAPS (50 mM, pH
8.0), ATP (175 mmol), MgGl(70 mmol), DTT (35 mmol)L-alanine
(105 mmol),p-glutamic acid (105 mmol)mesediaminopimelic acid
(105 mmol),p-alaninep-alanine (105 mmol), an8(17.5 mmol). MBP
fusion MurC (0.2 mg/mL), MurD (0.25 mg/mL), MurE (0.25 mg/mL)
and MurF (0.25 mg/mL), were added to initiate the reaction. The
progress of the reaction was followed by assaying for ADP activity
as in the case o4, 5, and6. The reaction was complete within 5 h

at 37°C. The workup of the reaction was carried out as in the case of

2 except that the MonoQ anion-exchange column (1010 cm,
Pharmacia) was eluted with a nonlinear gradient from 0.02 to 1 M

Biochem1987, 166, 631-637. (d) Mizuno, Y.; Ito, EJ. Biol. Chem1968
243 2665-2672. (e) Anwar, R. Vlaovic, MBiochem. Cell Bial1986 64,
297-303.

(7) Within eubacteria, the third position of the pentapeptide side chain
of 7 is the most variable. There is no easy formula to predict which amino
acid residue occurs in this position for a given bacterial species. Of the
more than nine different amino acid residues known to occupy this position,
the most common isnesediaminopimelate (as i), which is probably
present in all Gram-negative bacteriaLysine occurs frequently in the
MurNAc-pentapeptide of Gram-positive cocci. For a review, see: Schleifer,
K. H.; Kandler, O.Bacteriol. Re. 1972 36, 407-477.

(8) (a) Heidlas, J. E.; Lees, W. L.; Pale, P. Whitesides, GJMOrg.
Chem 1992 57, 146-151. (b) Hitchcock, S. A.; Eid, C. N.; Aikins, J. A,;
Zia-Ebrahimi, M.; Blaszczak, L. Cl. Am. Chem. S0d998 120, 1916-
1917.

(9) (a) Falk, P. J.; Ervin, K. M.; Volk, K. S.; Ho, HBiochemistry1996
35, 1417-1422. (b) Benson, T. E.; Marquardt, J. L.; Marquardt, A. C.;
Etzkorn, F. A.; Walsh, C. TBiochemistry1l993 32, 2024-2030. (c) Ho,

H. T.; Falk, P. J.; Ervin, K. M.; Krishnan, B. S.; Discotto, L. F.; Dougherty,
T. J.; Pucci, M. JBiochemistryl995 34, 2464-2470. (d) Dhalla, A. M.;

NH4OAc, pH 9.0. The active fractions were pooled, concentrated, and Yanchunas, J., Jr.; Ho, H.-T.; Falk, P. J.; Villafranca, J. J.; Robertson, J.

lyophilized. The lyophilized material was dissolved in 20 mL of water,
and 5 mL of it was appilied to the pre-equilibrated MonoQ column
with a nonlinear gradient of 0.021..0 M NH:OAc, pH 5.0 buffers.
Fractions containing the product were pooled and lyophilized. The
lyophilized flocculent powder was dissolved in water and lyophilized

G. Biochemistry1995 34, 5390-5402.

(10) Jin, H.; Emanuele, J. J., Jr.; Fairman, R.; Robertson, J. G.; Hail, M.
E.; Ho, H.-T.; Falk, P. J.; Villafranca, Biochemistry1996 35, 1423-1431.

(11) Commercially available TEAB buffer and triethylamine base both
contained a contaminant of the same mass. We suspect that this contaminant
is a product of light-activated polymerization of triethylamine that yields a

three times to remove ammonium acetate. Finally, the residue wasnonvolatile compound. Because of this problem, the TEAB solvent system

dissolved in water and stored-aB0 °C. Product7 (9.3 mg, 61%) was
analyzed by FAB mass spectrometry, HPLC, &Hdand *C NMR.

MS (FD) m/z 1194.4 (100%, M+ H). Anal. Calcd for GiHgaNoO2gPs:

C, 34.65; H, 6.81; N, 14.78; P, 4.36. Found: C, 34.81; H, 6.46; N,
14.52; P, 3.90.

was not used to purify the murein substrates.
(12) Pryor, K. D.; Leiting, BProtein Expression Purifl997, 10, 309—
9

(i3) 1is commercially available or it can be prepared: ref 8a or Leiting,
B.; Pryor, K. D.; Eveland, S. S.; Anderson, M. Snal. Biochem1998
256, 185-191.
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Table 1

-
substrate scale (mg) yield (%) a %H;%‘
oomniéros“ NH b D o

2 30 92
130 87 <X . & & :
66 79 - 6,
60 74 o ~

10.4 68 o

93 61

~No b w

of MurB (constituting 10% of the normal reaction rate). Because . \ A MMM
of this side reaction, high levels of NADPH would be required, D S L
adding difficulty to the purification problem. However, by 8 7 6 5 4 3 2 1
performing the reaction under argon, conversiorl ¢ 3 was ' a2
accomplished ir>95% yield on 100 mg scale (Table 1). b L P
Murein ligases MurC through MurF each catalyze an ATP- |
dependent addition of an amino acid to the free carboxylate of
its substrate (Scheme 1). To syntheglze7, we used instead 7
of 1 as the starting material to reduce the number and quantity 4 2
of the reaction byproducts that need to be eliminated during 15
the purification. Typical reactions include3l(0.5-1.5 mM), H
the relevant ml_Jrein ligases, and a hig_h concentration qf ATP T T ) Ty e e I
(5 mM) to provide enough energy equivalence for the ligases ppm
as well as to drive the reaction to completion (Table 1). A 880.2
potential worry is the susceptibility of MurD and MurF to
substrate inhibition by high concentrations of UDFacetyl- 081

— o

—_—

2c

]

n
o

o
5

muramyl-peptide (MurNAc-peptide) intermediaféshis con- g 061
cern can be overcome by running the reaction under conditions £

where the flux through each biosynthetic enzyme is roughly £ 04
equal, allowing no buildup of any intermedidte. 3 0zl

Although running reactions is easy using enzymes, purifying
the water-soluble target product from a reaction mixture con- 4(.)01 pr P L o =5 L o
taining closely related, highly charged reactants and byproducts miz
is a real challenge. In general, after removing the enzymes byFigure 1. Representative spectroscopic data for murein pathway
ultrafiltration and lyophilizing the reaction mixture, the desired intermediates. (A}H NMR spectrum o6, (B) **C NMR spectrum of

murein intermediate was purified by FPLC anion-exchange  (C) FAB mass spectrum d.

chromatography (MonoQ) using an ammonium acetate solvent .o rhon correlation (HMQC), and two- and three-bond preton
buffered at various hydrogen ion concentrations (pH 5.0, 8.0, carhon correlation (HMBC) allowed for the complete proton

or 9.0). All of the murein intermediates were purified varying 444 carbon peak assignments 2017 (see Supporting Informa-
only the pH in this chromatography system. tion).

Compounds and3 were purified using ammonium acetate  other than a recent description of the Park nucled¥idbis
solvent at pH 8.0 and 5.0, respectively. For the purification of naner s the first to describe the detailed characterization of six
4 ands, and especially 06 and7, good separation from ADP  yyrein pathway intermediate2{7). The rapid synthesis (from
and ATP is crucial because, as the number of ligase stepScommercially availablel) and purification of these cell wall
performed in one pot increases, so does the amount of ADP yrecyrsors will facilitate the study of the early steps of murein
byproduct in the final mixture. Resolving MurNAc-peptide  pipsynthesis, a known target for antibiotic action. In addition,
products4, 5, 6, or 7 from ATP and ADP required two passages agio-labeled cell wall intermediates are easily prepared by
through the anion-exchange column, the first time using including the relevant radio-labeled amino acid in the reaction
ammonium acetate at pH 9.0 and then at pH 5.0, or vice versa.mixtyre. More importantly, the availability of all murein
After solvent was removed from fractions containing target gypstrates should allow for rapid analysis of inhibitors from

compound, the solid residue was dissolved in water and storedyrein pathway screens, to identify their enzyme target and
in aliquots at—80 °C. The murein intermediates are stable for g cidate their mechanisms of action.

at least one year.
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