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ABSTRACT. MurG, the last enzyme involved in the intracellular phase of peptidoglycan synthesis, is a
membrane-associated glycosyltransferase that cobée®tyl glucosamine to the C4 hydroxyl of a lipid-
linked N-acetyl muramic acid derivative (lipid 1) to form th&linked disaccharide (lipid Il) that is the
minimal subunit of peptidoglycan. Lipid | is anchored to the bacterial membrane by a 55 carbon
undecaprenyl chain. Because this long lipid chain impedes kinetic analysis of MurG, we have been
investigating alternative substrates containing shortened lipid chains. We now describe the intrinsic lipid
preferences of MurG and show that the optimal substrate for MurG in the absence of membranes is not
the natural substrate. Thus, while the undecaprenyl carrier lipid may be critical for certain steps in the
biosynthetic pathway to peptidoglycan, it is not requit@fact, is not preferregtby MurG. Using synthetic
substrate analogues and products containing different length lipid chains, as well as a synthetic dead-end
acceptor analogue, we have also shown that MurG follows a compulsory ordered Bi Bi mechanism in
which the donor sugar binds first. This information should facilitate obtaining crystals of MurG with
substrates bound, an important goal because MurG belongs to a major superfamily of NDP
glycosyltransferases for which no structures containing intact substrates have yet been solved.

The increasing frequency of resistance to existing antibiot- across the bacterial membrane where it is polymerized and
ics is a serious probleml). Structural and mechanistic cross-linked to form the peptidoglycan layers. MurG has been
information on essential bacterial enzymes could lead to the shown to be essential for bacterial cell survival4), making
development of antibiotics that are active against resistantthis enzyme interesting to evaluate as a potential antibiotic
microorganisms. Both Gram-positive and Gram-negative target.

bacteri_al cells are surrounded by layers of peptidoglycan, a MurG activity was first described in the 19608),( but
cross—!mked carbohydr_ate polymer th"’.lt protects the cells from the protein was not purified until the latter half of the 1990s
rupturing under high internal osmotic pressures. Many of because of complications in monitoring the enzymatic

the best antibiotics function by inhibiting peptidoglycan S = .
synthesis, and intense effort has been focused recently Onactlwty (6-8). MurG proved challenging to study because

the enzymes that synthesize peptidoglycan because all ofts acceptor.substrate.,. I|p|q I (compouﬂldn Figure 1), IS
them are potential targets for the design of new antibiotics. present in tiny quantities in bacterial cells and contains a
MurG, the last enzyme in the intracellular phase of 55-carbon lipid chain that makes it extremely difficult to
peptidoglycan synthesi?), is a glycosyltransferase that handle. Because Ilplq I is so hgrd to qbtam from natural
catalyzes the transfer df-acetyl glucosamine (NAGfrom sources and to manipulate, initial studies on MurG were
UDP to the C4 hydroxyl of a-acetyl muramic acid (NAM) carried out using crude cell membrane preparations contain-
derivative, lipid 1, which is anchored to the cytoplasmic Ng lipid | generated in situ¥-11). This approach to
surface of the bacterial membrane. The product of the MurG Studying MurG did not permit detailed analysis of the
reaction is g3-linked disaccharide commonly known as lipid  Purified enzyme.
Il (Scheme 1). Once formed, this disaccharide is translocated Van Heijenoort and co-workers reported in 1993 that
Escherichia colMurG is located on the cytoplasmic surface
" This work was supported by NIH Grant R01-Al44854. of the bacterial membranel?), but sequence analysis
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1149. Fax: (609) 258-2617. E-mail: swalker@princeton.edu. suggested that there were no transmembrane spanning regions

! Abbreviations: UDP, uridine 'sdiphosphateE. coli, Escherichia (12—14). Speculating that it would be possible to purify the
coli; BGT, T4 f-glucosyl transferase; CAZY, carbohydrate-active enzyme and monitor its activity using soluble substrates in

enzymes; NDP, nucleotide diphosphate; HEPES, 4-(2-hydroxyethyl)- _ ; ; e
1-piperazineethanesulfonic acid; NADH, reduced nicotinamide adenine & membrane fr.e.e environment, yve synthe3|z§d a lipid |
dinucleotide; UDP-GIcNAc, uridine 3-diphosphoN-acetylglucosamine; analogue containing a 10 carbon citronellyl ch@hil place
Dhl\I/ISO, dimebthyl sulfoxige;DI/ll-ILE,Nt%t_rahyt?rlc;furam%PBArM rgE of the natural undecaprenyl chai®, (7, 15, 1. MurG
chloroperoxybenzoic acid; ,N-dimethylformamide; , ; ini i i
2-(trimethylsilyl)ethyl; TEOC, 2-(trimethylsilyl)ethoxyl carbonyl; EDTA, reCOgr_nzed th? S oluble lipid | analog@eforming the basis
N,N'-(1,2-ethanediyl)bis(-carboxymethyl)glycine]; PEP, phospho- for a direct activity assay. MurG proved to be straightforward

(enol)pyruvate; GTB, human blood group B glycosyltransferase; NAG, to overexpress, purify, and maintain in soluble form at high
N-acetylglucosamine; NAMN-acetylmuramic acid; PBP, penicillin- concentrations in aqueous buffer. Following preliminary

binding protein; TDP, thymidine 'sliphosphate; GtfB, vancomycin L .
aglycone glycosyltransferase; FAB-MS: fast atom bombardment mass characterization of MurG using analog2i€7), we were able

spectrometry; ESI-MS, electron spray ionization mass spectrometry. to crystallize this enzyme and solve the X-ray structdrg.(
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Ficure 1: Structures of lipid | analogues and lipid Il analogiee
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The X-ray structure of MurG revealed that this enzyme mechanism as OleD or whether other mechanisms are
belongs to a superfamily of glycosyltransferases that includespossible for enzymes in this superfamily. We also wanted
phage T43-glucosyl transferase (BGTL8, 19, as well as to know the reaction order to facilitate efforts to obtain
members of CAZy 20) families 1 @1), other members of  crystalline co-complexes of MurG with substrates bound. As
family 28, and probably also families 3, 4, and2{-25). we began to probe the kinetic mechanism of MurG, it became
Detailed information on how donor sugars bind to the BGT/ apparent that a better substrate was needed to monitor the
MurG superfamily would shed more light on the catalytic reaction than the one used in previous wask 7). To find
mechanism and on the molecular basis for hexose selectivity.a better substrate, it was necessary to address an issue that
Structural information could also facilitate the design of we had deferred earlier, namely, the role of the lipid chain
inhibitors to this class of enzymes. Unfortunately, neither on the N-acetyl muramic acid pyrophosphoryl acceptor.
we nor others have been able to obtain a co-complex of anyAccordingly, we synthesized, for the first time, natural lipid

member of the family with an intact UDPsugar donor | (28, 29 as well as a set of lipid | analogues in which both

bound (7, 19, 2). lipid lengths and double-bond geometries were varied (Figure
Some sequential enzymes that couple two substrates bindL).

the substrates in a particular ord@6). For these enzymes, Herein, we describe the preferences of MurG with regard

it is not possible to crystallize a Michaelis complex with the to lipid structure. We have identified a substrate that is
substrate that binds second unless the first substrate is alssubstantially better than both the natural undecaprenyl-linked
present. It has been suggested that glycosyltransferasesubstrate and the citronellyl-linked substrate used in our
related to MurG might utilize an ordered mechanism in which earlier studies. Using a combination of synthetic substrate
the acceptor binds first, which would make it impossible to and product analogues, as well as a dead-end acceptor
crystallize them with the donor sugar alo2d); The kinetic analogue, we were able to address the mechanism of MurG.
mechanism of only one enzyme belonging to the BGT/MurG Like OleD, it utilizes a sequential ordered Bi Bi mechanism;
superfamily has been previously investigated. This enzyme, however, in the case of MurG, the donor sugar binds before
OleD (CAzy family 1), glycosylates the macrolide olean- the acceptor. Therefore, this superfamily of enzymes can
domycin and was shown to proceed through an ordered utilize different kinetic mechanisms. The results reported here
mechanism in which the donor sugar binds only after the have implications for the design of experiments to obtain
macrolide is bound 27). We undertook experiments to co-complexes of MurG with substrates bound. Because it
determine the kinetic mechanism of MurG because we has been speculated that the MurG family of glycosyltrans-
wanted to know whether MurG proceeds through the sameferases is modular2(, 30, these results may also have
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implications for the design of reengineered glycosyltrans- 3.90 (m, 1H), 3.84 (m, 2H), 3.78 (s, 3H), 2.12 (s, 3H), 2.04
ferases in which donor and acceptor domains from different (s, 3H), 1.48 (dJ = 7.0 Hz, 3H).3C NMR (CDCk, 100
enzymes are recombined to achieve new selectivities. MHz) 6: 175.6, 171.4, 171.0, 137.4, 128.7, 128.2, 128.1,
96.5, 91.6 (dJ = 182.0 Hz), 75.5 (dJ = 48.8 Hz), 70.7,
MATERIALS AND METHODS 67.5 (d,J = 23.3 Hz), 62.2, 53.7, 53.6, 52.6, 23.2, 21.0,

Materials. E. coliMurG was expressed and purified to 19-1-*F NMR (CDCk, 376 MHz)6: —25.84 (d,J = 54.7
homogeneity as described)(Pyruvate kinase (type Ill from  H2)- FAB-MS: calcd for GiFHxoNOg [M + H'], 442; found,
rabbit muscle, lyophilized powder, salt free)lactic dehy- 442.
drogenase (type XXXIX from rabbit muscle, solutionin 50%  Dibenzyloxyphosphonyloxy-2-acetamido-6-O-acetyl-2,4-
glycerol, potassium phosphate buffer, pt7.5), Tris (HCI), dideoxy-4-fluoroe-muramic Acid Methyl Esterlf). To a
HEPES, phospho(enol)pyruvate (monopotassium salt), NADH, solution of compound4 (220 mg, 0.50 mmol) in 10 mL of
UDP, and UDP-GIcNAc were purchased from Sigma. MeOH was added 20 mg of 20% P€. The reaction vessel
Triton X-100 was purchased from Fluka. was filled with hydrogen. After stirring at room temperature

SynthesisThe synthesis of lipid | analogue¢-10), as for 30 min, the suspension was filtered over Celite, and the
well as lipid Il analoguera, was carried out as previously  catalyst was rinsed with methanol. The filtrate was concen-
described §, 7, 29. trated to give a crude product, which was used in the next

Benzyl 2-Acetamido-6-O-acetyl-2-deoxy-3-O-[(R)-1-(meth- reaction without further purification.
oxycarbonyl)ethylle-p-glucopyranosidel3). DMSO (2.54
mL, 35.9 mmol) was slowly added to a cold§0 °C) stirred
solution of oxalyl chloride (3.6 mL, 2.0 M, 7.2 mmol) in
CH,CI; (7 mL). After the mixture was stirred at60 °C for
20 min, a solution of the readily available protected saccha-
ride 11 (31) (630 mg, 1.4 mmol) in 7 mL of CkCl, was

The crude product from the previous step was premixed
with 1H-tetrazole (70 mg, 1.0 mmol) and coevaporated with
dry toluene and then dissolved in 10 mL of ¢F. The
reaction was cooled te-20 °C and dibenzyN,N-diisopro-
pylphosphoramidite (0.34 mL, 1.0 mmol) was added. The
added, and the mixture was stirred a60 °C for 1 h. reaction was stirred at room temperature foh and then
Triethylamine (5 mL, 35.8 mmol) was slowly added, and €°°léd t0—40°C, andm-CPBA (610 mg, 70%, 2.5 mmol)
then the mixture was allowed to warm 480 °C in 30 min was added. After stirring for 30 min at€ and another 30
and kept at—30 °C for another 20 min. The reaction was Min at room temperature, the reaction was diluted with 50

quenched by adding aqueous NaHC®he mixture was ML of CH:Cl; and washed with 10% aqueousS&; (2 x
extracted with ethyl acetate three times. The organic layers90 mL), water (50 mL), and brine (50 mL). The GEi;
were combined, washed with brine once, dried over sodium layer was dried over anhydrous sodium sulfate, filtered,
sulfate, filtered, and concentrated. The crude prodidetas ~ concentrated, and purified by flash chromatography (90%
used in the next step without further purification. EtOAc/petroleum ether) to give 210 mg (70%) 1 as a
The ketonel2 was dissolved in 14 mL of anhydrous THF, White solid.R; 0.41 (90% EtOAc/petroleum ethetd NMR
and the solution was cooled te78 °C. K-selectride (2.0  (CDCl, 400 MHz)d: 7.20-7.40 (m, 10H), 6.00 (br s, 1H),
M, 1.72 mL, 1.72 mmol) was added, and the reaction was 4.98 (dd,J = 3.1, 11.0 Hz, 4H), 4.46 () = 9.0 Hz, 1H),
stirred at—78 °C for 30 min and quenched with acetone. 4.35 (m, 2H), 4.10 (m, 2H), 3.95 (m, 1H), 3.75 (m, 1H),
Agueous NaHC®@was added, and the mixture was extracted 3.69 (s, 3H), 1.89 (s, 3H), 1.78 (s, 3H), 1.36 Jds 6.6 Hz,
three times with EtOAc. The organic layers were combined 3H). *3C NMR (CDCk, 100 MHz)6: 175.3, 171.2, 170.4,
and washed with brine once, dried over sodium sulfate, and135.5, 135.4, 128.6, 127.9, 95.0, 90.4 Jd+= 182.7 Hz),
concentrated. The residue was purified by flash chromatog-75.2, 74.6 (dJ = 17.1 Hz), 69.5, 69.0 (d) = 24.0 Hz),
raphy (70% EtOAc/petroleum ether) to give 380 mg (60%, 61.5, 53.2, 52.5, 22.7, 20.6, 18F NMR (CDCk, 376
2 steps) of product3 as a white powderz 0.42 (EtOAc).  MHz) 6: —26.65 (dd,J = 10.7, 50.8 Hz). FAB-MS: calcd

:5' NMR (CDCl, 4)100 MH(S) d?J: 7.24-7.40 (m, 5H)5 5.34  for C,gFHasNO1PNa [M + Na'], 634; found, 634.
,J=23.6 Hz, 1H), 4.58 = 11.8, 61.0 Hz, 2H), 4.36 . : .
(q,J= 5.5 Hz, 1H), 4.26 (m, 2H), 4.20 (d,= 7.0 Hz, 1H), 2-Acetamido-le-dibenzyloxyphosphonyloxy 2,4-Dideoxy-

_ 4-fluoromuramic Acid16). To a solution ofl5 (85 mg, 0.14
4.01 (m, 1H), 3.95 (tJ = 6.8 Hz, 1H), 3.78 (s, 3H), 3.68 . .
(dd,J(= 3_2,)11_2 H(z, 1H), 2.09 (s, 3)H), 2_0‘(1 (s, 3?4), 147 Mmol) in MeOH/HO (1.8:0.6 mL) was added LiOH (16.5

(d, J = 7.0 Hz, 3H). FAB-MS: calcd for GHaNOs [M + mg, 0.4 mmol). The reaction was stirred at room temperature
Hi] 440 found. 440. ' for 30 min and then diluted with 10 mL of MeOH. After

Benzyl 2-Acetamido-6-O-acetyl-2,4-dideoxy-4-fluaro- neutralizing with AcOH, the solution was concentrated, and

muramic Acid Methyl Esterl@). To a solution oft3 (460  the residue was purified by flash chromatography (15%
mg, 1.05 mmol) in ChCl, (10 mL) was added diethylamino MEOH/CHCE, 0.1% AcOH) to give 74 mg (96%) of product
sulfur trifluoride (0.2 mL, 1.57 mmol) at-50 °C. The ~ 16asawhite powdeR 0.19 (10% MeOH/CHG). *H NMR
solution was allowed to warm to room temperature and (CDsOD, 500 MHz)o: 7.40-7.30 (m, 10H), 6.09 (br's, 1H),
stirred for 1 h. Methanol was added to quench the reaction 9-08 (dd,J = 5.9, 8.3 Hz, 4H), 4.56 (d] = 9.5, 50.9 Hz,
after it was cooled te-10°C. The mixture was concentrated, 1H), 4.39 (q.J = 7.0 Hz, 1H), 3.82 (m, 1H), 3.72 (m, 2H),
and the residue was purified by flash chromatography 3.64 (m, 2H), 1.87 (s, 3H), 1.43 (d,= 7.0 Hz, 3H)."3C
(EtOAC) to give 370 mg (80%) of product as a white powder. NMR (CDsOD, 125 MHz)o: 179.3, 174.1, 137.14, 137.06,
R: 0.59 (EtOAc).*H NMR (CDCls, 400 MHz) 6: 7.25- 129.9, 129.3, 96.8, 91.3 (d,= 180.2 Hz), 77.5, 76.1 (d]
7.40 (m, 5H), 5.36 (dJ = 7.4 Hz, 1H), 4.60 (dd) = 12.0, = 17.8 Hz), 73.5 (d] = 24.2 Hz), 71.2, 60.8, 55.2, 22.7,
47.0 Hz, 2H), 4.46 (q) = 7.0 Hz, 1H), 4.16-4.30 (m, 3H),  19.6.29F NMR (CD;0D, 376 MHz): —28.6 (dd,J = 12.7,
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50.9 Hz). FAB-MS: calcd for gFH3;NO;oPNa [M+ Na'], lipid | analogue7 using purified MurG 28). A total of 3.35
578; found, 578. mg of 7 was dissolved in 0.5 mL of MeOH and added to
2-Acetamido-2,4-dideoxy-4-fluoroel-muramyl Phosphate  8.89 mL of MurG reaction buffer (50 mM HEPES, pH 7.9,
Pentapeptidyl Esterl(7). To a solution of compouni6 (74 5 mM MgCl,) followed by 40uL of 100 MM UDP-GIcNAc
mg, 0.13 mmol) and NkL-Ala-y-b-Glu(O-TMSE)--Lys- and 0.57 mL of 2.66 mg/mL MurG stock (in 20 mM Tris,
(N-TEOC)D-Ala-p-Ala-O-TMSE (103 mg, 0.13 mmol) in  pH = 7.9, 150 mM NaCl, and 50 mM EDTA). After 30
2.5 mL of DMF was added diisopropylethylamine (108 mL, min, another 4Q:L of 2100 mM UDP-GIcNAc was added.
0.62 mmol) followed by HOBt (33.5 mg, 0.25 mmol) and The reaction was poured into 50 mL of ice-cold MeOH, and
pyBOP (129 mg, 0.25 mmol). After stirring at°@ for 30 the solution was concentrated+@ mL, and then the mixture
min, the reaction was purified by flash chromatography was purified over a C18 column. The disaccharide product
(EtOACc; then 5% MeOH/EtOAC) to give 110 mg (65%) of was eluted with 36-50% acetonitrile. The small amount of
the dibenzyl phosphate as a white soRd0.6 (10% MeOH/ lipid | remaining in the product was converted to lipid Il by
EtOACc). To a solution of this dibenzyl phosphate (110 mg, repeating the reaction a second time. The final yield of pure
0.08 mmol) in 5 mL of MeOH was added 10 mg of 20% lipid Il analogue7a was quantitative.
Pd—C. The reaction vessel was filled with hydrogen and  Fluorometric AssayReactions were carried out in 96- or
stirred at room temperature. A total of 0.1 mL of diisopro- 384-well microplates, and the decrease in NADH fluores-
pylethylamine was added after 30 min. The solution was cence was monitored at 465 nm using a Perkin-Elmer HTS
diluted with 15 mL of MeOH and stirred for 30 min. The 700 Plus Bio-Assay plate reader. Each reaction contained
catalyst was filtered off over Celite. The filtrate was MurG reaction buffer (50 mM HEPES, pH 7.9, 5 mM
concentrated to givé7. R; 0.31 (CHCYMeOH/H,0 = 3:2: MgCl,, and, except where noted, 0.2% Triton X-100), 0.5
0.5). mM phospho(enol)pyruvate (PEP), 0.2:4U/of lactic de-
P1-2-Acetamido-2,4-dideoxy-4-fluor@-muramyl Pen- hydrogenase, 3 WL of pyruvate kinase (added as 104/
tapeptidyl Ester BNerylneryl Diphosphatel®). Nerylneryl stock solution in 100 mM KHPQO,, pH = 7.6), 0.25 mM
phosphatel8 (32—34) (30 mg, 0.074 mmol) was coevapo- NADH, 15% methanol (except where noted otherwise), an
rated with diisopropylethylamine and toluene three times and appropriate amount of UDPGIcNAc, lipid | analogue
then dissolved in 1.6 mL of THF. To the solution was added (added as an aliquot from a concentrated stock solution in
1,2-carbonyldiimidazole (51.4 mg, 0.32 mmol). After 1.5 water or methanol), and 0-83.0 uL of enzyme 100-fold
h, 32 uL of dry MeOH was added, and the reaction was diluted from a concentrated stock (in 20 mM Tris, pH
stirred for 1 h. The solvent was evaporated to give the 7.9, 150 mM NaCl, and 50 mM EDTA). Reaction volumes
phosphoimidazole intermediate. were 100uL for the 96-well plates and 30L for the 384-
Monophosphatd 7 (92 mg, 0.064 mmol) was coevapo- well plates. All of the components except for the MurG
rated with diisopropylethylamine and toluene and then substrates and MurG were premixed in a reservoir and
dissolved in DMSO/THF (0.8:0.8 mL) and transferred to the dispensed into each well. The substrates were then added,
phosphoimidazole intermediate. The reaction was stirred atand the reaction mixtures were incubated ferl® min until
room temperature for 3 days. The volume was reduced undera stable background rate was achieved (typically correspond-
vacuum, and the residue was loaded to a C18 reverse phasig to 1uM/min decrease in NADH). MurG was then added
column (8 mmx 80 mm, particle size 40 mm, pore size 60 and the fluorescence was monitored for-E® min. A time
A, from J. T. Baker) and eluted with GBN/10 mM NH;- course for each reaction was obtained. The initial rates were
HCG; aqueous solution (0, 5%, 10%, 15%, 20%, 25%, 30%, determined by calculating the slopes (linear fitting) of the
40% of 10 mL each). The fractions containing desired initial linear portion of the reaction time course curves using
product were combined and concentrated to give a crudeKaleidaGraph (Synergy Software). Calibration was done
product. Starting materidl7 (60 mg) was recovered®: 0.62 using a series of UDP solutions with known concentrations.
(CHClL/MeOH/H,O = 4:2:0.5). One micromolar UDP corresponds to 500 fluorescence units
To a 0.4 mL solution in DMF of the crude product from (RFU) under the instrument settings. We note thatKhe
the previous step was added tetrabutylammonium fluoride value reported here fa2 using the fluorescence assay is
(1.0 M in THF, 0.4 mL). The reaction was stirred at room approximately 10-fold higher than that reported earlier using
temperature for 16 h. Solvent was removed under vacuum.the biotin capture assay); Some of the increase may be
The residue was loaded to a C18 reverse phase column (8lue to changes in the specific reaction conditiefts
mm x 80 mm, particle size 4@m, pore size 60 A, from J.  example, the inclusion of detergent or additives that become
T. Baker) and eluted with C}N/20 mM NHHCO; inhibitory at high concentrations such as postassium ion. In
aqueous solution (0, 5%, 10%, 15%, 20%, 25%, 30% of 10 addition, the fluorescent assay mixture contains relatively
mL each). The purification procedure was repeated one morehigh concentrations of other enzymes that may bind sub-
time to give 20 mg ofl9 (74% based on the recovery b, strates nonspecifically.
2 steps) as an ammonium s&®.0.20 (CHC{MeOH/H,O Measuring the Relate Actiities of Lipid | Analogues.
= 3:2:0.5).'H NMR (CDs0OD, 500 MHz)¢: 5.50 (m, 1H), The initial reaction rates of the analogues were measured at
5.40 (m, 1H), 5.09 (m, 3H), 3.654.58 (m, 12H), 2.88 (m, acceptor concentrations of 1QfM. The analogues were
2H), 2.27 (m, 4H), 1.452.10 (m, 38H), 1.42 (dJ = 7.0 added to the reaction mixture as methanol solutions. For these
Hz, 3H), 1.34 (m, 3CH). *F NMR (CD;0D, 376 MHz)o: experiments, the reaction volumes were 100the UDP-
—26.2 (dd,J = 53.7, 12.3 Hz). ESI-MS: calcd for & GIcNAc concentration was 20 mM, and Triton X-100 was
FHgsO20N7P, [M — H™], 1196; found, 1196. omitted from the MurG reaction buffer. Relative rates are
Enzymatic Synthesis of Lipid Il Analogde. The lipid Il ratios of the reaction rates reported in fluorescence units/
analoguerawas prepared from the corresponding synthetic min (RFU/min).
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Scheme 2

UDP-GleNAc + Lipid 1-2S,.. Lipid I + UDP

NADH: A= 340 nm
A o= 460 nm

Obtaining Kinetic Parameter«inetic measurements were

Chen et al.

Pyruvate kinase

7—> Pyruvate + UTP
NADH

PEP Lactic
dehydrogenase

NAD™

Lactate

Table 1: Reaction Rates (RFU/min) and Relative Reaction Rates of

carried out by keeping one substrate at a constant concentratipid | Analogues

tion and varying the other. For the kinetic measurements of 7 g, analogues

lipid | substrates, UDPGIcNAc was fixed at a concentration
of 2—10 mM (at least 10 times itsy,). For the measurements
of UDP—GIcNAC, the lipid | concentration was fixed at 100
uM (about twice itsKy,) because of the limited supply of
the synthetic substrat&,, andk., values were determined
by fitting the initial rates to the MichaelisMenten equation
using KaleidaGraph. 1§ measurements were done by
keeping both substrates at th&ir, values and fitting initial
rates to the equation/vo = 1/(1 + 1/ICsq), whereu, is the
initial rate in the absence of the inhibitor ands the initial
rate in the presence of the inhibitdiis the concentration of
the inhibitor.

Determining Inhibition Patternsinhibition studies were
carried out at three to four different concentrations of the
inhibitors. While determining the inhibition pattern with
respect to UDP-GIcNAc, the concentration of the lipid |
substrate was held at nonsaturating levels. For inhibition

in 5% MeOH in 15% MeOH relative rate

1 undetectable 212 0.014

2 499 1043 0.068

3 NDP 518 0.034

4 NDP 4433 0.29

5 1244 1588 0.11

6 3321 10 335 0.68

7 NDP 15182 1

8 1952 3957 0.26

9 1026 2059 0.14
10 undetectable 232 0.015

aThe initial reaction rates (RFU/min after subtracting the background
rate) of the analogues were measured under identical conditions at
acceptor concentrations of 108 and a UDP-GIcNAc concentration
of 20 mM. Relative rates are ratios of the reaction rates reported in
fluorescence units/mirt.Not determined.

GIcNAc and the acceptor analogdgrespectivelyKi, is the
dissociation constant of the MurGDP—GIcNAc complex,
andV is the maximum rate.

patterns with respect to lipid I, measurements were done with

UDP—GIcNAc at both saturating and nonsaturating levels.
The biotin capture assay described previoudly 1) was
employed when UDP was used as an inhibitor. All of the
other measurements were done using the continuous fluo
rometric assay described here.

Kis andK; were calculated from the replots of the double
reciprocal curves using the following equations:

For competitive inhibition

For uncompetitive inhibition
1_1f,, 1
1 V(1 + K__) +
For noncompetitive inhibition
1_1 I

I
Km 1\1

TheK; value for the fluoro sugar analogé was determined
by comparing the slopes of the double reciprocal plots in

RESULTS

Evaluation of Acceptor Analogued-ollowing routes
_developed previously in our laboratorg, (7), we prepared
natural lipid | 28) and a set of lipid | analogues containing
lipid chains with varying lengths and double-bond geom-
etries. The set of compounds, shown in Figure 1, includes
the enantiomer3d) of the citronellyl analogue2j used in
our initial studies of MurG.

To evaluate the compounds, we adapted a fluorescence
assay that was first used to monitor glycosyltransferase
activity by Palcic and co-workers39). In this assay, the
formation of the UDP product is detected by coupling its
formation to the NADH-mediated reduction of pyruvate to
lactate by lactic dehydrogenase, as shown in Scheme 2. The
pyruvate is produced from phospho(enol)pyruvate, which
phosphorylates UDP in the presence of pyruvate kinase. As
the concentration of NADH decreases, the fluorescent signal
at the emission wavelength of NADH decreases, and this
decrease is monitored to obtain the reaction rate. Under the
reaction conditions described, the reaction rate is linearly
related to the MurG concentration at all relevant lipid | and
UDP—GIcNAc concentrations.

The initial reaction rates of the acceptor analogues,

the presence of inhibitor to the one obtained in the absencemeasured under identical conditions, are reported in Table

of the inhibitor, using the following rate equatio86):

KiaKb

VAB

1_1

e

Ki

Ka Kb 1
v+v—A+v—B( *

Ka and K, are Michaelis-Menten constants of UDP

1 (as RFU/min) along with the relative reaction rates. The
data are summarized in the histograms in Figure 2. Although
MurG converts all of these lipid | analogues to the corre-
sponding lipid 1l analogues, it nevertheless displays clear
preferences with respect to both chain length and double-
bond geometry. MurG prefers lipids havingcés-allylic
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g » those of the Origina' substrate ana'oggeas described
(Materials and Methods), and the catalytic efficiency was
found to be 65 times higher. At saturating UBPBIcNAc
concentrations,(7) = 0.053+ 0.006 MM Ko = 837 mirr?t
and Kea/Km(7) = 15791 mM?® min~1, whereasKy(2) =
0.553+ 0.125 mM,keat = 134 mimr?, andkeo/Km(2) = 241
mM~! min~%. Much of the increase in efficiency is due to a
decrease in the Michaelis constant fbcompared to that
for 2. We conclude, therefore, that the lipid chain interacts
with the enzyme. Because the preferred substrate is identical
R- (S s trams sat  dcs 3cis to the natural substrate over the first few isoprene units,
c10 Cio cro c15 c20 c:o €20 Mhur_G apparently recognizes the first part of the undecaprenyl
chain.

The increased catalytic efficiency of the optimal substrate
means that we can now easily carry out kinetic analyses of
MurG point mutants with compromised activity to probe the
role of selected amino acid side chains in catalysis. Further-
more, as demonstrated below, it is possible to use a
combination of acceptor/product pairs with differential
affinities for the enzyme to probe the mechanism.

Product Inhibition AnalysisOur initial failures to obtain
co-complexes of MurG with either UBDFGICNAC or lipid |
analogues prompted us to explore the mechanism of the
enzyme. Like other inverting NDPglycosyltransferases that

>

Relative Reaction Rate

=

Relative Reaction Rate

icis 1cis 3cis

clo om cm cw cas oo have been investigated2{, 3740), MurG utilizes a
4 ¢ ! & sequential reaction mechanism in which both substrates bind

FIGURE 2 Histograms summarizing th_e _relative reaction rates of tg the enzyme to form a ternary complex prior to reaction.
lipid I analogues. (A) Dependence on lipid structure for analogues ., jagign’ crystallization trials to obtain co-complexes of
up to 20 carbons. (B) Dependence on lipid length for compounds - L
containingcis-allylic double bonds (excep0, which contains a  Sequential enzymes, it is useful to know whether the
trans-allylic double bond). The number of successoigisoprene substrates bind in a compulsory order and, if so, to know
units in each lipid is indicated. which substrate binds first. Because the rate equations
describing an enzymatic reaction change in the presence of
double bond to other lipids. For example, the 10 carbon neryl inhibitors, inhibition patterns can permit one to determine
derivative 4 reacts significantly faster than the 10 carbon the kinetic mechanism3g, 41). Product inhibition experi-
citronellyl derivatives2 and 3 or than the 15 carbon all-  ments are often the simplest means of probing mechanism
trans farnesyl derivative. Among the derivatives containing  (26) because the products of an enzymatic reaction can
20 carbon chains, the two havingca-allylic double bond  usually be readily obtained. Although these types of experi-
(6 and7) react faster than the one having a simple alkane ments are not always conclusive, they usually permit one to
chain @). There is also an optimum length requirement. narrow down the possibilities. As described below, we used
Among the compounds containing cis double bonds allylic product inhibition analysis to narrow down the possible
to the pyrophosphate linkage, the relative reaction rate mechanisms and then synthesized a single dead-end substrate
increases with chain length up to four isoprene units and inhibitor to test the most likely mechanism.
then decreases dramatically. The 35 carbon prenyl cBin ( The UDP product was found to be a competitive inhibitor
is considerably worse than the 20 carbon chaéar(d7); of the UDP-GIcNAc donor and a noncompetitive inhibitor
natural lipid | (), which contains a 55 carbon chain, does of the lipid | acceptor analogue (Table 2). This inhibition
not react detectably unless 15% methanol is added to thepehavior ruled out an ordered Bi Bi mechanism in which
reaction. The low reactivity of natural lipid I and other long  the acceptor substrate binds first, but left open several other
chain analogues is apparently due to their propensity to possibilities 26). Therefore, we evaluated a lipid Il analogue
aggregate. Consistent with this hypothesis, the relative as a product inhibitor to narrow the possibilities further.
reaction rate of the natural lipid | was found to increase by  Preliminary experiments showed that thed@lue of lipid
a factor of 10 when 0.2% Triton X-100 was included in the || analogue7a was higher than 1 mM whef was used as
buffer. Nevertheless, under the same conditions, compoundthe acceptor substrate (data not shown). Using #hea
7 is still the best substrate of the series. On the basis of theseacceptor/product pair, we estimated that it would take more
studies, compound was selected as the optimum substrate than 10 mg of7ato complete a product inhibition analysis.
with which to monitor MurG activity in solution. Like the  However, acceptors with different lipid chains have different
natural substrater has a cis double bond in the key allylic  affinities for the enzyme (as inferred from the relatiig
position as well as the following two isoprene units. values of2 and7). Therefore, we took advantage of the fact
However, 7 is considerably more soluble in water than that we had made a range of unnatural lipid I/ll analogues
natural lipid I. This compound was examined in more detail to identify an acceptor/product pair that was more suitable
to obtain kinetic parameters. for product inhibition analysis. Preliminary experiments
The Catalytic Efficiency of the Optimal Substrate Analogue showed that whef was used as the acceptor substrate, the
7. The kinetic parameters of compouridvere compared to  ICso 0f 7awas only 48:M, suggesting an inhibition constant
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Table 2: Summary of Product Inhibition Patterns Obtained for MurG

inhibitor varied substrate fixed substrate pattern Kis (uM) Kii (uM)
UDP UDP-GIcNACc lipid | (unsatur) ] 31.4+ 3.76
UDP lipid I analogue2b? UDP—GIcNAc (unsatur) NC 83.1+ 14.88 23.14+3.69
lipid Il analogue7a UDP-GIcNAc lipid | (unsatur) NC 58.9+ 24.51 52.2+27.92
lipid Il analogue7a lipid | analogue2 UDP—GIcNAc (unsatur) NC 35.7+£9.98 30.3-6.84
lipid Il analogue7a lipid | analogue2 UDP—GIcNAc (satur) NC 47.1+ 6.75 131.5+12.61

a2b is 2 derivatized on the lysine amino group withN-(+)-biotinyl-6-aminocaproyl (see refs 7). ® Competitive.c Noncompetitve.

Scheme 3 A 3
UDP-GIcNAc  Lipid I Lipid Il UDP 55
- 2}
E
§ 15 ¢
ternary &
MurG  MurGsUDP-GlcNAc complex MurG<UDP MurG z 41
L . 05 ¢
within a useful range for analysis.
Inhibition experiments at different concentrations 7af 0
0 5 10 15 20 25 30 35

were carried out at varying acceptroncentrations using

. . . ™ -1
both nonsaturating and saturating concentrations of the HiLipid analogue 7] mM

UDP—GIcNAc donor, and the product was found to be B 25
noncompetitive with respect to the acceptor. Prodaailso
proved to be a noncompetitive inhibitor of UB#SICNAC 2 |
at nonsaturating concentrations of the acceptor. Combined
with the results obtained using UDP as the product, these Z 15 =
inhibition patterns (Table 2) are consistent with two mech- §
anisms: an ordered Bi Bi mechanism in which the UDP S -
GIcNAc donor binds first, as shown in Scheme 3, or an iso- =
Theorel-Chance mechanism in which the acceptor binds 05 . .
first (26).

Only one glycosyltransferase that has been studied, human O

blood group B glycosyltransferase (GTB), has been proposed

to utilize a Theorel-Chance mechanismd®). GTB is a o o
retaining glycosyltransferase and is believed to operate via&ﬁﬁ%EeZd_é‘;]%emﬁ?&f:ﬂ%fjr(lf) F&oéfjfrgl‘é’,'\lngc]'nz'%SZ”M??;S{ ns
a double-displacement mechanism wherein a glycosyl- — g ,Mm (0), 10uM (#), and 30uM (). (B) [acceptor analogue
enzyme intermediate forms prior to the reaction with the 7] = 60 uM; [19] = 0 uM (O), 10 uM (®), 20 uM (<), and 30
second substrate, consistent with the Theer@hance  uM (a).
mechanism. It seemed to us unlikely that the reaction of an
inverting glycosyltransferase such as MurG would be the acceptor substrafewas prepared in 11 steps from the
Compatib|e with a mechanism in which the presence of the I’eadi|y aVaiIabIe prOteCteN-acety| muramiC aCid deriVatiVe
ternary complex is kinetically insignificant. Nevertheless, we 11(31), as shown in Scheme 4. When the acceptor substrate
prepared a dead-end inhibitor of the acceptor substrate to/ Was varied, the double-reciprocal plots at different con-
distinguish between these two possible mechanisms and alsgentrations ofl9 converged on the #/axis, indicating a
to verify the mechanistic conclusions drawn from the product competitive inhibition pattern, as expected on the basis of
inhibition analysis. Verification was deemed necessary the structural resemblance betweeand19. TheK; value
because the inhibition studies were predicated on thefor 19 was calculated to be 195 1.6 uM.
assumption thatacan actually be used as a product inhibitor ~ With a suitable dead-end competitive inhibitor Bfin
of 2, which contains a shorter lipid chain. Although this hand, we were able to complete the mechanistic analysis.
assumption is reasonabl@a is not the product of2. As shown in Figure 3, the double-reciprocal plots at different
Furthermore, the noncompetitive patterns that dominate theconcentrations of9 were found to be parallel when UBP
product inhibition analysis in an ordered Bi Bi mechanism GICNAc was the varied substrate, consistent with uncom-
are not as reliable as other types of inhibition patterns for petitive inhibition. The results confirm that MurG utilizes
deducing mechanism. Hence, we prepared a dead-endn ordered Bi Bi mechanism in which the donor binds first
substrate that would give a distinctive inhibition pattern if (43
the proposed ordered Bi Bi mechanism were correct.

Dead-End Inhibition AnalysisA dead-end competitive DISCUSSION
inhibitor of a substrate that binds second in an ordered Bi In this paper, we address two issues pertinent to under-
Bi mechanism is expected to give a distinctivecompetitie standing MurG. Both issues may have some relevance to
inhibition pattern with respect to the substrate proposed to other enzymes as well. One issue relates to the role of lipid
bind first. Therefore, the 4-deoxy, 4-fluoro analogaé)(of structure on substrate recognition by MurG. MurG is

1/{UDP-GicNAc} mM-
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Scheme 4
OAc o, (OhC OH ogc
oxalyl] chloride, DMSO, tricthylaminc 0o K sclectride o)
NHAc NHA
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19
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R2 = -NH-L-Ala-Dy-Glu-L-Lys-D-Ala-D-Ala
Scheme 5 containing shorter lipid chains because the natural 55 carbon

P

undecaprenyl pyrophosphate
phosphatase

undecaprenyl pyrophosphate undecaprenyl monophosphate

linear UDP-MurNAc-
peptidoglycan pentapeptide
MraY
Tranglycosylases
UMP

undecaprenyl-GlcNAc-
MurNAc-pentapeptide (Lipid II)

undecaprenyl-MurNAc-
pentapeptide (Lipid I)

MurG
UDP UDP-GlcNAc

chain makes the compounds exceedingly difficult to handle.

We have shown here that MurG prefers substrates that
contain lipid chains that are considerably shorter than that
of the natural substrate. However, among the various shorter
chain acceptor analogues, there are large differences in
reaction rates. For example, compounds that contaiis-a
allylic double bond react faster than compounds that do not.
Because the natural substrate containgsaallylic double
bond, this finding suggests that MurG recognizes the first
part of the undecaprenyl lipid carrier. Consistent with this
proposal, the best substrai® (mimics the natural substrate
over the first three isoprene units.

In previous work 28), we have investigated the substrate
requirements of PBP1b, the major transglycosylage iroli,
which is responsible for polymerizing lipid Il. PBP1b has
more stringent substrate requirements than MurG. For
example, functional substrates for PBP1b must haeis-a
allylic double bond and be significantlionger than 20

membrane-associated and converts a lipid-linked monosac-carbons. Nevertheless, in an in vitro assay, PBP1b still prefers
charide to a lipid-linked disaccharide. The lipid anchor on an unnatural substrate with a shorter lipid to the natural
the monosaccharide substrate is a polyprenyl chain containingundecaprenyl lipid II. Thus, while the undecaprenyl carrier
11 isoprene units (55 carbons). The first seven isoprene unitdipid may play an essential role in certain steps of the
have cis double bonds. The rest have trans double bondspeptidoglycan synthesis pathwajor example, translocation
As illustrated in Scheme 5, several enzymes in the biosyn- from the inner to the outer surface of the bacterial membrane
thetic pathway to peptidoglycan utilize substrates containing (44)—several of the enzymes in the pathway require sub-
this undecaprenyl chain, but its exact function is unknown strates containing only a portion of this lipid. Kinetic analysis
(2, 44. Whether any of the enzymes in Scheme 5 absolutely of these enzymes under in vitro conditions is often greatly
require the undecaprenyl chain is also unknown. Information facilitated by the use of unnatural lipids.

on the substrate lipid requirements for each of the enzymes Unnatural substrates may also simplify the study of other
involved in peptidoglycan synthesis could be useful for enzymes that function in metabolic pathways in which
helping to understand the role of the undecaprenyl chain in substrates are shuttled by a carrier lipid. Many such pathways
the overall cycle. In addition, mechanistic studies on various exist in bacteria and fung#td—46), and some have also been
enzymes would be facilitated by the use of substrates identified in higher eukaryote€{, 48. The lipid require-
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ments of enzymes in most lipid-linked pathways have not is determined. Understanding the atomic basis for selectivity
been investigated extensivelq, 49, 50, but it seems likely is a key step in learning how to alter selectivity.
that the full-length lipids play specialized role$4( 5J. If Despite considerable effort, it has not yet been possible
so, it should be possible to prepare substrates with “better”to obtain co-complexes of enzymes in this superfamily with
physical properties for most of the other enzymes by intact donor. In the case of BGT, co-complexes with the UDP
mimicking the first part of the natural substrate and then product rather than the UDRsugar substrate have been
varying the length. obtained whenever efforts were made to crystallize the
It is worth commenting on the different length require- protein with the donor sugaf.8, 19. It was suggested that
ments for substrates of MurG and the bacterial transglyco- the donor sugar hydrolyzes too rapidly for an intact co-
sylases because the differences may reflect fundamentatomplex to be obtained. For GtfB, which has only been
differences in how these enzymes operate. It is likely that crystallized in the free enzyme form, it was suggested that
the transglycosylases are true interfacial enzyrigs They  the enzymatic mechanism might preclude obtaining a binary
contain membrane anchors that prevent them from dissociat-complex with the intact glycosyl dono2{). This suggestion
ing readily from membranesg). Furthermore, their sub-  was made on the basis of the only previously reported kinetic
strates are embedded in the membrane, and turnover isanalysis of an enzyme belonging to the BGT/MurG/GtfB
speculated to be processid. The long lipid chain length  NDP—glycosyltransferase superfamily2q). The enzyme
preferences of the transglycosylases suggest that they requirgtudied was OleD, a glycosyltransferase that glycosylates
a membrane-like surface in which the substrates are inoleandomycin and that belongs, like GtfB, to CAZy family
enforced proximity. MurG, on the other hand, is not an 1. OleD was shown to utilize an ordered mechanism in which
interfacial enzyme in the conventional sense (even thoughthe acceptor substrate binds fir@7). If other enzymes in
it functions at an interface) because it recruits one of its the same superfamily also proceed through this mechanism,
substrates from the cytoplasm. MurG accepts substrates withone would not expect the intact donor to form a binary
chains at least as short as 10 carbons, and these 10 carbollichaelis complex with the enzyme. In this paper, we have
substrates, including the active neryl derivativg, @o not shown that MurG in the absence of membranes utilizes an
aggregate significantly in water even at millimolar concen- ordered mechanism in which the NBBugar donor binds
trations. We have concluded that MurG does not need afirst. (We do not anticipate that the kinetic mechanism will
membrane-like surface to function. To better understand thepe different on a membrane surface, but this question has
different lipid length preferences of MurG and transglyco- yet to be addressed.) Therefore, different members of this
sylases, it will be necessary to characterize the aggregationsuperfamily can utilize different kinetic mechanisms.
states of all of the substrates; where aggregates exist at the pijfferent mechanisms with regard to reaction order have
concentrations used to study the enzymes. Kinetic modelsg|so been found to operate with glycosyltransferases belong-
that take the interface into accou®2 must be evaluated.  jng to other superfamilie2, 37-40, 55. Because different
Given the information we now have, however, we predict mechanisms are possible, it is difficult to predict a priori
that transferases that operate on membrane-anchored subynich substrate to focus on first in the design of crystal-
strates will show different lipid length requirements depend- |ization trials to obtain co-complexes with glycosyltrans-
ing on whether both of their substrates are membrane-boundtgrases. When both the enzyme and the substrates are
(which would suggest that the enzymes are truly interfacial) ayailable in significant quantities, the simplest solution may
or only one is. If this prediction is borne out, it should be pe to set up numerous crystallizations with both substrates
possible to make a reasonable guess a priori about how longseparately and together. When one of the substrates is
the lipid chain of any given synthetic substrate of a precious, as itis in our case, it is useful to evaluate the kinetic
membrane-bound enzyme would have to be for activity. mechanism. We now know that it is possible in principle to
Interfacial enzymes would be expected to prefer substratesgptain a Michaelis complex with UDPGIcNAc, and efforts

that form micelles at the concentrations that were used.  tg crystallizeE. coli MurG with UDP—GIcNAc are under-
The second issue that we address in this paper relates tqyay.
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