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Peptidoglycan (PG) is a crosslinked carbohydrate polymer that }?,:‘1:74’,2:3 9\ o o

surrounds and protects bacterial cell membranes, enabling bacteria Ho’%m/o A * on _
to withstand large fluctuations in internal osmotic pressure. Because o A°HN°‘5‘°‘§‘°{FW
peptidoglycan is essential for bacterial cell survival, the enzymes zam=7,n=g @0 A% HyerDGluL-A

involved in the biosynthesis of PG are targets for antibiotics.er om=4,n=2 H§Z R 8‘&&/30% o Ho\ g

the past fifteen years, great progress has been made toward under- et pEar=T i%)ﬂ)gw
standing the different steps of PG synthédisit there is still one D-ADAlLLysr-D-BULAR oL dyer DGl A © L) m o
family of enzymes that remains poorly characterized: the pepti- Figure 1. UndecaprenytLipid Il (1a) and Lipid IV (28); heptaprenyt
doglycan glycosyltransferases (PGTs) that catalyze formation of Lipid 11 (1b) and Lipid IV (2b).

the carbohydrate chains of peptidoglycan from a disaccharide pre- _ o )
cursor called Lipid Il {, Figure 1)? Bacteria typically contain Scheme 1. Construction of Lipid IV Tetrasaccharide Backbone?

m n

sgveral d?ﬁerent RGTS whose biological roles are poorly uanrstqod. HQ‘&SW a, %&w be TB%MS(OM
Biochemical studies of PGTs have been hampered by difficulties 31:T°P 4 e 5 NTOP
in obtaining substrates to dissect the polymerization mechanism. 53% gggé&
The first coupling catalyzed by PGTs involves the condensation o e v
of two Lipid Il substrates to form a tetrasaccharide, Lipid 2/ ( f a9 o B0\ o B0 o B9\ _q

. . : ’ N 5 + 6 — . TBSO" o _Q,TBson o
Figure 1). Subsequent coupling cycles involve the elongation of Bg&%%f" B%:/"%m%f@’?“
the growing polymer by addition of Lipid Il subunits. Therefore, 7+ 6 H%"E%%"D 2 e

. . BnO: i
after the first coupling cycle, the substrates used by PGTs are mcp”‘:o NTCP
different. To probe the mechanism of glycosyltransfer and to charac- 810 B0 B0 B0y
TBSO O Q Q

terize enzyme inhibitors, it is essential to have Lipid Il substrates Bﬁ&mﬁ%%%% s

(1) as well as a longer substrate representing th.e growing polymer aConditions: (a) BuSnO, toluene, reflux, then BMI, BnBr, reflux,
(such as Lipid 1V,2). We and others have previously developed 51%; (b) TBSOTH, 2,6-lutidine, ChCl», 91%; (c)mCPBA, CHCly, —78
approaches to obtain Lipid fibut longer substrates have not been o —60°C, 93%: (d) (i) (BuSn)O, MeOH, reflux; (ii) BuNI, BnBr, toluene,
reportedt Here we describe the total synthesis of heptaprenyl 91°C, 75%; (€)mCPBA, CHCl,, —78 to—60°C, 91%; (f) TLO, DTBMP,
Lipid IV (2b) and we show that both majd. coli PGTs, PBP1a ~ ADMB, MS 4 A, CHyCl, 60 t0 ~30 °C, 75%; (Q)MCPBA, CHCL,
and PBP1b, couple this substrate to heptaprebigid II (1b).5 ;375 ;8 o_gosg%szf’ %%E?éagéxg’,ﬁ?m% 2/'245\_"28?920:?
Unexpectedly, PBP1a also couples Lipid IV subunits to one another, 7794,

suggesting that some PGTs may be able to ligate longer glycan
polymers in addition to building glycan chains from Lipid II.

Our route to Lipid Il involves the chemical synthesis of Lipid |
followed by the enzymatic construction of thk1,4-glycosidic
linkage usinge. coli MurG 326While this chemoenzymatic approach
using a purified enzyme as the final step is efficient, enzymes to
make longer glycan polymers with control over product length are

not yet available. Therefore, all the glycosidic linkages in Lipid |, yhe next step, however, this unprotected C4 hydroxyl reacted
\Y m_gst b_e constrL!cFed chemlcally prlor_to installation of the preferentially over the C3 hydroxyls & and 10 to produce
sensitive diphospholipid moiety at the reducing end of the molecule. tetrasaccharida 1. Thus, the use of partially protected glycosyl

fﬂ'1'4 g|)1CC?SIdIC linkages betv\{eenh2|-|am|po-2-deox3;]sugars_ OCCUN gonors and acceptors at several different steps enabled a convergent
requently in nature, but remain challenging to synthesize, in part oy aqaccharide synthesis with a minimum of protecting group
because of the low reactivity of the C4 hydroxyl. We chose manipulations

tetrasaccharid#l (Scheme 1) as a key intermediate and established The N-TCP amides oL.1were converted to thi-acetyl amides

the gc_)al of constrl_Jcting all the glycosidic Iinka_ge_s using the as shown, and the two-lactate and Ix-phosphate moieties were

sulfoxide glycosyla_tlon methqd. The monomer b“"d'”_g blobks then installed to afford the desired intermedidtein nine steps

6, and7 were rea(_jlly synthesized in multigram quantities frqm a \ith a 21% overall yield (Scheme 2). The silyl protected pentapep-

common intermediat@ (Scheme 1)5 and6 were coupled to obtain - yj4e 15 as synthesized using Fmoc chemistry and coupletitto

the desiredB-14-linked disaccharide in 75% yield. The bulky using standard peptide coupling conditions. Global hydrogenolysis
* Harvard University. provided 16. Heptaprenyl phosphate, syqthesized as despfﬁoed,
*Harvard Medical School. was coupled to the anomeric phosphiéaising CDI. The addition

tetrachlorophthalimido (TCP) group hindered reaction of the
unprotected C3 hydroxyl o6, while favoring the/-anomeric
product, enabling regio- and stereoselective glycosyldtidisac-
charide10 was produced in 58% vyield by inverse addition of the
partially protected glycosyl dondtto the accepto6.8 Reaction of
the C4 hydroxyl o6 with activated donov was favored over self-
condensation of, which also contains an unprotected C4 hydréxyl.
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Scheme 2. Completion of the Synthesis?
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aConditions: (a) (NHCHy)2, THF/CH;CN/EtOH (1:2:1), 60°C; (b)
Ac20, MeOH/HO (5:1), room temp, 75% two steps; (c) NaB(—)-2-
bromo-propionic acid, THF, 0C to room temp; (d) TMSCHBY benzene/
MeOH (3:1), 0°C, 70% two steps; (e) NIS, GEN/H,O (5:1), room temp,
75%; (f) 1H-tetrazole, i(cPrpNP(OBn), CHyCl, —40 to —20 °C; (9g)
MCPBA, CHCl, —40 °C to room temp, 84% two steps; (h) TBAF, THF,
0 °C to room temp; (i) 1.3 M KOH, THF/KD (10:1), room temp, 64%
two steps; (j) HATU, DIEA, DMF, room temp, 60%; (k) Pd(O#T, Ha,
44%; (1) ammonium heptaprenyl phosphate;-tdrbonyl diimidazole, THF,
room temp, therll6, SnCh, DMF, room temp, 50%; (m) TBAF, DMF,
room temp, 69%; (n) (CK4CO)O0, toluene/16 mM NaOH in MeOH
(1:1), sonication, 37C, 50%.

Table 1. Percentage of Peptidoglyan Formed from 4C-Lipid IV
(17)7

enzyme time 2C1b “c17 % conversion to
(nM) (min) (uM) (uM) peptidoglycan®
84 (PBP1b) 90 0 0.4 undetectable
84 (PBP1b) 360 0 0.4 undetectable
84 (PBP1b) 10 4 0.32 40.8
86 (PBP1la) 90 0 0.4 27.9
86 (PBP1la) 360 0 0.4 46.0
86 (PBP1la) 10 4 0.32 51.1

a All the experiments were carried out in the presence of penicillin G to

prevent peptide crosslinking. For experimental procedures, see Supporting  (9)

Information.? Conversion is based on utilization $C-labeled17.

of SnCk as a Lewis acid accelerated the coupling reaction and
improved the yield significantly? Finally, global deprotection of
the silyl groups led to the desired target, heptaprehypid IV
(2b). This compound was treated witfC-acetic anhydride to make
*Lipid IV ( 17) to assay enzymatic activity.

*Lipid IV was incubated with eitheE. coli PBP1a or PBP1b
(Table 1), and reactions were analyzed as described previbusly.
PBP1b did not utilize Lipid IV as a substrate unless Lipid Il was
also included in the reaction mixture (Table!4)This result is

consistent with the accepted mechanism for transglycosylation, in

which Lipid 1l subunits are added sequentially to a growing polymer

chain (Scheme 3, top). Surprisingly, however, PBP1a was able to

convert Lipid IV to peptidoglycan polymer in thebsencef Lipid
Il (Scheme 3, bottom), showing that Lipid Il i#ot an obligatory

substrate for all PGTs. This result suggests that the biological

functions of some PGTs may include coupling peptidoglycan
oligomers. The work reported here demonstrates the utility of Lipid

Scheme 3. Reactions Catalyzed by PBP1b (Top) and PBP1la
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aLipid Il is proposed to add to the reducing end of the growing glycan
chain, as shown in the top depictidh.

Il and Lipid IV substrates to probe the mechanisms of PGTs, and
more detailed studies are underway.
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