
Supplementary information

Double-hit approach for novel glycoconjugates combining cytoplasmic glycoengineering and 
selective chemistry
Elena Palmieri 1,4, Valentina Monaci 1,2, Salvatore Durante 3, Paola Cescutti 4, Francesca Micoli1, 

Gianmarco Gasperini 3*

1GSK Vaccines Institute for Global Health (GVGH), Via Fiorentina 1, 53100 Siena, Italy
2Resonance Center - CERM, University of Florence, Via Luigi Sacconi 6, Sesto Fiorentino, 50019, Florence, Italy.
3GSK Vaccines Srl, Via Fiorentina 1, 53100 Siena, Italy
4Department of Life Sciences, University of Trieste, Via L. Giorgieri 1, Bldg C11, 34127 Trieste, Italy
*Corresponding author: gianmarco.x.gasperini@gsk.com 

Figure S1. Agarose gel of PCR amplicons showing the absence of lacZ gene in the three clones of the mutated E. coli 
K12 W3110 strain and its presence instead in the wild-type positive control strain.
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Figure S2. Plasmid maps of vectors used for expression of sfGFP (or carrier protein) a) and glycosyltransferases b).



Table S1. Molar percentage of lactose or glucose in MrkA recombinant protein co-expressed with NGT and LgtB in E. 

coli W3110 ΔlacZ grown in HTMC or modified HTMC (containing 5 g/L of dextrose instead of 15 g/L of glycerol as 

carbon source). Modified HTMC allowed to improve efficiency of modification and reduce batch-to-batch variability.

Batch/Growth medium Molar ratio 
Lac*/protein (%)

Molar ratio 
Glc/protein (%)

Batch 1/HTMC 6 96

Batch 2/HTMC 21 100

Batch 1/Modified HTMC 70 100

Batch 2/Modified HTMC 100 100

Batch 3/Modified HTMC 82 98

 
*Lac amount calculated based on amount of Gal by HPAEC-PAD analysis



Figure S3. Deconvoluted (top) and raw (bottom) ESI-MS spectra of unmodified MrkA (a) and Lac-MrkA (b)















Figure S4. Graphical representation (top) and corresponding annotated MS/MS fragmentation spectrum (bottom) of 
modified peptides identified by LC-MS/MS for unmodified MrkA (a), Glc-MrkA (b), Lac-MrkA (c), GlycoTag 1 (d), 
GlycoTag 2 (e), GlycoTag 3 (f). The color code of the graphical representation reflects the ionic intensity.

Figure S5. HPLC-SEC and SDS-PAGE/WB analyses confirming the selectivity of the reaction: a) absence of a peak at 
conjugate retention time (RT) in the Blank reaction chromatogram (second plot) and b) no smear visible at higher MW 
in the anti-MrkA WB (lane 4 vs. lane 3).

Figure S6. Western Blot analysis of showing a MW ladder reflecting the number of MrkA monomers covalently attached 
along the OAg chain in the purified O1v1-MrkA conjugate.
Materials and Methods



Bacterial strains, mutants generation and growth/expression conditions

Kp strains NCTC11228 (K2:O1v1) and NCTC11679 (K61:O3) were obtained from Public Health 

England. NCTC11228 strain was mutated to delete the tolR gene for Generalized Modules for 

Membrane Antigens (GMMA) production. E. coli K12 W3110 was acquired from ATCC (27325). 

E. coli K12 W3110 was selected for the generation of lacZ mutant, to be used as expression host for 

lactosylated proteins. To generate Kp and E. coli mutant strains, the kanamycin resistance gene aph 

was used to replace the target gene. The resistance cassette replacement constructs were amplified 

from the pKD4 vector using forward and reverse primers composed of 50 bp homologous to the 

flanking regions of the gene to be deleted and approximately 20 bp at the 3′ end matching the 

flanking region of the resistance gene. Primer sequences are listed in Table S2. PCR products were 

purified and were used to transform recombination-prone cells carrying pKD46 following methods 

described previously 1. After gene deletion, the kanamycin resistance gene was removed through 

FLP-mediated recombination using the pCP20 plasmid to yield markerless mutant strains. Plasmids 

and protein coding sequences were ordered from GeneArt or Twist Biosciences and codons were 

optimized for protein expression in E. coli. Two expression system for cytoplasmic protein 

glycoengineering were adopted: one based on the use of two different expression vectors for the 

expression of carrier protein (pBAD myc/his B vector, Thermo Fisher Scientific) and enzymes 

(pACYCDuet vector, Novagen), as described previously 2, and a second one based on a single 

plasmid for the expression of both carrier protein and NGT (pET29b(+) vector, Thermo Fisher 

Scientific). All plasmids are listed in Table S3. For GMMA production, overnight cultures were 

diluted in HTMC medium (15 g/L Glycerol, 30 g/L Yeast extract, 0.5 g/L MgSO4, 5 g/L KH2PO4, 

20 g/L K2HPO4) to an optical density at 600 nm (OD600) of 0.3 and grown at 30 °C in a rotary 

shaker for 8 hours using baffled flasks with a liquid to air volume ratio of 1:5. For recombinant 

protein production, overnight LB cultures were diluted in HTMC medium with 5 g/L glucose 

instead of 15 g/L glycerol, supplemented with appropriate antibiotics (kanamycin 50 μg/mL, 

chloramphenicol 20 μg/mL, ampicillin 100 μg/mL). Bacteria were grown for 7.5 h at 30 °C and 

then protein expression was induced with 0.4% Arabinose and/or with 1 mM IPTG, incubating 

cultures in baffled flasks (with a liquid to air volume ratio of 1:5) at 25 °C in a rotary shaker for 18 

h.



Table S2. List of primers used in this study. Bold regions in the primer sequences correspond to the 

base pairs matching the flanking regions of the kanamycin resistance gene aph in the pKD4 vector.

Mutated gene Primers Sequence (5’ → 3’) Mutant strain 

generated

Forward

ACAGGTTCAGCGCTTTAATAATTTCATC

GTAAGGGACGTCTTTCGCACCGGTGTA

GGCTGGAGCTGCTTC
tolR

Reverse

CATCGTTCCGCTGCTGGATGTCCTGCTG

GTGCTGCTGCTGATCTTTATGGCATATG

AATATCCTCCTTAG

Kp NCTC11228 

∆tolR

Forward

TCGCCAGCTGGCGTAATAGCGAAGAGG

CCCGCACCGATCGCCCTTCCCAAGTGT

AGGCTGGAGCTGCTTC
lacZ

Reverse

ATATGGAAACCGTCGATATTCAGCCAT

GTGCCTTCTTCCGCGTGCAGCAGCATAT

GAATATCCTCCTTAG

E. coli K12 W3110 

∆lacZ



Table S3. List of plasmids used in this study.

Plasmid Resistance Inducer

pBAD-mrkA Ampicillin Arabinose

pBAD-mrkA (GlycoTag1) Ampicillin Arabinose

pBAD-mrkA (GlycoTag2) Ampicillin Arabinose

pBAD-mrkA (GlycoTag3) Ampicillin Arabinose

pBAD-mrkA (4xNAT sequon) Ampicillin Arabinose

pACYCDuet-ngt Chloramphenicol IPTG

pACYCDuet-ngt+lgtB Chloramphenicol IPTG



Purification and characterization of recombinant proteins in E. coli

Recombinant proteins were extracted from bacterial pellets stored at -20 °C. Cell lysis was 

performed either using CelLytic reagent (Sigma-Aldrich) or by sonication (10’ for g of biomass). 

The lysate was then centrifuged to recover the soluble fraction (i.e., the supernatant). The 

supernatant was filtered and loaded onto HisTrap FF 1 mL or 5 mL (Cytiva) depending on the 

bacterial growth scale. After sample application, column was washed with 20 mM NaH2PO4, 500 

mM NaCl and 20 mM imidazole pH 7.4, then the His-tagged protein was eluted with a linear 

gradient up to 500 mM imidazole. SDS-PAGE analysis was performed on Immobilized Metal 

Affinity Chromatography (IMAC) fractions to pool fractions containing the protein of interest. 

Imidazole was removed from the pooled fractions with Amicon ultrafiltration devices (cut-off 10 

kDa for MrkA and sfGFP), and proteins were exchanged in Phosphate-buffered saline (PBS) 1X. 

Sodium dodecyl sulphate–Polyacrylamide Gel Electrophoresis (SDS–PAGE, 4-12% Bis-Tris gel 

run in MES buffer) and High-performance Liquid Chromatography–Size Exclusion 

Chromatography (HPLC–SEC) analyses were performed to check purity of the sample. Samples 

were analyzed with a TSK gel G3000 PWXL column (30 cm x 7.8 mm; particle size 7 µm; cod. 

808021) with TSK gel PWXL guard column (4.0 cm x 6.0 mm; particle size 12 µm; cod.808033) 

(Tosoh Bioscience). 

High Performance Anion-exchange Chromatography with Pulsed Amperometric Detection 

analysis of glycoproteins

Glycoproteins were hydrolyzed with 2 M trifluoracetic acid (TFA) at 100 °C for 4 h following a 

method used for the hydrolysis of polysaccharide-containing samples and subsequent quantification 

of released neutral sugars through High Performance Anion-exchange Chromatography with Pulsed 

Amperometric Detection (HPAEC–PAD) 3. After hydrolysis, samples were dried using Speedvac 

Vacuum concentrator (Thermo Fisher Scientific, Waltham, MA, USA), reconstituted in water, and 

filtered using 0.45-μm 96-well plate filters for chromatographic analysis. HPAEC–PAD was 

performed using Dionex ICS5000 system (Thermo Fisher Scientific, Waltham, MA, USA) 

equipped with a CarboPac PA10 column, 4 × 250 mm (Thermo Fisher Scientific Waltham, MA, 

USA), coupled to a PA10 guard column, 4 × 50 mm (Thermo Fisher Scientific Waltham, MA, 

USA). Separation of sugar monomers in the samples was performed eluting in 18 mM NaOH over 

20 min at a flow rate of 1 mL/min. The column was then washed for 10 min with 100 mM Sodium 

Acetate (AcONa), 28 mM NaOH and re-equilibrated with 18 mM NaOH for 20 min. The effluent 

was monitored using an electrochemical detector in the pulse amperometric mode with a gold 

working electrode and an Ag/AgCl reference electrode. The resulting chromatographic data were 



processed using Chromeleon software 7.2. (Thermo Fisher Scientific, Waltham, MA, USA). 

Calibration curves were built with a mixture of commercial sugar monomers (Gal, Glc), each in the 

range 0.5–10 μg/mL. The standard was treated in the same way as the samples. The measured sugar 

content was converted into molar concentration, which was then used to calculate the Glc or Lac 

(equivalent to Gal)/protein molar ratio.

Intact Mass analysis

Intact proteins mass analysis was performed by direct flow injection into a Q-Exactive HFX mass 

spectrometer (Thermo Fisher Scientific) operating at resolution 60,000 at 400 m/z in ESI positive 

ion mode. The sample were desalted by Amicon® Ultra MWCO 10 k and diluted to at a 

concentration of list 5µM with 0.1% formic acid in H2O: ACN (70:30 v/v) The full mass spectra 

were acquired from m/z 600 to m/z 2,000. The following experimental parameters were applied: 

flow rate 8µ/min, nitrogen sheat gas 15 a.u., spray voltage 3.5 kV, funnel RF level 200 and capillary 

temperature 275°C. The obtained mass spectra were then deconvoluted by Biopharma FinderTM 2.0 

(Thermo Fisher Scientific).

Protein digestion and LC-MS/MS analysis for peptide mapping

For peptide mapping, about 25 µg of proteins were reduced with 10 mM Dithiothreitol (DTT) and 

alkylated with 55 mM iodoacetamide (IAA). Trypsin (20 µg/ml) was added. The ratio 

protein:enzyme used was 20:1. The mixture was incubated overnight at 37° C. The resulting tryptic 

peptides were desalted with cartridges (Oasis HLB, Waters) and then they were dried under 

nitrogen flow before the mass spectrometry analysis. The dried samples were resuspended in water 

and 0.1%TFA. The LC-MS/MS analyses were performed using Q-Exactive HF-X Orbitrap mass 

spectrometer (Thermo Fisher Scientific) coupled to a liquid chromatographer RLSC Ultimate 3000 

(Thermo Fisher Scientific). The chromatographic separation was carried out using a PepMap RSLC 

C18 column, 75 um × 15 cm, 2 μm, 100 Å (Thermo Fisher) at a flow rate of 300 nl/min. The mobile 

phases A and B were 0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. 

The starting gradient conditions were 5% of B and 95% A. Phase B increased to 90% in 60 min. 

The mass spectrometer was set for acquiring in data dependent mode (DDA) able to select the “top 

ten” most-abundant ions for MS/MS analysis, in ESI positive ion mode.

OAg purification and characterization

O1v1 OAg was extracted from GMMA as previously described 4. Briefly, GMMA were purified 

from the 0.22 μm filtered (Stericup filters, Millipore) supernatant culture, after bacteria 



centrifugation at 5,000 x g for 45 minutes, through 2 rounds of ultracentrifugation (175,000 x g for 

2 hours at 4° C) and finally resuspended in PBS. Acetic acid hydrolysis was used to break the labile 

linkage between lipid A and KDO at the reducing end of the core region with release of OAg 

repeats attached to the core in the supernatant. Gel filtration chromatography was used to separate 

the OAg from core oligosaccharides with no OAg repeats and other impurities. Total extracted OAg 

was run on a HiPrep 16/60 Sephacryl S100 HR column (600 mm x 16 mm) (GE Healthcare). The 

mobile phase was PBS at flow rate of 0.5 mL/min. OAg was characterized by HPLC–SEC with 

differential refractive index (dRI) detection to estimate the molecular size distribution. OAg 

samples were run on a TSK gel G3000 PWXL column (30 cm x 7.8 mm; particle size 7 µm; cod. 

808021) with TSK gel PWXL guard column (4.0 cm x 6.0 mm; particle size 12 µm; cod.808033) 

(Tosoh Bioscience). The mobile phase was 0.1 M NaCl, 0.1 M NaH2PO4, 5% CH3CN, pH 7.2 at the 

flow rate of 0.5 mL/min (isocratic method for 35 min). OAg peak molecular mass (MP) was 

calculated using dextrans as standards in the range 12 - 150 kDa. Sugar content was estimated by 

High-performance Anion-exchange Chromatography with Pulsed Amperometric Detection 

(HPAEC–PAD) analysis3. Nuclear Magnetic Resonance (NMR) spectroscopy was used to confirm 

PS identity and purity. All NMR experiments were performed with a Bruker Advance 800 MHz 

spectrometer equipped with a high-precision temperature controller using a 5 mm QCI CryoProbe. 

Spectra were weighted with 0.8 Hz line broadening and Fourier-transformed. NMR spectra were 

recorded at 50.0 ± 0.1 °C. The transmitter was set at the water frequency (4.70 ppm). Suppression 

of the water signal was achieved by excitation sculpting (2 ms selective square pulse). Proton 

spectra were acquired using a 90-degree pulse duration automatically calculated and collected with 

32K data points over a 12 ppm spectral width, accumulating 128 number of scans. Spectra were 

processed by applying an exponential function to the FID with a line broadening of 0.80 Hz to 

increase the signal-to-noise ratio and then Fourier transformed. Data acquisition and processing 

were performed with TopSpin 3.5 software package (Bruker BioSpin).

KAg purification and characterization

K2 was extracted directly from Kp strain NCTC11228 by acetic acid hydrolysis. It was then 

purified through fractional precipitation with CTAB as previously reported 5. K2 was characterized 

by HPLC–SEC with dRI detection to estimate the molecular size distribution, using a TSK gel 

G3000 PWXL column (30 cm x 7.8 mm; particle size 7 µm; cod. 808021) with TSK gel PWXL 

guard column (4.0 cm x 6.0 mm; particle size 12 µm; cod.808033) (Tosoh Bioscience). K2 peak 

molecular mass (MP) was calculated using dextrans as standards in the range 50 - 410 kDa. Sugar 

content was estimated by High-performance Anion-exchange Chromatography with Pulsed 



Amperometric Detection (HPAEC–PAD) analysis 3. DNA and protein impurities were determined 

by measuring absorbance at 260 nm and through microBCA, respectively. Placing K2 in an ice 

bath, 30 cycles of sonication (VibraCell, Sonics and Materials Inc.) were performed to reduce its 

size (resulting PS is indicated as sK2). The sonication cycle consisted of 30’’ of pulses followed by 

30’’ of rest. NMR spectroscopy was used to confirm PS identity and purity, as for OAg 

characterization.

Synthesis and purification of selective MrkA glycoconjugates

OAg and KAg were conjugated to Lac-MrkA using the following selective approach. PS were 

activated with CDAP and subsequently derivatized with adipic acid dihydrazide (ADH). Briefly, 

OAg (at 5 mg/mL in water) or K2 (2 mg/mL in water) was placed in an ice bath and the solution 

brought to pH 9. Reaction with CDAP (w/w ratio CDAP/PS of 0.2 for OAg and of 1 for K2) was 

performed at 0 °C for 15 min under stirring, as previously reported 6. After 15 min, 0.25 M ADH 

was added, and reaction mixture was kept in agitation for 2 h at room temperature. Derivatized 

sugars were purified with PD10 Desalting column prepacked with Sephadex G-25 Superfine (GE 

Healthcare) to remove excess of free ADH. Conjugation reaction was performed via reductive 

amination between randomly ADH-derivatized PS and oxidized lactose moiety on MrkA. After 

protein concentration (15-20 mg/mL) and buffer exchange in 100 mM Acetate pH 4.5, Lac-MrkA 

was oxidized with 5 mM sodium periodate (NaIO4) for 30’ at 25 °C. After that, reaction was 

quenched with 10 mM Na2SO3 for 15’ at room temperature on a rotating wheel. Oxidized protein 

was added to lyophilized PS-ADH (2:1 w/w protein to PS for K2, 1:1 w/w for OAg), NaBH3CN (5 

molar excess respect to reactive aldehydes) was added for imine reduction and left ON at room 

temperature on a rotating wheel. Conjugation mixtures were purified through a first step of Size 

Exclusion Chromatography with HiPrep 16/60 Sephacryl S100 HR column (Cytiva), for O1v1 

conjugate, or HiPrep 16/60 Sephacryl S300 HR column (Cytiva), for K2 conjugate, to remove 

unconjugated protein. Isocratic Elution at 0.5 mL/min in PBS 1x was used. Pooled SEC fractions 

containing the conjugate were then loaded onto a HisTrap Fast Flow 1 mL column (Cytiva) for the 

affinity purification of the conjugate taking advantage of the HisTag present on the protein, for the 

removal of the eventual free saccharide. The column was equilibrated and washed after sample 

application with 20 mM NaH2PO4, 500 mM NaCl pH 7.4, conjugate was then eluted with 500 mM 

of imidazole. Imidazole was removed using Amicon centrifugal filters (cut-off 30 kDa) and 

exchanged again in PBS 1X. Flow-through and elution pools were characterized by microBCA to 

verify presence of the conjugate in the eluates.



Glycoconjugates characterization

Intermediates of conjugation were characterized as previously described 7. Purified conjugates were 

characterized by HPAEC–PAD analysis for sugar quantification and by microBCA for protein 

quantification, using BSA as a reference following the manufacturer’s instructions (Thermo Fisher 

Scientific); the ratio of saccharide to protein was then calculated. HPLC–SEC was used to verify 

conjugates formation and detect the presence of unreacted protein 7. OAg glycoconjugates were run 

on a TSK gel G3000 PW XL column (Tosoh Bioscience), while KAg glycoconjugates on TSKgel 

G6000PW XL and G5000PW XL columns (Tosoh Bioscience) connected in series. 

SDS‐PAGE/western blot analyses were performed on SEC fractions and on final purified OAg 

conjugates. In brief, samples were first mixed with LDS Sample Buffer supplemented with reducing 

reagent (Thermo Fisher Scientific) and heated at 100 °C for 3 min. Heated samples were then 

resolved by a 4%–12% Bis‐Tris SDS‐PAGE gel (Thermo Fisher Scientific). For SDS‐PAGE gel 

staining, the gel was stained with ProBlue Safe Stain (Giotto Biotech) for 2 h at room temperature 

with agitation, followed by three washes with deionized water to remove excess dye. The stained 

gel was then imaged by a CCD camera under white light (Chemidoc Imaging System, Bio-Rad). 

For Western blot, the resolved proteins were transferred from the SDS‐PAGE gel onto a PVDF 

membrane using the iBlot (Thermo Fisher Scientific) according to the manufacturer's instructions. 

The membrane was then blocked in 10% non‐fat milk (diluted in 1X PBS 0.05% TWEEN 20) for 1 

h at room temperature and sequentially incubated with primary antibodies and HRP‐conjugated 

secondary antibodies, both for 1 h at room temperature. Following extensive washes with 1X PBS 

0.05% TWEEN 20, the membrane was incubated with luminol-based chemiluminescent substrate 

(Thermo Fisher Scientific), and the immuno‐bands were captured by a CCD camera (Chemidoc 

Imaging System, Bio-Rad). The following primary antibodies were used: mouse anti‐His (1:2000, 

Qiagen), mouse anti-O1v1 mAb (KPE33, 1:2000), and mouse anti-MrkA mAb (KP3, 1:2000). As 

secondary antibody, rabbit anti‐mouse IgG‐HRP was used (1:5000). All antibodies were diluted in 

3% non-fat milk 1X PBS 0.05% TWEEN 20.

Immunogenicity studies in animal models

Animal studies were performed at GSK Animal Resources Centre in Siena under the animal project 

479/2017-PR 09/06/2017 approved by the Italian Ministry of Health. All animal studies were 

ethically reviewed and carried out in accordance with European Directive 2010/63/EEC and the 

GSK policy on the Care, Welfare and Treatment of Animals. In the mice study with MrkA 

conjugates, 10 female CD1 mice (4-6 weeks old) were SC immunized at day 0 and 28 at 5 μg MrkA 



dose formulated in Alhydrogel (Aluminium hydroxide at 0.7 mg/mL Al3+), while in the study in 

rabbits, 8 female New Zealand White rabbits were immunized intramuscularly at day 0 and 28 at 15 

μg MrkA dose formulated in Alhydrogel (Aluminium hydroxide at 0.7 mg/mL Al3+). Sera were 

collected at days 27 and 42. Individual animal sera were tested for anti-MrkA, anti-O1v1 and/or 

anti-K2 total IgG by enzyme-linked immunosorbent assay (ELISA) as previously described 8. 

MrkA at a concentration of 15 μg/mL, O1v1 at 0.6 μg/mL and K2 at 15 μg/mL in PBS pH 7.4 were 

used as coating antigens. Results are reported as anti-antigen specific IgG EU/mL: one ELISA unit 

is defined as the reciprocal of the standard serum dilution that gives an absorbance value equal to 1. 

Bars in the graph represent geometric mean titers and each dot results from each single animal. 

SBA analysis against Kp strain NCTC11228 (K2:O1v1) was performed as previously reported 9. 

Results of the assay were expressed as the IC50, the reciprocal serum dilution that resulted in a 50% 

reduction of luminescence and thus corresponding to 50% growth inhibition of the bacteria present 

in the assay. GraphPad Prism software (GraphPad Software, La Jolla, CA, USA) was used for curve 

fitting and IC50 determination. A titer equal to half of the first dilution of sera tested (10) was 

assigned to not bactericidal sera.

Flow cytometry 

Kp strain NCTC11679 (K61:O3) was grown ON in LB medium at 37 °C and 5% CO2. Bacteria 

were pelleted at 4000 × g for 5 min and washed with PBS. Bacteria were then blocked with PBS + 

3% (w/V) BSA for 20 min and incubated with pooled mice or rabbit sera diluted 1:500 in PBS + 

1% (w/V) BSA for one hour. After washes, samples were incubated with FITC anti-mouse IgG 

(Thermo Fisher Scientific, Waltham, MA, USA) diluted in PBS + 0.1% (w/V) BSA for 45 min at 

4°C. Finally, bacteria were fixed with 4% (w/V) formaldehyde for 20 min. Flow cytometry analyses 

were performed on a FACS Canto II flow cytometer (BD Biosciences). Results are reported as 

overlaid histograms with the relative fluorescence intensity on the X axis and the percentage of the 

maximum number of events on the Y axis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, La Jolla, CA, 

USA). The non-parametric Mann-Whitney two-tailed test and Kruskal-Wallis analysis with post-

hoc Dunn’s test were used respectively to compare two or multiple groups. Wilcoxon matched-pairs 

signed rank two-tailed test was used to compare results from the same group at different time 

points.
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