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Abstract

Polysaccharides are essential and immunologically-relevant components of bacterial cell walls.
These biomolecules can be found covalently attached to lipids (e.g., O-polysaccharide contains
undecaprenyl, lipopolysaccharide contains Lipid A) or noncovalently associated with cell wells
(e.g., capsular polysaccharide). While extensive genetic studies have indicated that the Wzy-
dependent biosynthetic pathway is primarily responsible for producing such polysaccharides, /n
vitro biochemical studies are needed to determine, for example, which gene product is responsible
for catalyzing each step in the pathway, and molecular details about the Wzx translocase, Wzy
polymerase, and O-PS chain length determinant. Many of these biochemical studies require access
to a structurally well-defined polysaccharide repeating unit-pyrophosphate-undecaprenyl (RU-PP-
Und), the key building block in this pathway. We describe herein the chemoenzymatic synthesis of
Escherichia coli (serotype 0157) RU-PP-Und. This involves 1) chemical synthesis of precursor A~
acetyl-p-galactosamine (GalNAc)-PP-Und (2 weeks), and 2) enzymatic extension of the precursor
to afford RU-PP-Und (2 weeks). Undecaprenol phosphate and peracetylated GalNAc-1-phosphate
are prepared from commercially available undecaprenol and peracetylated GaINAc. Chemical
coupling of these two products followed by structural confirmation (mass spectrometry and NMR)
and deprotection affords GalNAc-PP-Und. This compound is then sequentially modified by
enzymes in the E. coli serotype 0157 O-PS biosynthetic pathway. Three glycosyltransferases are
involved (WbdN, WhdO and WhdP) and they transfer glucose (Glc), L-fucose (L-Fuc), and A-
acetylperosamine (PerNAc) onto GalNAc-PP-Und to form the intact RU-PP-Und in a step-wise
manner. Final compounds and intermediates are confirmed by mass spectrometry. The procedure
can be adapted to the synthesis of analogues with different polysaccharide or lipid moieties.
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INTRODUCTION

Cell surface polysaccharides, including lipopolysaccharides (LPS), capsular polysaccharides
(CPS) and extracellular polysaccharides (EPS), are important structural and functional
components of bacteria, and are normally essential in pathogenic processes, such as
bacteria-host interactions, resistance to serum-mediated killing, and regulation of the host
immune responsel=3. These polysaccharides furthermore possess a high level of diversity
with regards to their chemical structures. For example, Escherichia coliisolates contain
~170 different O-serotypes and ~80 K-serotypes with each one producing a structurally
unique LPS O-polysaccharide (O-PS, also known as O-antigen) or CPS2. Polysaccharide
formation follows one of three major biosynthetic pathways: the Wzy-dependent pathway,
the ABC-transporter-dependent pathway and the synthase-dependent pathway. Discovered
nearly five decades ago?, the Wzy-dependent pathway may account for the syntheses of the
majority heteropolysaccharides across bacterial phyla®.

Extensive genetic studies have made it clear that Wzy-dependent biosynthetic pathways of
all know bacterial O-PS are initiated by a member of one of two polyprenol-phosphate
sugar-1-phosphate transferase families®=8(Fig. 1). The polyprenol-phosphate sugar-1-
phosphate transferase adds a monosaccharide-1-phosphate onto the universal lipid carrier
undecaprenyl phosphate (Und-P), forming a precursor monosaccharide-pyrophosphate-
undecaprenyl (MS-PP-Und). The MS-PP-Und is then extended by a series of
glycosyltransferases (GTs) to form a key oligosaccharide repeating unit-pyrophosphate-
undecaprenyl (RU-PP-Und) intermediate®. These two steps occur on the cytoplasmic face of
inner membrane, where sugar nucleotides are available. Upon translocation onto the
periplasmic side of the inner membrane by Wzx19.11, the repeating units are polymerized by
the polymerase Wzy12:13 forming O-PS or CPS. Meanwhile, the strain-specific chain length
modality of polysaccharides is controlled by Wzz14-16 in a manner that is yet to be clarified.
It should further be noted that the genes involved in the Wzy-dependent pathway of bacterial
O-PS are typically assembled in a gene cluster named 7/ which has been used in
sequencing-based molecular serotyping of bacterial’.

Despite significant genetic evidence, the functions of Wzy and Wzz were only recently
confirmed by /n vitro biochemical studies. In these studies, we developed a chemoenzymatic
approach to access structurally defined RU-PP-Und and analogues, and then used these
substances to biochemically reconstitute the £. coli serotype 086 (£. coli 086) LPS
biosynthetic pathway?18. Undecaprenyl pyrophosphate linked sugars (Sugar-PP-Und), such
as the RU-PP-Und used in our Wzy-pathway studies, are common sugar donors of bacterial
biosynthetic pathways for cell wall peptidoglycan, teichoic acid, and protein N-/O-
glycosylation among others19-21, The use of synthesized Sugar-PP-Und substrates has thus
proven invaluable in deciphering the molecular details of these pathways22-28. For example,
using chemoenzymatically prepared £. coli 086 RU-PP-Und and analogues, it was revealed
that PglL, the oligosaccharyltransferase from the Neisseria meningitidis O-glycosylation
pathway, is extremely promiscuous and can transfer a wide range of sugars onto
proteins?7-28, Given that RU-PP-Und and other Sugar-PP-Und are direct substrates of key
enzymes involved in bacterial polysaccharide, cell wall and teichoic acid biosynthesis as
well as protein glycosylation (e.g., Wzx, Wzy, Waal,, PglL), these compounds can be readily
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used to reveal the finer details of these enzymes, including activity, kinetics, substrate
specificity, biochemical properties, and catalytic mechanisms among others. Given this level
of significance, similar methodologies have been developed to afford Sugar-PP-Und /n vitro
as summarized in Table 12%-33, Nevertheless, to date, our report represents the only example
of the in vitro synthesis of O-antigen RU-PP-Und®.

In this protocol, we use £. coli serotype O157 (£. coli 0157) as a model to describe the
experimental details for the chemoenzymatic synthesis of bacterial RU-PP-Und and
analogues on a milligram scale. This protocol includes the following features: 1) step-by-
step chemical synthesis of MS-PP-Und starting with a commercially available
monosaccharide and undecaprenol (or other polyprenols); 2) biochemical identification of
responsible GTs, and using these GTs to perform sequential one-pot enzymatic extensions of
GalNAc-PP-Und to synthesize RU-PP-Und (Box 2); and 3) an application of the RU-PP-
Und in an activity assay for Waal. Given that most common sugar donors (sugar
nucleotides) are commercially available, their synthesis will not be discussed here. The
synthesis of uncommon sugar nucleotides found in various bacteria have been summarized
elsewhere34:35, As long as the structural information of a bacterial polysaccharide (see http:/
csdh.glycoscience.ru/bacterial/ for determined structures) and sugar nucleotides are
available, and the corresponding GTs genes (usually in a gene cluster such as r7b) have been
sequenced, a similar protocol can be applied for the chemoenzymatic synthesis of desired
RU-PP-Und and other Sugar-PP-Und. The protocol can also be applied for the synthesis of
RU-PP-Und derivatives, as long as the GTs can tolerate modified substrates. In these cases,
initial small-scale tests are recommended to check whether the modified substrates are
tolerated. Furthermore, GTs responsible for the addition of the second monosaccharide were
found to be promiscuous towards the lipid moiety of MS-PP-Und36-42, Given that other GTs
involved in the assembly of RU-PP-Und usually do not require the lipid moiety#3-47, this
procedure can thus be used for the preparation of a vast array of RU-PP-Lipids analogues
without compromising reaction yields (see Step 1).

Development of the Procedure

E. coli 0157, the most notorious isolate of Shiga toxin-producing £. coli, has been
responsible for the majority of £. coli outbreaks during the past several decades*8. Given the
worldwide public health concerns associated with such outbreaks, £. co/i 0157 represents
an especially relevant model strain for the analysis of the LPS biosynthetic pathway. The O-
PS repeating unit of £. coli 0157 consists of four sugar residues (A-acetyl-p-perosamine
(PerNAC), L-Fuc, Glc, and GalNAc), which are assembled into a structure of (PerNAc-a.1,3-
L-Fuc-a1,4-Glc-p1,3-GalNAc-a1,2-)*? (Fig. 1), a structure shared by Salmonella enterica
030 and Citrobacter freundii F90 O-PSs®C. The corresponding r7b gene cluster has been
sequenced®L, and orfI (wbadN), orf2 (wbdO), and orf6 (wbadP) (Fig. 2) were predicted to
encode the GTs needed for RU-PP-Und assembly. WhdN was recently identified as the
B1,3-glucosyltransferase38, thus leaving WhdO and WhdP as the presumed a.1,4-
fucosyltransferase and a.1,3- V-acetylpersaminyltransferase. Given that sequence analysis
cannot usually predict GT function, it was essential to biochemically identify the remaining
two GTs (see Box 1 as an example for GT identification). This approach also applies to any
unknown GT involved in the synthesis of RU-PP-Und for the first time.
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In order to perform this identification, a GaINAc-PP-Und building block had to first be
chemically synthesized. Chemical synthesis of GaINAc-PP-Und (10) is initiated by the
preparation of GalNAc-1-phosphate (5)2452:53 and Undecaprenyl-phosphate (8) (Fig. 3).
Specifically, GalNAc (1) is first peracetylated using excess acetic anhydride and
triethylamine to give peracetylated GalNAc (2). Selective anomeric deprotection of 2 with
hydrazine acetate then affords anomerically-deprotected peracetylated GalNAc (3).
Treatment of 3 with dibenzyl N, A-diisopropylphosphoramidite in the presence of the acid/
nucleophilic catalyst tetrazole yields the dibenzyl-protected phosphate of peracetylated
GalNAc (4). Immediately prior to the coupling step needed to form GalNAc-PP-Und, this
derivative undergoes hydrogenolysis to form peracetylated GalNAc-1-phosphate as the
diisopropylethylammonium salt (5). Similar phosphoramidite chemistry is applied to Und
(6) to furnish protected Und-P (7)°2 (Fig. 3). However, the specific reagent has to necessarily
be altered to the bis(2-cyanoethyl)- N, N-diisopropylphosphoramidite equivalent so as to
preserve the isoprene-based olefins in the deprotection step. Use of this phosphoramidite
allows deprotection to then proceed via a base-mediated reaction to afford Und-P (8).
Finally, coupling of peracetylated GalNAc-1-phosphate and Und-P makes use of a classical
pyrophosphate bond forming strategy®3. Specifically, compound 5 is first activated for
coupling through treatment with 1,1 -carbonyldiimidazole (CDI) (Fig. 3). Addition of the
activated species as a solution in tetrahydrofuran (THF) to compound 8 yields peracetylated
GalNAc-pyrophosphate-undecaprenyl (9) after a period of three days. Base-catalyzed
deprotection of this substrate then completes the chemical synthesis of GaINAc-PP-Und
(10).

Upon successful synthesis of GaINAc-PP-Und, we were then able to identify the remaining
two GTs and fully assemble the repeating unit donor.

Experimental Design

The protocol described herein details 1) biochemical identification of GTs and 2) how
chemically prepared GalNAc-PP-Und can be synthesized and then utilized to generate £.
coli 0157 RU-PP-Und using the three GTs in a step-wise manner (Fig. 4). A full overview
of this experimental approach can be seen as a flowchart in Figure 5.

Chemical Synthesis of GalNAc-PP-Und (Steps 1-120)—The three-step synthesis of
the dibenzyl-protected phosphate of peracetylated GalNAc from GalNAc can be readily
performed on a gram-scale as described herein. However, should more material be needed
for numerous coupling reactions, the scale of these steps can be adjusted without significant
adjustments in experimental protocol. We do not recommend, however, adjusting the scale
of the subsequent step in which peracetylated GalNAc-1-phosphate is formed via
hydrogenolysis. This approach allowed us to avoid large-scale hydrogenations while still
providing us with sufficient material for each coupling reaction as the lipid-phosphate was
typically available in limiting quantities. Larger scale production of the lipid-phosphate as
well as the coupled product, peracetylated GalNAc-PP-Und, will require further
optimization of the corresponding reactions. Nevertheless, we have been able to apply this
synthetic approach to various GalNAc-PP-Lipid and GIcNAc-PP-Lipid analogs which
incorporate the following lipids: Solanesol, Heptaprenol, Pentaprenol, cis-Pentaprenol,
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Mono-Saturated Pentaprenol, and Farnesol. Use of these lipids and/or a different sugar
residue did not noticeably alter reaction yields.

Enzymatic Synthesis of E. coli 0157 RU-PP-Und (Boxes 1 & 2 and Steps 121—
158)—As shown in Figure 5 with identified glycosyltransferases, enzymatic synthesis of
RU-PP-Und and analogues can be carried out either in a step-wise manner (Steps 121-158)
or in a one-pot manner (Box 2). However, for first time synthesis, it is recommended that
one adopts the step-wise manner to gain familiarity with each enzyme catalyzed reaction
(e.g., how long each reaction takes, and how much enzyme is needed). Milligrams of RU-
PP-Und were synthesized in this protocol, an amount which is typically sufficient for
biological applications. However, should more material be needed, the enzyme catalyzed
reaction can simply be scaled up (up to 200 mg product) with appropriate adjustment of
enzyme quantities and reaction times. In addition, using this protocol, various RU-PP-Lipids
can be readily prepared by simply replacing the starting material (GalNAc-PP-Und) with the
desired GalNAc-PP-Lipid. Certain steps may be changed or optimized for this purpose (e.g.,
DMSO and Trition X-100 can be omitted when lipids are highly soluble). We have been able
to prepare various RU-PP-Lipid analogues which include the following lipids: Solanesol,
Heptaprenol, Pentaprenol, cis-Pentaprenol, Mono-Saturated Pentaprenol, and Farnesol.

MATERIALS

REAGENTS
Acetic anhydride (Sigma-Aldrich, cat. no. 242845)

Acetone (Fisher Scientific, cat. no. A18-4)

Acetonitrile, anhydrous (Sigma-Aldrich, cat. no. 271004)

Ammonium bicarbonate (Sigma-Aldrich, cat. no. A6141)
Bis(2-cyanoethyl)- NV, A-diisopropylphosphoramidite (Sigma-Aldrich, cat. no. 766305)
C-18 Reversed phase silica gel (Sigma-Aldrich, cat. no. 60757)
1,1'-Carbonyldiimidazole (Alfa Aesar, cat. no. A14688)

Celite (Sigma-Aldrich, cat. no. 06858)

Chloroform (Fisher Scientific, cat. no. C298-4)

Chloroform-d (Sigma-Aldrich, cat. no. 151823)

Cis-Farnesol (Sigma-Aldrich, cat. no. 80720)

DEAE-cellulose (Sigma-Aldrich, cat. no. D3764)

Dibenzyl N,N-diisopropylphosphoramidite (Sigma-Aldrich, cat. no. 416436)

Dichloromethane (Fisher Scientific, cat. no. D37-4)
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Dichloromethane, anhydrous (Sigma-Aldrich, cat. no. 270997)
E. coli 0157 anti-serum (Pro-Lab Diagnostics, cat. no. PL.6250)
Ethyl acetate (Fisher Scientific, cat. no. E124-20)

Farnesol (Sigma-Aldrich, cat. no. F203)

Glacial acetic acid (Fisher Scientific, cat. no. A38-212)

Guanosine 5'-diphospho-p-L-fucose disodium salt (GDP-L-Fuc) (Carbosynth, cat. no.
MG01912)

Hexanes (Fisher Scientific, cat. no. H292-4)

Hydrazine acetate (Sigma-Aldrich, cat. no. 259748)

1 N Hydrochloric acid (Sigma-Aldrich, cat. no. H9892)

Manganese (I1) chloride (MnCl,) (Sigma-Aldrich, cat. no. 244589)
Methanol (Fisher Scientific, cat. no. A412-4)

Methanol, anhydrous (Sigma-Aldrich, cat. no. 322415)

Methyl sulfoxide (DMSO) (Sigma-Aldrich, cat. no. W387520)
m-Chloroperoxybenzoic acid (Sigma-Aldrich, cat. no. 273031)
N-Acetyl-p-galactosamine (Sigma-Aldrich, cat. no. A2795)
N,N-Diisopropylethylamine (Sigma-Aldrich, cat. no. 387649)

N, N-Dimethylformamide, anhydrous (Sigma-Aldrich, cat. no. 227056)
Palladium hydroxide on carbon (Sigma-Aldrich, cat. no. 212911)
pH-indicator strips pH 5.0-10.0 (EMD-Millipore, cat. no. 1.09533.0001)
Proteinase K (Sigma, cat. no. P2308)

Pyridine (Sigma-Aldrich, cat. no. 270970)

Shrimp Alkaline Phosphatase (rSAP) (New England Biolabs, cat. no. M0371)
Sodium bicarbonate (Sigma-Aldrich, cat. no. S6014)

Sodium chloride (Sigma-Aldrich, cat. no. S3014)

1 N Sodium hydroxide (Sigma-Aldrich, cat. no. 72082)

Sodium periodate (Sigma-Aldrich, cat. no. 311448)
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Sodium sulfate (Sigma-Aldrich, cat. no. 798592)
Sodium sulfite (Sigma-Aldrich, cat. no. S0505)
Tetrahydrofuran (Sigma-Aldrich, cat. no. 401757)
Tetrazole (Sigma-Aldrich, cat. no. 17234)
Triethylamine (Sigma-Aldrich, cat. no. T0886)
UltraPure 1M Tris-HCI, pH 7.5 (Life Technologies, cat. no. 15567-027)
UltraPure 1M Tris-HCI, pH 8.0 (Life Technologies, cat. no. 15568-025)
Triton X-100 (Sigma-Aldrich, cat. no. X100)
UltraPure DNase/RNase-Free Distilled Water (Life Technologies, cat. no. 10977)
Undecaprenol (American Radiolabeled Chemicals, cat. no. ARCD 0126)

Uridine 5’-diphosphoglucose disodium salt hydrate (UDP-GlIc) (Sigma-Aldrich, cat. no.
U4625)

Benchtop centrifuge (Eppendorf, cat. no. 5415 D)

Bransonic Tabletop Cleaner (Branson, cat. no. 100-951-010)

Buchi rotary evaporator (Fisher Scientific, cat. no. 04-987-222)

Chromatography columns (Chemglass Life Sciences, cat. no. CG-1192-04/07/16)
Discovery balance DV215CD (Ohaus, cat. no. 80104139)

Freeze Dryer (Labconco, cat. no. 7753000)

Isotemp economy analog-control water bath Model 115 (Fisher, cat. no. 15-460-15Q)

REAGENT SETUP

Sugar nucleotides—The O-PS of £. co/i 0157 contains common sugars Glc and L-Fuc
(corresponding sugar nucleotides UDP-Glc and GDP-L-Fuc are commercially available) and
one rare sugar residue PerNAc, the sugar nucleotide form of which is GDP-PerNAc. GDP-
PerNAc is prepared as previously described (see Supplementary Method 1). UDP-Glc, GDP-
L-Fuc and GDP-PerNAc should all be dissolved in distilled H,O to a final concentration of
100 mM and stored at —20 °C. For the synthesis of RU-PP-Und from other bacteria, most
common sugar nucleotides are commercially available, and synthesis of uncommon sugar
nucleotide has been reviewed elsewhere34:35, CRITICAL STEP: GDP-L-Fuc is less stable
than other sugar nucleotides. Avoid storing at =20 °C for over 3 months. Unused GDP-L-
Fuc should be lyophilized for long-term storage.
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Enzymes—The B1,3-glycosyltransferase WhdN, and the other two putative GTs (WbdO
and WhdP) are cloned into expression vectors by using a standard cloning approach, and the
vectors are transformed into £. co/i BL21(DE3) for overexpression and purification (please
refer to Supplementary Method 2 for detailed experiments). Given that most GTs involved in
the assembly of RU-PP-Und are membrane-bound proteins that tend to precipitate, it is
recommended that 0.1-0.5% of Triton X-100 (vol/vol) or/and 5-20% glycerol (vol/vol) be
utilized during purification to obtain soluble forms of these enzymes. High concentrations of
Trition X-100 should be removed, however, prior to performing reactions in the synthesis of
RU-PP-Und. If the soluble form of certain GTs is still not accessible, it is recommended that
a fusion protein strategy be applied. For example, WhdO can be fused to maltose binding
protein (MBP) for soluble expression (Supplementary Method 2). Before use of the enzymes
for synthetic steps in the Procedure, the activity of all putative GTs should be checked via
small scale reactions as described in Box 1. £. co/i 0157 WaaL (the LPS ligase) is identical
to that of £. coli 086, which was previously successfully overexpressed and purified in our
laboratory8. Shrimp Alkaline phosphatase (rSAP) is commercially available in a
concentration of 1000 U/mL. All enzymes are stored at —20 °C with 20% glycerol (vol/vol)
and appropriate buffers for long-term use.

Lipid A core—The Lipid A core structure was previously prepared in our laboratory18, and
should be dissolved to a final concentration of 40 uM using distilled H,O. CAUTION:
Given that Lipid A is an endotoxin, one should avoid contact with any wounds. CRITICAL
STEP: If visible particles are observed, sonicate for up to 20 min to promote dissolving of
Lipid A core.

EQUIPMENT SETUP

Preparation of a DEAE-cellulose ion-exchange column—Add 100 g of DEAE-
cellulose to a Buchner funnel and use vacuum filtration to wash the DEAE-cellulose with
170 mL of 1 M HCI (ag.), 170 mL of deionized H,0, 170 mL of 1 M NaOH (aq.), and 170
mL of deionized H,O. Repeat this washing process two additional times. Wash the DEAE-
cellulose with 300 mL of CH30H. Dry the DEAE-cellulose for at least 24 h in a desiccator
placed under vacuum. Add the dried DEAE-cellulose to a large beaker and add excess
glacial acetic acid (the acid level should remain above that of the DEAE-cellulose). Allow
the DEAE-cellulose to soak for at least 24 h. Thoroughly swirl the beaker and pour a portion
of the slurry into a chromatography column (% inch 1D x 12 inch E.L.). Allow the slurry to
settle until a bed of DEAE-cellulose of at least 6 inches is formed. Wash the column with
deionized H,O until a neutral pH is reached. Wash the column with 50 mL each of CH30H,
1:1 CH30H/CHClIs3, and 1:3 CH30H/CHCI3 (vol:vol). CAUTION: Acetic acid is a known
irritant and is corrosive. Personal protective equipment including goggles and gloves should
be worn when it is used. CRITICAL STEP: Prepare the DEAE-cellulose column
immediately before use.

Preparation of a silica gel column—Add silica gel to a chromatography column (1 %
inch ID x 18 inch E.L.; the amount of silica gel and column size used is dependent on the
scale of the particular reaction) to a height of at least 7 inches. Pack the column under
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pressure using a solvent appropriate for the given reaction (first concentration of a series).
CRITICAL STEP: Prepare immediately before use.

Preparation of a C-18 reverse phase column—Add silica gel 60 RP-18 to a
chromatography column (%2 inch ID x 8 inch E.L.) to a height of at least 5 inches. Pack the
column under pressure using CH30H as the eluent. Wash the column with 10 mL of
deionized H,0 and repeat two additional times. CRITICAL STEP: Prepare immediately
before use.

Preparation of the p-anisaldehyde staining solution—Add a stir bar and 200 mL of
absolute ethanol to a 500-mL Erlenmeyer flask. Cool the ethanol to 0 °C and stir at this
temperature for 5 min. Carefully add 2.5 mL of glacial acetic acid and 5.5 mL of p-
anisaldehyde to the flask. Using a 60-mL separatory funnel, slowly add 7.5 mL of
concentrated sulfuric acid dropwise over a period of 5 minutes. Continue to stir the solution
for 5 min, after which it can transferred to an amber storage vial and be stored at 4 °C for up
to three months. CAUTION: Preparation of the staining solution requires the handling of
concentrated acids. Personal protective equipment including goggles and gloves should be
worn when it is used.

Mass spectrometry—In this protocol, all electrospray ionization mass spectral data was
collected using a Shimadzu LCMS-2010A liquid chromatograph mass spectrometer under
negative mode with direct infusion. Other mass spectrometers could also be utilized.

PROCEDURE
Chemical synthesis of undecaprenyl phosphate — TIMING 4 days

1) Charge a 10-mL round bottom flask with 30 mg of undecaprenol and seal it with
a septum.

CRITICAL STEP: For the synthesis of other GaINAc-PP-Lipids, simply
replace Und with same number of moles (39 umol) of different Lipids.

2) Briefly place the flask under vacuum to evacuate the flask, fill the flask with
argon using an argon-filled balloon, and then repeat this evacuation/filling
process two additional times.

3) Add 13 mg of bis(2-cyanoethyl)- N, A~diisopropylphosphoramidite and cool the
reaction to 0 °C.

4) Add 11 mg of tetrazole and stir the reaction at 0 °C for 5 min.
5) Warm the reaction to room temperature (25 °C) and stir for an additional 1 h.

6) Cool the reaction to 0 °C and add 10 pL of pyridine and 17 mg of NalOg4
sequentially.

CRITICAL STEP: It is imperative to cool the flask prior to addition of these
reagents to avoid a sudden increase in temperature and concomitant decrease in
overall yield.
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Stir the reaction for 15 min at 0 °C.
Warm the reaction to room temperature and stir for an additional 1 h.

Dilute the reaction with 10 mL of ethyl acetate and transfer the solution into a
60-mL separatory funnel.

Wash the organic fraction successively with 10 mL each of deionized H,0, 5%
Na,SOj3 (wt/vol) and saturated NaCl (ag.).

Transfer the organic fraction into a 25-mL Erlenmeyer flask and dry the organic
layer over Na,SOy (a quantity sufficient to yield freely moving salt granules) for
10 min.

Filter the organic fraction through a funnel containing a cotton plug into a 25-
mL round bottom flask.

Remove the solvent /n vacuo using a water bath temperature of 25 °C.
Dissolve the residue in 10 mL of 1% NaOCH3 (wt/vol) in CH30H solution.
Stir the reaction at room temperature for 3 days.

Remove the solvent /n vacuo using a water bath temperature of 25 °C.

PAUSE POINT: The 25-mL round bottom flask can be sealed with a septum
and stored at —20 °C for one week or until the purification can be performed.

Purification of undecaprenyl phosphate — TIMING ~2 h

17)
18)

19)

20)

21)

22)

23)

24)

Dissolve the residue from Step 16 in 1 mL of CH30H.

Open the stopcock of a DEAE-cellulose ion-exchange column (0.75 inch ID x
12 inch E.L.) to allow the solvent used during packing to reach the top of the
ion-exchange bed.

Slowly add the solution from Step 17 to the top of the column, allowing the
solution to flow into the column until it reaches the top of the ion-exchange bed.

Rinse the round bottom flask with an additional 0.5 mL of CH30H and slowly
add this solution to the top of the column, allowing the solution to flow into the
column until it reaches the top of the ion-exchange bed.

Add 100 mL of 1:3 CH30H:CHClIj3 (vol:vol) to the column to begin the elution.
Collect the eluent over 20 10-mL test tubes.

Add 100 mL of a 30 mM NH4HCO3 in CH30H solution and continue the
elution. Collect the eluent over 20 10-mL test tubes.

Dilute 5 pL of each fraction in 0.5 mL of CH30H and analyze each sample
using mass spectrometry under negative mode to discern the location of the
desired product (m/z = 846).

Combine the product-containing fractions into a 50-mL round bottom flask.
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Remove the solvent /n vacuo using a water bath temperature of 25 °C to afford
Und-P as a white powder. A representative yield is 26 mg (79%).
TROUBLESHOOTING

PAUSE POINT: The 25-mL round bottom flask can be sealed with a septum
and stored at 4 °C indefinitely or until the subsequent coupling step can be
performed.

Preparation of peracetylated GalINAc — TIMING ~5 % h

CRITICAL: Currently, quite a few peracetylated monosaccharides are commercially
available at reasonable prices including peracetylated GalNAc (CAS No: 76375-60-5,
$390/10 g from Carbosynth Limited) and peracetylated GIcNAc (CAS No: 7772-79-4,
$80/10 g from Carbosynth Limited). If commercial peracetylated monosaccharides are used,
Steps 26-48 can be skipped.

26)

27)

28)

29)

30)

31)
32)
33)
34)

35)
36)

37)

38)

39)

Charge a 100-mL round bottom flask with 0.900 g of A-Acetyl-p-galactosamine
and a stir bar.

Seal the flask with a septum and briefly place it under vacuum to evacuate the
flask.

Fill the flask with N, using an N-filled balloon and then repeat this evacuation/
filling process two additional times.

Add 25 mL of anhydrous CH3CN and 6.65 mL of triethylamine, and then cool
the reaction to 0 °C.

Add 6.65 mL of acetic anhydride dropwise and stir the reaction at 0 °C until the
solution becomes clear (~ 2 h).

Warm the reaction to room temperature and stir for an additional 2 h.
Cool the reaction to 0 °C and add 9.1 mL of CH30H.
Stir the reaction for 30 min at 0 °C.

Remove the solvent /n vacuo using a water bath temperature of 25 °C and then
dissolve the residue in 50 mL of CH,Cl..

Transfer the contents of the flask to a 250-mL separatory funnel.

Wash the organic fraction successively with 25 mL of 1 M HCI (aqg.), 2x25 mL
of 5% NaHCOg3 (ag.), and 25 mL of saturated NaCl (ag.).

Transfer the organic fraction into a 250-mL Erlenmeyer flask and dry the
organic layer over Na,SO4 (a quantity sufficient to yield freely moving salt
granules) for 10 min.

Filter the organic fraction through a funnel containing a cotton plug into a 100-
mL round bottom flask.

Remove the solvent /n vacuo using a water bath temperature of 25 °C.
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PAUSE POINT: The 250-mL round bottom flask can be sealed with a septum
and stored at 4 °C indefinitely or until the subsequent reaction can be performed.

Purification of peracetylated GalNAc — TIMING ~2 h

40)

41)

42)

43)

44)

45)

46)

47)
48)

Dissolve the residue from Step 39 in 5 mL of 2:1 hexane:acetone (vol:vol).

Open the stopcock of a silica gel column (1 %2 inch ID x 18 inch E.L.) to allow
the solvent used during packing (2:1 hexane:acetone (vol:vol)) to reach the top
of the silica gel bed.

Slowly add the solution from Step 40 to the top of the column, allowing the
solution to flow into the column until it reaches the top of the silica gel bed

Rinse the round bottom flask with an additional 2 mL of 2:1 hexane:acetone
(vol:vol) and slowly add this solution to the top of the column, allowing the
solution to flow into the column until it reaches the top of the silica gel bed.

Add 100 mL of 2:1 hexane:acetone (vol:vol) to the column to begin the elution.
Collect the eluent over 15 10-mL test tubes.

Add 100 mL of 1:1 hexane:acetone (vol:vol) and continue the elution. Collect
the eluent over 15 10-mL test tubes.

Analyze the fractions using Thin Layer Chromatography (25 mm x 75 mm
plate) with a 1:1 hexane:acetone (vol:vol) mobile phase. Stain the TLC plates
with a p-anisaldehyde solution and apply heat via a heat gun to discern the
location of the desired product (brown spot at R = 0.25).

CAUTION: The staining solution contains concentrated acids and is thus
corrosive. Personal protective equipment including goggles and gloves should be
worn when it is used.

Combine the product-containing fractions into a 100-mL round bottom flask.

Remove the solvent /n vacuo using a water bath temperature of 25 °C to afford
peracetylated GalNAc as a white foam. A representative yield is 1.450 g (92%).

PAUSE POINT: The 100-mL round bottom flask can be sealed with a septum
and stored at 4 °C indefinitely or until the subsequent reaction can be performed.

Preparation of anomerically-deprotected peracetylated GalINAc — TIMING ~1 h

49)

50)
51)
52)

Charge a 100-mL round bottom flask with 1.450 g of peracetylated GaINAc and
a stir bar.

Add 20 mL of anhydrous DMF and 0.412 g of hydrazine acetate.
Stir the reaction for 40 min at room temperature.
Remove the solvent /n vacuo using a water bath temperature of 25 °C.

PAUSE POINT: The 100-mL round bottom flask can be sealed with a septum
and stored at 4 °C indefinitely or until the subsequent reaction can be performed.
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Purification of anomerically-deprotected peracetylated GalNAc — TIMING ~2 h

53)

54)

55)

56)

57)

58)

59)

60)
61)

Dissolve the residue from Step 52 in 5 mL of 1.1 hexane:acetone (vol:vol).

Open the stopcock of a silica gel column (1 % inch ID x 18 inch E.L.) to allow
the solvent used during packing (1:1 hexane:acetone (vol:vol)) to reach the top
of the silica gel bed.

Slowly add the solution from Step 53 to the top of the column, allowing the
solution to flow into the column until it reaches the top of the silica gel bed

Rinse the round bottom flask with an additional 2 mL of 1:1 hexane:acetone
(vol:vol) and slowly add this solution to the top of the column, allowing the
solution to flow into the column until it reaches the top of the silica gel bed.

Add 100 mL of 1:1 hexane:acetone (vol:vol) to the column to begin the elution.
Collect the eluent over 15 10-mL test tubes.

Add 100 mL of 1:2 hexane:acetone (vol:vol) and continue the elution. Collect
the eluent over 15 10-mL test tubes.

Analyze the fractions using Thin Layer Chromatography (25 mm x 75 mm
plate) with a 1:1 hexane:acetone (vol:vol) mobile phase. Stain the TLC plates
with a p-anisaldehyde solution and apply heat via a heat gun to discern the
location of the desired product (brown spot at R = 0.2).

CAUTION: The staining solution contains concentrated acids and is thus
corrosive. Personal protective equipment including goggles and gloves should be
worn when it is used.

Combine the product-containing fractions into a 100-mL round bottom flask.

Remove the solvent /n vacuo using a water bath temperature of 25 °C to afford
anomerically-deprotected peracetylated GalNAc as a white foam. A
representative yield is 1.031 g (80%).

PAUSE POINT: The 100-mL round bottom flask can be sealed with a septum
and stored at 4 °C indefinitely or until the subsequent reaction can be performed.

Preparation of the dibenzyl-protected phosphate of peracetylated GalINAc — TIMING ~ 18 h

62)

63)

64)

65)
66)

Charge a 100-mL round bottom flask with 1.031 g of anomerically-deprotected
peracetylated GalNAc, 2.080 g of tetrazole, and a stir bar.

Seal the flask with a septum and briefly place it under vacuum to evacuate the
flask.

Fill the flask with N, using an N-filled balloon and then repeat this evacuation/
filling process two additional times.

Add 35 mL of CH,Cl, and cool the reaction to =40 °C.

Add 4.99 mL of dibenzyl N, N-diisopropylphosphoramidite dropwise over a
period of 5 min.
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68)
69)
70)
71)

72)

73)

74)
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Stir the reaction for 3 h as it warms to room temperature.

Cool the reaction to —=78 °C and add 5.125 g of mCPBA in two portions.
Allow the reaction to warm to room temperature overnight.

Transfer the contents of the flask to a 125-mL separatory funnel.

Wash the organic fraction successively with 15 mL each of saturated Na,SO3
(ag.), deionized H,0, and saturated NaCl (ag.).

Transfer the organic fraction into a 125-mL Erlenmeyer flask and dry the
organic layer over Na,SO,4 (a quantity sufficient to yield freely moving salt
granules) for 10 min.

Filter the organic fraction through a funnel containing a cotton plug into a 100-
mL round bottom flask.

Remove the solvent /n vacuo using a water bath temperature of 25 °C.

PAUSE POINT: The 100-mL round bottom flask can be sealed with a septum
and stored at 4 °C overnight.

Purification of the dibenzyl-protected phosphate of peracetylated GalNAc — TIMING ~2 % h

75)
76)

77)

78)

79)

80)

81)

82)

Dissolve the residue from Step 74 in 5 mL of CH,Cl».

Open the stopcock of a silica gel column (1 %2 inch ID x 18 inch E.L.) to allow
the solvent used during packing (CH,Cly) to reach the top of the silica gel bed.

Slowly add the solution from Step 75 to the top of the column, allowing the
solution to flow into the column until it reaches the top of the silica gel bed

Rinse the round bottom flask with an additional 2 mL of CH,Cl, and slowly add
this solution to the top of the column, allowing the solution to flow into the
column until it reaches the top of the silica gel bed.

Add 100 mL of CH,Cl, to the column to begin the elution. Collect the eluent
over 15 10-mL test tubes.

Add 100 mL of a 1% (vol/vol) CH30H in CH,Cl5 solution and continue the
elution. Collect the eluent over 15 10-mL test tubes.

Add 100 mL of a 2% (vol/vol) CH30H in CH,ClI, solution and continue the
elution. Collect the eluent over 15 10-mL test tubes.

Analyze the fractions using Thin Layer Chromatography (25 mm x 75 mm
plate) with a 2% CH3OH in CH,Cl, mobile phase. Stain the TLC plates with a
p-anisaldehyde solution and apply heat via a heat gun to discern the location of
the desired product (brown spot at R = 0.2).

CAUTION: The staining solution contains concentrated acids and is thus
corrosive. Personal protective equipment including goggles and gloves should be
worn when it is used.
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83)  Combine the product-containing fractions into a 100-mL round bottom flask.

84)  Remove the solvent /n vacuo using a water bath temperature of 25 °C to afford
the dibenzyl-protected phosphate of peracetylated GaINAc as a white foam. A
representative yield is 1.262 g (70%).

PAUSE POINT: The 100-mL round bottom flask can be sealed with a septum
and stored at 4 °C indefinitely or until the hydrogenolysis reaction can be
performed. The scale of these first three reactions provides sufficient material to
perform several iterations of the subsequent reactions which may make use of
Und-P (8) or other lipid phosphates.

Preparation of peracetylated GalNAc-1-phosphate — TIMING ~ 2 h

85)  Charge a 25-mL round bottom flask with 15 mg of 20% Pd(OH), (wt/vol) on
carbon and a stir bar.

86)  Seal the flask with a septum and briefly place it under vacuum to evacuate the
flask.

87)  Fill the flask with N, and then repeat this evacuation/filling process two
additional times.

88)  After moistening the catalyst with a minimal amount of ethyl acetate, slowly add
4.5 mL of CH30H to the sealed flask.

89)  Dissolve 90 mg of the dibenzyl-protected phosphate of peracetylated GalINAc
with 0.5 mL of CH30H and add this solution to the flask.

90)  Evacuate the flask and then fill it with H, using an Ho-filled balloon.
CAUTION: Hydrogen gas is highly flammable.

91)  Repeat Step 90 two additional times.

92)  Stir the reaction for 30 min at room temperature.

93)  Carefully remove the balloon and bubble N, through the solution.
CAUTION: Hydrogen gas is highly flammable.

94)  Add 0.1 mL of N,A-diisopropylethylamine and 5 mL of CH30H, and allow the
reaction to stir for 30 min.

95)  Filter the solution through a syringe containing a pad of Celite into a 25-mL
round bottom flask.

CAUTION: Be sure to not filter to dryness as this represents a flammability hazard. After
filtration is completed, several mL of H,O should be added to the filter before disposing of it
in a specified waste container.

96)  Remove the solvent /n vacuo using a water bath temperature of 25 °C to afford
the crude peracetylated GalNAc-1-phosphate which will be utilized directly in
the coupling reaction.
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PAUSE POINT: The 25-mL round bottom flask can be sealed with a septum and stored at
4 °C indefinitely or until the coupling step can be performed.

Preparation of GalNAc-PP-Und — TIMING 7 days
CRITICAL: These steps can also be used to prepare Solanesol, Heptaprenol, Pentaprenol,
cis-Pentaprenol, Mono-Saturated Pentaprenol, and Farnesol-based products.

97)  Charge a 25-mL round bottom flask with 23 mg of 1,1'-carbonyldiimidazole
(CDI) and 23 mg of peracetylated GalNAc-1-phosphate, sealing it with a
septum.

98)  Briefly place the flask under vacuum to evacuate the flask, fill the flask with
argon using an argon-filled balloon, and then repeat this evacuation/filling
process two additional times.

99)  Add 3 mL of anhydrous THF and stir the reaction at room temperature for 2 h.

CRITICAL STEP: Formation of CDI-activated peracetylated GaINAc-1-phosphate can be
confirmed by removing 5 uL of the reaction solution, diluting it with 0.5 mL CH30H, and
analyzing the sample using mass spectrometry under negative mode (m/z = 476).

100) Add 42 pL of anhydrous CH30H and stir the reaction at room temperature for
1h.

CRITICAL STEP: This step will remove the excess CDI to prevent a reaction between CDI
and undecaprenyl phosphate upon its introduction.

101) Remove the solvent in vacuo using a water bath temperature of 25 °C to afford
CDl-activated peracetylated GalNAc-1-phosphate

CRITICAL STEP: CDI-activated peracetylated GalNAc-1-phosphate should be used
immediately in the next step.

102) Add 3 mL of anhydrous THF to the residue and transfer this solution to a
separate 25-mL round bottom flask (sealed with a septum and flushed with
argon) containing 23 mg of undecaprenyl phosphate. TROUBLESHOOTING

103)  Stir the reaction at room temperature for 3 days.
104) Remove the solvent in vacuo using a water bath temperature of 25 °C.

105) Add 1 mL of H,O to the residue from Step 104. The solution will be cloudy in
appearance.

106) Open the stopcock of a C-18 reverse phase column (0.5 inch ID x 8 inch E.L.) to
allow the water used during packing to reach the top of the silica gel bed.

107) Slowly add the solution from Step 105 to the top of the column, allowing the
solution to flow into the column until it reaches the top of the silica gel bed.

108) Rinse the round bottom flask with an additional 0.5 mL of H,O and slowly add
this solution to the top of the column, allowing the solution to flow into the
column until it reaches the top of the silica gel bed.
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109) Add 10 mL of 1.7% NH4HCO3 (ag.) (wt/vol) to the column to begin the elution.
Collect the eluent over two 10-mL test tubes.

110) Add 10 mL of a 5% solution of isopropanol (vol:vol) in 1.7% NH4HCO3 (aq.)
(wt/vol) and continue the elution. The amount of isopropanol should be
increased by 5% for each 10 mL of eluent used until a 50% solution is used.
Collect the eluent over two 10-mL test tubes for each 10 mL of eluent used.

CRITICAL STEP: Isopropanol is a suitable organic solvent for the purification of
Undecaprenol and Solanesol-based products, while acetonitrile is a suitable organic solvent
for Heptaprenol, Pentaprenol, cis-Pentaprenol, Mono-Saturated Pentaprenol, and Farnesol-
based products.

111) Dilute 5 pL of each fraction in 0.5 mL of CH30H and analyze each sample
using mass spectrometry under negative mode to discern the location of the
desired product (m/z = 1254).

112) Combine the product-containing fractions into a 50-mL round bottom flask.

113) Lyophilize the fractions to afford peracetylated GaINAc-PP-Und as a white
powder. A representative isolated yield is 20 mg (59%).

114) Due to the amphiphilic nature of GaINAc-PP-Und, 1H, 13C, and 31P-NMR
characterization should be performed on the peracetylated precursor isolated in
Step 113. Mass spectrometry analysis can be performed on both molecules.

115) Add 3 mL of a 0.1% NaOCH3 in CH30H solution (wt/vol) to a 10-mL round
bottom flask containing the white powder obtained in Step 113.

116) Seal the flask with a septum and stir the reaction at room temperature for 40
min.

117) Remove the solvent /n vacuo using a water bath temperature of 25 °C.
118) Repeat Steps 105-112 to ensure purity of the material obtained in step 117.

119) Lyophilize the fractions to afford GaINAc-PP-Und as a white powder. A
representative isolated yield is 18 mg (99%).

120) Confirm the identity of the isolated product using mass spectrometry.

PAUSE POINT: The lyophilized GaINAc-PP-Und can be sealed and stored at —20 °C
indefinitely or until the enzymatic reactions can be performed.

Preparation of Disaccharide-PP-Und — TIMING 3 days

CRITICAL.: Prior to performing large scale syntheses, it is highly recommended that small
scale reactions (e.g., 20 pL total volume reaction) be performed to confirm the activity of
each enzyme. For the synthesis of RU-PP-Lipids, simply replace GaINAc-PP-Und with the
same number of moles of different GaINAc-PP-Lipids.

121) Take out WhdN from a —20 °C freezer and allow it to thaw on ice. Take out the
100 mM UDP-Gal from a —20 °C freezer and allow it to thaw at room
temperature.

Nat Protoc. Author manuscript; available in PMC 2018 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 18

CRITICAL STEP: WhdN should be stored in 0.1 mL aliquots at —20 °C to avoid repeated
freezing and thawing.

122) Add 11.7 mg (10 umol) of chemically synthesized GalNAc-PP-Und to a 15-mL
centrifuge tube.

123) Transfer 200 pL of DMSO and 400 pL of 10% (vol/vol) Triton X-100 into the
tube. Vortex the tube for 1 min, and then place the tube into the water bath (room
temperature) of the Bransonic Tabletop Cleaner. Sonicate to completely dissolve
GalNAc-PP-Und. The sonication may take up to 30 min.

CRITICAL STEP: Be sure to make 10% Trition X-100 first and add this solution. Do not
add pure Trition X-100 and distilled H,O. Monitor the dissolution of GaINAc-PP-Und to
ensure that there are no visible particles. For GaINAc-PP-Lipids with high water solubility,
for example GalNAc-PP-Farnesyl, use H,0 to dissolve and skip this step.

124) Consecutively transfer 2.9 mL of distilled H,0O, 80 pL of Tris-HCI (1 M, pH
8.0), 200 pL of MnCl, (200 mM), 120 pL of UDP-GIc (100 mM), and 4 uL of
rSAP (1000 U/mL) into the tube. Mix well by shaking manually after the
addition of each component.

CRITICAL STEP: The reaction can be scaled down or up by volume (200 pL to 20 mL) as
long as the final concentration of each component is kept consistent. For GaINAc-PP-Lipids
with high water solubility, DMSO and Trition X-100 can be omitted.

125) Transfer 100 pL of WhdN (5 mg/mL) into the tube and gently shake the tube to
mix well.

126) The total volume of the reaction mixture is 4 mL, containing 20 mM Tris-HCI
(pH 8.0), 2.5 mM GalNAc-PP-Und, 3 mM UDP-Glc (1.2 equiv.), 10 mM
MnCly, 1% Triton X-100 (vol/vol), 5% DMSO (vol/vol), 1 U/mL rSAP and
0.125 mg/mL WhdN.

127) Incubate the reaction mixture at 37 °C in a Fisher water bath for 6 h with
occasional gentle shaking.

128) Monitor the reaction by mass spectrometry. Take out 1 pL of the reaction
mixture and mix with 9 pL of 1:1 H,O:CH30H (vol:vol) in an 1.5-mL
Eppendorf tube. Centrifuge the mixture at 15,000 x g at room temperature for 5
min with an Eppendorf centrifuge, and inject 5 uL of the supernatant into an
ESI-MS for analysis under negative mode. Starting material (GalNAc-PP-Und)
is typically consumed within 6 h depending upon the activity of the
corresponding GT. If not, monitor the reaction every 6 h until totally consumed.
TROUBLESHOOTING.

CRITICAL STEP: Check the mass spectrum for m/z values corresponding to substrate and
product with both single and double charges (Fig. 6).

129) When the starting material disappears or corresponding m/z values become
minute compared with that of the product, quench the reaction by boiling for 5
min in a water bath.
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131)

Page 19
Transfer the reaction mixture to four 1.7-mL Eppendorf tubes, and centrifuge at
15,000 x g at room temperature for 10 min.

Transfer the supernatant into a 15-mL centrifuge tube, and lyophilize the
mixture using a Freeze Dryer.

PAUSE POINT: After lyophilization, the tube can be sealed with parafilm and stored at
—20 °C for up to two weeks or until purification is performed.

132)

133)

134)

Purify the Disaccharide-PP-Und by reverse-phase chromatography as described
in Steps 105-112.

Lyophilize the fractions to afford £. co/i 0157 Disaccharide-PP-Und as a white
powder.

Confirm the identity of the isolated product using mass spectrometry.

PAUSE POINT: After lyophilization, the compound can be sealed and stored at —20 °C
indefinitely or until the next step can be performed.

Preparation of Trisaccharide-PP-Und — TIMING 3 days
As identified in Box 1, WbdO is responsible for the addition of the L-Fuc to trisaccharide-

PP-Und.
135)

136)

137)

138)

139)

Take out WbdO from a =20 °C freezer and allow it to thaw on ice. Take out 100
mM GDP-L-Fuc mother solution from a =20 °C freezer and allow it to thaw at
room temperature (25 °C).

CRITICAL STEP: Refer to Step 121.

Add 10.6 mg (8 pmol) of Disaccharide-PP-Und from Step 133 to a 15-mL
centrifuge tube.

CRITICAL STEP: It is recommended that a small portion of the Disaccharide-
PP-Und be kept for later or further use. In this case, 1.5 umol was kept, and 8
pumol was used as the substrate for Trisaccharide-PP-Und synthesis.

Transfer 160 pL of DMSO and 320 pL of 10% (vol/vol) Triton X-100 into the
tube. Vortex the tube for 1 min, and place the tube into the water bath (room
temperature) of the Bransonic Tabletop Cleaner. Sonicate to completely dissolve
Disaccharide-PP-Und.

CRITICAL STEP: Refer to Step 123. With an increased number of
monosaccharides, the Sugar-PP-Und will become easier to dissolve.

Consecutively transfer 2.24 mL of distilled H,0, 64 uL of Tris-HCI (1 M, pH
8.0), 160 pL of MnCl, (200 mM), 96 uL of GDP-L-Fuc (100 mM), and 3.2 uL
of rSAP (1000 U/mL) into the tube. Mix well by shaking manually after the
addition of each component.

Transfer 160 uL of WhdO (5 mg/mL) into the tube and gently shake the tube to
mix well.
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The total volume of the reaction mixture is 3.2 mL, containing 20 mM Tris-HCI
(pH 8.0), 2.5 mM Disaccharide-PP-Und, 3 mM GDP-L-Fuc (1.2 equiv.), 10 mM
MnCl,, 1% Triton X-100 (vol/vol), 5% DMSO (vol/vol), 1 U/mL rSAP and 0.25
mg/mL WhdO.

CRITICAL STEP: Refer to Step 126.

Incubate the reaction mixture at 37 °C in a Fisher water bath for 6 h with
occasional gentle shaking.

Monitor the reaction by mass spectrometry. Take out 1 uL of the reaction
mixture and mix with 9 uL of 1:1 H,O:CH30H (vol:vol) in an Eppendorf tube.
Centrifuge the mixture at 15,000 x g at room temperature for 5 min with an
Eppendorf centrifuge, and inject 5 pL of the supernatant into an ESI-MS for
analysis under negative mode. Starting material (Trisaccharide-PP-Und) is
typically consumed within 6 h depending upon the activity of the corresponding
GT.

TROUBLESHOOTING. CRITICAL STEP: Refer to Step 128.
Quench the reaction and lyophilize as described in Steps 129-131.

PAUSE POINT: After lyophilization, the tube can be sealed with parafilm and
stored at —20 °C for up to two weeks or until purification can be performed.

Purify the Trisaccharide-PP-Und by reverse phase chromatography as described
in Steps 105-112.

Lyophilize the fractions to afford £. coli 0157 Trisaccharide-PP-Und as a white
powder.

Confirm the identity of the isolated product using mass spectrometry.

PAUSE POINT: After lyophilization, the compound can be sealed and stored at
—20 °C indefinitely or until the next step can be performed.

Preparation of E. coli 0157 RU-PP-Und — TIMING 3 days

147)

148)

149)

Take out WbdP from a =20 °C freezer and allow it to thaw on ice. Take out 100
mM GDP-PerNAc mother solution from a —20 °C freezer and allow it to thaw at
room temperature (25 °C).

CRITICAL STEP: Refer to Step 121.

Add 8.85 mg (6 pmol) of Trisaccharide-PP-Und from Step 145 to a 15-mL
centrifuge tube.

CRITICAL STEP: It is recommended that a small portion of the Trisaccharide-
PP-Und be kept for later or further use. In this case, 1.2 umol was kept, and 6
pmol was used as the substrate for RU-PP-Und synthesis.

Transfer 120 uL of DMSO and 240 pL of 10% (vol/vol) Triton X-100 into the
tube. Vortex the tube for 1 min, and place the tube into the water bath (room
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temperature) of the Bransonic Tabletop Cleaner. Sonicate to completely dissolve
the Trisaccharide-PP-Und.

CRITICAL STEP: Refer to Step 137.

Consecutively transfer 2.1 mL of distilled H,0, 48 pL of Tris-HCI (1 M, pH
8.0), 120 pL of MnCl, (200 mM), 72 uL of GDP-PerNAc (100 mM), and 2.4 uL
of rSAP (1000 U/mL) into the tube. Mix well by shaking manually after the
addition of each component.

Transfer 60 uL of WhdP (5 mg/mL) into the tube and gently shake the tube to
mix well.

The total volume of the reaction mixture is 2.4 mL, containing 20 mM Tris-HCI
(pH 8.0), 2.5 mM Trisaccharide-PP-Und, 3 mM GDP-PerNAc (1.2 equiv.), 10
mM MnCl,, 1% Triton X-100 (vol/vol), 5% DMSO (vol/vol), 1 U/mL rSAP and
0.125 mg/mL WhdP.

CRITICAL STEP: Refer to Step 126.

Incubate the reaction mixture at 37 °C in a Fisher water bath for 6 h, with
occasional gentle shaking.

Monitor the reaction by mass spectrometry. Take out 1 L of the reaction
mixture and mix with 9 pL of 1:1 H,O:CH30H (vol:vol) in an Eppendorf tube.
Centrifuge the mixture at 15,000 x g at room temperature for 5 min with an
Eppendorf centrifuge, and inject 5 pL of the supernatant into an ESI-MS for
analysis under negative mode. Starting material usually can be consumed within
6 h depending on the activity of the corresponding GT.

TROUBLESHOOTING. CRITICAL STEP: Refer to Step 128.
Quench the reaction and lyophilize the product as described in Steps 129-131.

PAUSE POINT: After lyophilization, the tube can be sealed with parafilm and
stored at —20 °C for up to two weeks or until purification can be performed.

Purify the RU-PP-Und by reverse phase chromatography as described in Steps
105-112.

Lyophilize the fractions to afford £. co/i 0157 RU-PP-Und as a white powder.
Confirm the identity of the isolated product using mass spectrometry.

PAUSE POINT: After lyophilization, the final product can be sealed with
parafilm and stored at —20 °C indefinitely or until the next use.

Activity Assay of Waal using synthesized RU-PP-Und — TIMING 1 day

159)

160)

Mass 0.42 mg (0.25 pmol) of £. coli 0157 RU-PP-Und with an analytical
balance, and transfer it into a 1.7-mL Eppendorf tube.

Transfer 50 uL. of DMSO and 50 L of 10% (vol/vol) Triton X-100 into the tube.
\ortex the tube for 1 min, and place the tube into the water bath (room
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temperature) of the Bransonic Tabletop Cleaner. Sonicate to completely dissolve
the £. coli 0157 RU-PP-Und.

CRITICAL STEP: Refer to Step 123.
Transfer 150 pL of distilled H,O into the tube.

CRITICAL STEP: The final concentration of RU-PP-Und is 1 mM. The
solution can be stored at —20 °C for up to 3 months or until the next use.

Transfer 0.5 pL of RU-PP-Und (1 mM) into a 1.7-mL Eppendorf tube. Transfer
0.5 pL of distilled H,O to another tube as a negative control.

To each tube, transfer 71.5 uL of distilled H,O, 5 uL of 1 M Tris-HCI (pH 7.5),
and 20 pL of Lipid A core (40 uM), mixing well by pipetting.

Take out 48 pL of the mixture from each tube (Reaction time = 0 min) and store
at —20 °C for later use.

To each tube transfer 2 pL of Waal (1 mg/mL) and mix well by pipetting.
Incubate the two tubes at 30 °C for 12 h.

CRITICAL STEP: Such a reaction time and WaaL amounts will yield complete
transfer of RU from RU-PP-Und onto Lipid A core. For experiments such as
biochemical characterization, kinetic studies, or activity assays of other enzymes
(Wzy, Wzz, etc.), reaction times, WaaL amounts and RU-PP-Und amounts may
be optimized accordingly.

Transfer 1 pL of Proteinase K (20 mg/mL) to each tube, and incubate at 56 °C
for 1 h.

Analyze the reactions and controls (reactions at 0 min) using western blot (£.
coli 0157 anti-serum as first antibody) and SDS-PAGE/Silver staining (Fig. 7)
as described previously8.

Chemical Synthesis of GaINAc-PP-Und

Steps 1-16
Steps 17-25
Steps 26-39
Step 40-48
Step 49-52
Step 53-61
Step 62-74
Step 75-84
Step 85-96
Step 97-120

4 days
2h
5%h
2h
1h
2h
18 h
2%h
2h
7 days
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Enzymatic Synthesis of £. coli 0157 RU-PP-Und

Box 1 4h

Step 121-126 1h

Step 127-128 6to18h
Step 129-131 10h
Step 132-134 1 day
Step 135-140  1h

Step 141-142 6to18h
Step 143 10h
Step 144-146 1 day
Step 147-152  1h

Step 153-154 6to18h

Step 155 10h
Step 156-158 1 day
Box 2 6 days

Activity assay of WaaL using synthesized RU-PP-Und

Step 159-161 1h
Step 162-166 13 h
Step 167-168 10 h

TROUBLESHOOTING

Troubleshooting advice can be found in Table 2.

ANTICIPATED RESULTS

The Procedure describes the chemical synthesis of GaINAc-PP-Und beginning from GalNAc
and Und. Preparation of the dibenzyl-protected phosphate of peracetylated GalNAc entailed
a sequence of three chemical steps with an overall yield of 52%, while Und-P was prepared
directly from Und in a yield of 79%. Benzyl group removal and subsequent activation of
peracetylated GalNAc-1-phosphate enabled pyrophosphate bond formation to be realized.
This step initially yielded minimal product due to the physical state of Und-P upon
purification (waxy residue). Upon the addition of a small amount of hexane, rotary
evaporation, and adequate drying under vacuum, however, a white powder was obtained
which allowed yields to be consistently obtained at the 59% level. Subsequent deprotection
afforded the desired GalNAc-PP-Und product in 99% yield (18 mg). While these yields
represent optimal results, variation among trials did not exceed 10%. It should furthermore
be noted that this synthesis can be extended to lipids other than Und, including but not
limited to Solanesol, Heptaprenol, Pentaprenol, cis-Pentaprenol, Mono-Saturated
Pentaprenol, and Farnesol.
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Enzymatic synthesis of RU-PP-Und from the chemically prepared GalINAc-PP-Und was
then accomplished in a total yield of over 70% (expecting over 90% vyield in each GT
catalyzed step) on semi-preparative scales (9 mg) (Fig. 6). RU-PP-Lipids can also be
synthesized with over 70% yield on semi-preparative scales (see Supplementary Data 1 for
mass spectra of RU-PP-Farnesyl and RU-PP-Mono-saturated-Pentaprenyl). During the
enzymatic synthesis of RU-PP-Und, the specific activity of putative GTs involved in the
assembly of the repeating units can be identified. For example, in this case, WbdO and
WhdP are identified as the a1,4-fucosyltransferase and a.1,3-\-
acetylperosaminyltransferase, respectively.

The protocol for the activity assay of Waal using synthesized RU-PP-Und furthermore
provides visible results regarding the activity of WaalL.. As shown in Figure 7, RU-PP-Und is
visible in the western blot (Fig. 7b, lane 5) using £. coli 0157 anti-serum as the first
antibody. This evidence confirms the structure of synthesized RU-PP-Und given that the
anti-serum is specific for £. coli 0157 structures. While RU-PP-Und cannot be visualized in
SDS-PAGE/silver staining (Fig. 7a, lane 5), Lipid A core can be visualized by both western
blot analysis and silver staining (Fig. 7a,b, lane 6). After incubating with WaaL for 12 h, the
band corresponding to RU-PP-Und which was initially present (Fig. 7b, lane 3) disappeared
and a new band above Lipid A core was observed (Fig. 7b, lane 4) which correspond to the
RU-Lipid A core product. SDS-PAGE confirmed the formation of the product (Fig. 7a, lane
4).

Analytical data

Analytical data is provided for peracetylated GalNAc (2), anomerically-deprotected
peracetylated GalNAc (3), the dibenzyl-protected phosphate of peracetylated GalNAc (4),
and peracetylated GalNAc-pyrophosphate-undecaprenyl (9). NMR spectra are available in
Supplementary Data 2.

Peracetylated GalNAc (2)—White foam. 1H NMR (500 MHz, CDsCI): 6 6.18 (d, /= 3.6
Hz, 1H), 5.48 (d, /=9.1 Hz, 1H), 5.39 (d, /= 2.7 Hz, 1H), 5.18 (dd, J=11.5 Hz, J= 3.2 Hz,
1H), 4.72-4.66 (m, 1H), 4.21 (t, J= 6.7 Hz, 1H), 4.10-4.00 (m, 2H), 2.14 (s, 6H), 2.00 (s,
3H), 1.99 (s, 3H), 1.91 (s, 3H); 13C NMR (125 MHz, CD5CI): & 171.3, 170.5, 170.4, 170.2,
169.0, 91.5, 68.7, 68.0, 65.9, 61.5, 47.2, 23.3, 21.1, 20.9, 20.8, 20.8.

Anomerically-deprotected peracetylated GalNAc (3)—White foam. 1H NMR (500
MHz, CD3Cl): & 5.94 (d, J= 9.5 Hz, 1H), 5.35 (d, J= 2.4 Hz, 1H), 5.28 (t, J= 2.9 Hz, 1H),
5.22 (dd, J= 11.4 Hz, J= 3.3 Hz, 1H), 4.53-4.47 (m, 1H), 4.40 (t, J= 6.6 Hz, 1H), 4.29 (bs,
1H), 4.10-4.01 (m, 2H), 2.13 (s, 3H), 2.02 (s, 3H), 1.97 (s, 3H), 1.95 (s, 3H); 13C NMR (125
MHz, CD3ClI): 6 171.3,171.0, 170.8, 170.6, 92.3, 68.3, 67.8, 66.6, 62.3, 48.3, 23.4, 21.0,
20.9(2).

Dibenzyl-protected phosphate of peracetylated GalNAc (4)—White foam. 1H

NMR (500 MHz, CDsCl): 6 8.59 (bs, 1H), 7.39-7.31 (m, 10H), 5.70 (dd, J=5.8 Hz, J= 3.3
Hz, 1H), 5.48 (d, /= 9.4 Hz, 1H), 5.36 (d, /= 2.0 Hz, 1H), 5.12-5.00 (m, 4H), 4.63-4.56 (m,
1H), 4.24 (t, J= 6.6 Hz, 1H), 4.05 (dd, /= 11.3 Hz, J= 6.6 Hz, 1H), 3.92 (dd, /= 11.3 Hz, J
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=6.5 Hz, 1H), 2.12 (s, 3H), 1.97 (s, 3H), 1.91 (s, 3H), 1.70 (s, 3H); 13C NMR (125 MHz,
CD4CI): 6 170.9, 170.5, 170.4, 170.3, 129.1, 129.0, 129.0, 128.3, 128.3, 97.2, 70.2, 70.1,
70.0, 68.9, 67.5, 67.0, 61.5, 47.7, 23.1, 20.9, 20.9, 20.8; 3P NMR (162 MHz, CD3Cl): &
-3.5.

Peracetylated GalNAc-pyrophosphate-undecaprenyl (9)—White solid. 1H NMR
(500 MHz, CD30D): & 5.60 (dd, J= 3.2 Hz, J= 7.3 Hz, 1H), 5.42 (t, J= 6.1 Hz, 2H), 5.21
(dd, J=3.2 Hz, J=11.3 Hz, 1H), 5.14-5.05 (m, 10H), 4.58 (t, /= 6.9 Hz, 1H), 4.54-4.45 (m,
3H), 4.21 (dd, J= 8.1 Hz, J=10.9 Hz, 1H), 4.04 (dd, J= 5.8 Hz, J=10.8 Hz, 1H), 2.10 (s,
3H), 2.08-2.00 (m, 34H), 1.98 (s, 3H), 1.97 (s, 3H), 1.96-1.92 (m, 6H), 1.89 (s, 3H), 1.71 (s,
3H), 1.66-1.62 (m, 21H), 1.58 (s, 3H), 1.57 (s, 9H); 13C NMR (125 MHz, CD30D): 6
174.4,172.3,172.2,171.9, 140.6, 136.5, 136.4, 136.3, 136.3, 136.1, 135.9, 132.1, 126.3,
126.3, 126.3, 126.0, 125.6, 125.6, 125.6, 123.6, 123.6, 96.5, 70.4, 68.8, 68.7, 63.8, 63.8,
62.3,41.0, 41.0, 40.9, 34.4, 33.4, 33.4, 33.4, 33.2, 33.0, 30.8, 30.8, 30.7, 30.6, 30.5, 30.5,
30.4,28.0, 27.8, 27.8, 27.8, 27.7, 27.7, 27.7, 26.1, 24.0, 23.9, 23.8, 23.0, 20.8, 20.8, 20.7,
17.9, 16.3, 14.5, 14.0; 31P NMR (162 MHz, CD30D): 6 -9.7, -12.6; LRMS (m/2): [M-H]-
calcd. for CgoH110NO15P2, 1254.7; found, 1254.7. Final deprotection with 0.1% NaOCHgs in
CH30H and purification via C-18 reverse phase silica gel afforded GalNAc-PP-Und (10) (18
mg, 99%). LRMS (m/2): [M-H]- calcd. for C43H104NO12P2,1128.7; found, 1128.7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BOX 1
Activity assignment of WbdO and WbdP — TIMING ~ 4 h

Activity of each unknown GT should be identified before first time use as described in
the following procedures.

a. Using two 0.2-mL PCR tubes, transfer 3 pL of the solution from Step 137
(contains 6 pg of £. coli 0157 Disaccharide-PP-Und) into each one.

b. Transfer 12.6 pL of distilled H,O, 0.4 pL of Tris-HCI (1 M, pH 8.0), 1 pL of
MnCl, (200 mM) and 1 pL of GDP-L-Fuc (100 mM) into each tube. Mix well
by pipetting.

C. To one tube, add 2 pL of WhdO (5 mg/mL), and mix well by pipetting. To the
other tube add 2 pL of WhdP (5 mg/mL), and mix well by pipetting.

d. The total volume of the reaction mixtures is 20 L, containing 20 mM Tris-
HCI (pH 8.0), 2.5 mM Disaccharide-PP-Und, 5 mM GDP-L-Fuc (2 equiv.),
10 mM MnCl,, 1% Triton X-100 (vol/vol), 5% DMSO (vol/val), and 0.5

mg/mL WhdO or WhdP.
e Incubate the reaction mixtures at 37 °C in a Fisher water bath for 3 h.
f. Quench the reactions by the addition of equal volumes of ice-cold methanol.

g. Centrifuge at 15,000 x g at room temperature (20 to 25 °C) for 10 min.

h. Analyze the supernatants (5 uL) by ESI-MS under negative mode, searching
m/z peaks corresponding to Trisaccharide-PP-Und.

CRITICAL STEP: The enzyme that can catalyze the formation of
Trisaccharide-PP-Und is the a1,4-fucosyltransfearse (in this case, WbdO),
while the other GT, WhdP is an a1,3- NV-acetylpersaminyltransferase. A
similar small scale reaction using E. co/i 0157 Trisaccharide-PP-Und as an
acceptor and GDP-PerNAc as a donor should also be performed to confirm
the activity of WhdP. The activity of any GT involved in O-PS synthesis can
be identified using a similar system with the corresponding Sugar-PP-Und
and sugar nucleotide. Calculate the approximate reaction yield and use this
information to determine the amount of enzymes to be used in large scale
synthetic efforts.
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Box 2

One-pot multi-step synthesis of E. coli 0157 RU-PP-Und -- TIMING 6 days

Once RU-PP-Und has been successfully synthesized in a step-wise manner, an alternative
one-pot approach may be applied for further synthesis. In this case, purification,
lyophilization and resuspension steps for intermediates can be omitted to simply the

procedure.

a.

Prepare crude disaccharide-PP-Und starting from GalNAc-PP-Und as
described in steps 121-130.

Transfer the supernatant into a new 15-mL centrifuge tube.

Transfer 48 pL of distilled H,O, 8 uL of Tris-HCI (1 M, pH 8.0), 20 uL of
MnCl; (200 mM), 120 pL of GDP-L-Fuc (100 mM), and 4.4 pL of rSAP
(2000 U/mL) into the tube. Mix well by shaking manually after the addition
of each component.

Adjust pH of the above mixture to pH 7.5 to 8.5.

CRITICAL STEP: Transfer 3 pL of the mixture onto a small piece of pH
indicator strip. If the pH value is lower than 7.5, add 1 M NaOH in 10 pL
increments to adjust the pH.

Take out WbhdO from a —20 °C freezer and allow it to thaw on ice. Take out
100 mM GDP-L-Fuc mother solution from a —20 °C freezer and allow it to
thaw at room temperature (25 °C).

CRITICAL STEP: Refer to Step 121.

Transfer 200 uL of WbdO (5 mg/mL) into the tube and gently shake the tube
to mix well. The total volume is 4.4 mL.

Incubate the mixture and monitor the reaction as described in steps 141-142.
Quench the reaction as described in Steps 129-130.
Transfer the supernatant into a new 15-mL centrifuge tube.

Transfer 148 L of distilled H,0, 8 uL of Tris-HCI (1 M, pH 8.0), 20 uL of
MnCl, (200 mM), 120 pL of GDP-PerNAc (100 mM), and 4.8 pL of rSAP

(1000 U/mL) into the tube. Mix well by shaking manually after the addition
of each component.

Adjust pH of the above mixture to pH 7.5 to 8.5.

CRITICAL STEP: Transfer 3 pL of the mixture onto a small piece of pH
indicator strip. If the pH value is lower than 7.5, add 1 M NaOH in 10 pL
increments to adjust the pH.

Take out WhdP from a —20 °C freezer and allow it to thaw on ice. Take out
100 mM GDP-PerNAc mother solution from a —20 °C freezer and allow it to
thaw at room temperature (25 °C).
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CRITICAL STEP: Refer to Step 121.

Transfer 100 pL of WbdP (5 mg/mL) into the tube and gently shake the tube
to mix well. The total volume is 4.8 mL.

Incubate the mixture and monitor the reaction as described in steps 141-142.
Quench the reaction as described in Steps 129-130.

PAUSE POINT: After lyophilization, the mixture can be sealed with parafilm
and stored at —20 °C for up to two weeks or until purification can be
performed.

Purify the RU-PP-Und by reverse phase chromatography as described in
Steps 105-112.

Lyophilize the fractions to afford £. coli 0157 RU-PP-Und as a white powder.
Confirm the identity of the isolated product using mass spectrometry.

PAUSE POINT: After lyophilization, the compound can be sealed and stored
at —20 °C indefinitely or until the next use.
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Figure 1.

Proposed Wzy-dependent biosynthetic pathway of £. co/i 0157 LPS. The biosynthesis is
initiated with the formation of GIcNAc-PP-Und, which is later epimerized to GalNAc-PP-
Und®4. Subsequently, the RU-PP-Und is assembled by three GTs (WbdN, WbdO and WhdP)
and then translocated to the periplasmic face of the inner membrane by Wzx, where the
repeating units are polymerized to form O-PS by Wzy in a block transfer mechanism that is
regulated by Wzz. The last step includes Waal catalyzed transfer of O-PS onto an
individually synthesized Lipid A core structure to form the intact LPS.
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[ Glycosyltransferase [ Sugar nucleotide biosynthesis

Figure 2.
E. coli 0157 rfb gene cluster. The gene cluster contains genes responsible for assembly of

RU-PP-Und (wbdN, wbdO, wbdP), the polymerase gene wzy, the flippase gene wzx, and
genes for sugar nucleotide synthesis.
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Figure 3.
Chemical synthesis of GaINAc-pyrophosphate-undecaprenyl (10) starting with GaINAc (1)

and undecaprenol (6).
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Figure 4.
Experimental design for the enzymatic synthesis of £. co/i 0157 RU-PP-Und. Shrimp

alkaline phosphatase (rSAP) is added to drive reactions forward by digesting byproduct
nucleoside-diphosphates. See REAGENT SETUP for details of Box 1.
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(Steps 17-25)
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(Supplementary Method 1);
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(Supplementary Method 2);
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Figure5.
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One-pot multi-enzyme
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Flow diagram for chemoenzymatic synthesis of RU-PP-Und.
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Step-wise enzymatic synthesis of £. co/i 0157 RU-PP-Und. Scheme and yields (a) and mass
spectra (b—d) are included.
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RU-PP-Und -
Lipid A core +

WaalL

Hours

0

Figure7.
Activity assay of WaaL.. Result using silver-staining (a) and western blot (b) with E. coli

0157 anti-serum as the first antibody. After the reaction, a band was observed above the one
corresponding to Lipid A core, thus dicating the presence of Lipid A core with one repeating

unit.
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Table 2
Troubleshooting table.

Steps Problems Solution

Steps 25 and Upon removing the solvent from This residue will take on a white powder form following the addition of 1-2 mL

102 purified undecaprenyl-phosphate, a of hexanes, rotary evaporation, and drying under vacuum. This form greatly
waxy residue is formed which is facilitates transfer of the product to another container should this process be
difficult to transfer. necessary.

Step 128 Starting material not completely Add another 100 pL of WhdN and incubate for 12 h at 37 °C.
consumed.

Step 142 Starting material not completely Add another 160 pL of WhdO, 40 pL of GDP-L-Fuc and incubate for 12 h at
consumed. 37°C

Step 154 Starting material not completely Add another 60 uL of WhdP and incubate for 12 h at 37 °C.
consumed.
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