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Heparosan is an acidic polysaccharide expressed as a capsule polymer by pathogenic and commensal bacteria, e.
g. by E. coli K5. As a precursor in the biosynthesis of heparan sulfate and heparin, heparosan has a high
biocompatibility and is thus of interest for pharmaceutical applications. However, due to its low immunoge-
nicity, developing antibodies against heparosan and detecting the polymer in biological samples has been
challenging.

In this study, we exploited the enzyme repertoire of E. coli K5 and the E. coli K5-specific bacteriophage ®K5B
for the controlled synthesis and depolymerization of heparosan. A fluorescently labeled heparosan nonamer was
used as a priming acceptor to study the elongation mechanism of the E. coli K5 heparosan polymerases KfiA and
KfiC. We could demonstrate that the enzymes act in a distributive manner, producing labeled heparosan of low
dispersity. The enzymatically synthesized heparosan was a useful tool to identify the tailspike protein KfIB of
®K5B as heparosan lyase and to characterize its endolytic depolymerization mechanism. Most importantly, using
site-directed mutagenesis and rational construct design, we generated an inactive version of KfIB for the

detection of heparosan in ELISA-based assays, on blots, and on bacterial and mammalian cells.

1. Introduction

Heparosan is a natural, acidic polysaccharide belonging to the
glycosaminoglycan (GAG) family. Its dimeric repeating unit consists of
[-4-N-acetylglucosamine(GlcNAc)-al,4-glucuronic acid(GlcA)-p1-]
(DeAngelis, 2015). Heparosan is expressed by pathogenic bacteria such
as Escherichia coli K5 and Pasteurella multocida and by non-pathogenic
bacteria like E. coli Nissle 1917 (Cress et al., 2014). As a natural pre-
cursor for synthesizing heparin and heparan sulfate, heparosan is
recognized as “self’, which facilitates evasion of the host immune
response (Cress et al., 2014). Due to its stability in extracellular spaces
(Jing et al., 2017), its high biocompatibility, and its lack of immuno-
genicity, heparosan could be used as drug delivery system (Lane et al.,
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2017). Consequently, developing a toolbox for the synthesis, engineer-
ing and detection of heparosan has received much attention (Zhang
et al., 2019). So far, this toolbox contains, e.g., engineered bacteria for
the production of functionalized heparosan (Leroux & Priem, 2016;
Priem et al., 2017), bacterial polymerases for the enzymatic synthesis of
heparosan (He et al., 2022; Na et al., 2020; Otto et al., 2012; Sismey-
Ragatz et al., 2007), heparosan lyases (Clarke et al., 2000; Thompson
et al., 2010), other means to disassemble heparosan (Higashi et al.,
2011), as well as RNA-based reagents for the detection of the polymer
(Kizer et al., 2018). Especially due to the lack of immunogenicity, pro-
ducing antibodies against heparosan is difficult (DeAngelis, 2015; Kizer
et al., 2018). Thus, it is of importance to develop specific, robust and
easy-to-use reagents for the detection of heparosan in e.g. biological
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samples.

E. coli K5 contains a heparosan synthase consisting of two, separately
expressed GT-A fold enzymes named KfiA and KfiC, which are part of a
group 2 capsule expression system (Sande & Whitfield, 2021; Sugiura
et al., 2010). They are co-expressed with (i) KfiB, which is speculated to
promote membrane localization and is supposed to have a scaffolding
function (Cress et al., 2014; Hodson et al., 2000), and (ii) KfiD, a UDP-
glucose dehydrogenase responsible for providing UDP-GIcA, the sub-
strate of KfiC (Sieberth et al., 1995). Interestingly, KfiC can only transfer
GlcA to the non-reducing end of the nascent chain if KfiA is present,
whereas KfiA can catalyse single GlcNAc transfers even in the absence of
KfiC (Sugiura et al., 2010). However, information about the elongation
mechanism utilized by KfiC and KfiA (from here on referred to as KfiCA
if used together) is missing. Thus, one aim of this study was to elucidate
the mechanism of elongation and evaluate the suitability of KfiCA for the
in vitro synthesis of heparosan of different sizes.

Available means for the depolymerisation of heparosan include the
phage tailspike protein (TSP) KfIA (Clarke et al., 2000) and the putative
pro-phage derived eliminase EImA (Legoux et al., 1996). Both enzymes
have been studied biochemically (Schwarzer et al., 2007; Thompson
et al., 2010), and a crystal structure shows that KflA adopts a trimeric
single-stranded p-helix fold (Thompson et al., 2010). Some TSPs, like the
polysialic acid-degrading endosialidase of phage ®K1F (endoNF), have
different polymer binding sites distant from the catalytic center (Stum-
meyer et al., 2005). It has been shown that the catalytic center can be
deactivated without destroying the polymer binding site, which led to
the development of a detection agent for polysialic acid (Stummeyer
et al., 2005). Since the structure of KflA was obtained without polymer,
it is unknown if bacteriophage-derived heparosan lyases exploit the
same multivalent binding mode and if they can be transformed into a
detection agent for heparosan. Bacterial heparinases are useful tools for
the structural analysis of heparin and heparan sulfate (Boyce & Walsh,
2022) and can contain extended oligosaccharide binding sites (Han
et al., 2009). However, these enzymes are structurally distinct from KflIA
(Thompson et al., 2010) and, to the best of our knowledge, have not
been transformed into detection agents yet.

This study is based on the hypothesis that E. coli K5-based poly-
merases and lyases can broaden the toolbox for heparosan synthesis,
depolymerization, and detection. We generated a fluorescently labeled
oligosaccharide to characterize the elongation mechanism of KfiA and
KfiC, demonstrating that these enzymes can be exploited to synthesize
fluorescently labeled heparosan of different sizes. We further show that
the tailspike protein KfIB from the as yet undescribed E. coli K5-specific
phage ®K5B has heparosan lyase activity. We present an extensive
biochemical characterization of KflIB using natural and fluorescently
labeled heparosan as a substrate. Finally, we demonstrate that the
enzyme can be engineered to become a detection agent for heparosan.

2. Materials and methods
2.1. Materials

Enzymes were purchased from Thermo Fisher Scientific and New
England Biolabs GmbH. Recombinant DNA was isolated with QiAprep
Spin Miniprep Kit (Qiagen Inc.). An overview of bacterial strains used in
this study is given in Supplementary Table S1. The antibiotics used for
bacterial cultures were: ampicillin (100 pg/mL), carbenicillin (50 pg/
mL), chloramphenicol (20 pg/mL), kanamycin (50 pg/mL), and tetra-
cycline (15 pg/mL). The E. coli K5-specific ®K5B (isolated from sewer)
was kindly provided by Prof. Dr. Dieter Bitter-Suermann (Hannover
Medical School) and sequenced at the Institute of Clinical Biochemistry.
The sequence for KflB is provided in Supplementary Fig. S4. All primers
used for cloning are listed in Supplementary Tables S2, S3.

The following commercially available GAGs were used in this study:
Dermatan sulfate (Iduron, GAG-DS01, 41.4 kDa), chondroitin sulfate
(C6737, Sigma), heparan sulfate (Iduron, GAG-HSO1 (mixture of 9 and

35 kDa, 80 % sulfation), GAG-HS I (40 kDa, 75 % sulfation, used for
microscale thermophoresis)), heparin (Sigma/Merck, H3393), hyal-
uronic acid/hyaluronan (Dextra, PS116, 1.5-2.2 MDa), hyaluronic acid/
hyaluronan standards (Echelon Biosci, HYA-LOLAD, HYA-0025 (25
kDa), HYA-0075 (75 kDa), HYA-0200 (200 kDa)).

2.2. HPLC-based anion-exchange chromatography (HPLC-AEC)

HPLC-AEC was performed on a Prominence UFLC-XR system (Shi-
madzu) using a CarboPac PA-100 column (Dionex™; 2 x 250 mm).
Separation of the analytes was performed at 50 °C at a flow rate of 0.6
mL/min using ultrapure water as mobile phase A and 1 M NaCl as mo-
bile phase B. Unlabeled heparosan with non-reducing end A4,5 GlcA
was detected at a wavelength between 232 and 250 nm as indicated.
Heparosan labeled with 2AB was detected by fluorescence detection
(Exc. A = 330 nm, Emi. A = 420 nm). The details of the elution conditions
are described for each relevant experiment. All the samples from bac-
terial lysates were filtrated using Ultrafree™-centrifugal filter units
(Millipore; 0.22 pm; 16,000 xg, 5 min) prior to the HPLC-AEC analysis.

2.3. Cloning

2.3.1. Engineered heparosan synthases

To generate the pBAD33-based plasmid expressing untagged KfiCA
under one promoter, first kfiC from pEX-A258-kfiCs (Eurofins Genomics,
see Supplementary Fig. S2), and then kfiA from pBS-kfiA (Priem et al.,
2017) were inserted into pBAD33 via Kpnl/HindIll and Xbal/Pstl,
respectively, yielding pBAD33-kfiCA (6225, see Supplementary
Table S2). To obtain pBAD33-kfiCAB (5744), kfiB was first cloned from
PBBR-gIcAT-kfiDB (Priem et al., 2017) via Spel/Sacl into pBBR-MCS3
(Kovach et al., 1995), yielding pBBR1-MCS3-kfiB. Subsequently, kfiB
was cloned from pBBR1-MCS3-kfiB via Xhol/Pvul into pBAD33-kfiCA,
yielding pBAD33-kfiCAB (5744). A plasmid encoding KfiD (pBBRI-
MCS3-kfiD) was obtained from (Leroux & Priem, 2016) and labeled
5691.

Tagged KfiA and KfiB intended for purifications were generated as
follows: kfiA and kfiB were amplified by PCR from pBS-kfiA (Priem et al.,
2017) and pBBR1-MCS3-kfiB using primers MS05, MS02 and MS10,
MS11 (Supplementary Tables S2 and S3), respectively. The obtained
PCR products coding for KfiA and KfiB were cloned into modified ver-
sions of pMBP-S3N10-csxA-Hisg (tac) (Fiebig et al., 2014) via restriction-
free cloning (Bond & Naus, 2012). In the resulting constructs pMal-c-
Hisg-kfiA (5644) and pMal-c-MBP-S3N10-preScission-kfiB-Hisg (5668),
KfiA is N-terminally fused to a Hisg tag, and KfiB is N-terminally linked
via a PreScission cleavage site and an S3N10 linker to a maltose binding
protein (MBP), and C-terminally fused to a Hisg tag. For improved sol-
ubility, KfiC was fused with trigger factor (TF) to create a construct as
previously described (Leroux & Priem, 2016; Sugiura et al., 2010). TF
was cloned via Ndel/BamHI from pBS-Hise-TF (Leroux & Priem, 2016)
into pET28a. Subsequently, KfiC from pEX-A258-kfiCs (Eurofins Geno-
mics) was cloned via BamHI/HindIll into pET28a-Hise-TF vector,
yielding pET28a-Hisg-TF-kfiC (5822).

2.3.2. Engineered K5 lyase B and its mutants

The gene encoding KflB was amplified using the primers MM315 and
MM317 (Supplementary Table S2). The amplicon was inserted via
BamHI/Xhol into pStrep-D245EndoNF-Hisg (Schwarzer et al., 2009),
replacing D245EndoNF. The start codon (ATG) at nucleotide position
1-3 of kfiB was removed via restriction-free cloning (Bond & Naus,
2012) with the primers MS49 and MS50 (Supplementary Table S2)
generating pStrep-kfiB-Hisg (6118). pStrep-kfiB-Y229A-Hisg (6119) and
pStrep-kfiB-S505A-Hiss (6122) were generated using site-directed
mutagenesis with primers DS210, DS211 and MRO1, MRO02, respec-
tively, and 6118 as a template (Supplementary Tables S2 and S3). Single
alanine substitutions in 6112, 6113, and 6114 (F202, E206, K208A)
were introduced according to Liu et al. (Liu & Naismith, 2008) using the
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primers indicated in Supplementary Tables S2 and S3 and Strep-kfiB-
Hise (6118) as a DNA template. Additional mutations were generated
using the single mutants as DNA template. The sequence encoding eGFP-
GS24 was amplified from pET22b-Strep II-eGFP-GS24-AN-endoNF
(Kiermaier et al., 2016) with primers MS73 and MS74 (Supplementary
Table S3) and cloned into 6168 using the restriction-free cloning pro-
tocol (Bond & Naus, 2012) generating 6338. The ALFA-tag (Gotzke
et al., 2019) was introduced by restriction-free cloning into Strep-kfiB-
E206A, K208A-Hisg using the primers indicated in Supplementary
Table S2. All plasmids were propagated in E. coli XL1 Blue, and the
sequence identity of the coding sequences was confirmed by Sanger
sequencing (Eurofins Genomics).

2.4. Heparosan preparation and characterization

2.4.1. Heparosan production

Heparosan was produced using E. coli BJ transformed with plasmids
expressing KfiCAB (5744) and KfiD (5691) (see Supplementary
Table S2) as previously described by Barreteau et al. (2012) with the
following changes: The fed-batch phase started with the addition of the
continuous feeding solution (50 % glycerol and 0.5 % L-arabinose). After
30 min, isopropyl 1-thio-p-D-galactopyranoside (IPTG) was added at a
final concentration of 0.2 mM.

2.4.2. Heparosan fractionation

Heparosan (100 mg/mL) was dissolved in water and loaded on a
HiTrap Q HP column (Cytiva) preequilibrated with water. Heparosan
was eluted with 1 M NaCl using a linear gradient from 0 to 480 mM NaCl
over 40 column volumes. Fractions were collected and analyzed on 15 %
PA gel stained with Alcian blue/silver. Fractions, as indicated in Sup-
plementary Fig. S6a, were pooled, lyophilized, dialyzed (Zellu Trans,
Roth, 10 kDa MWCO) against water, and lyophilized again.

2.4.3. Heparosan characterization by HPAEC-PAD

HPAEC-PAD was performed on an ICS 5000 system (Dionex, Thermo
Fisher Scientific) equipped with a CarboPac PA200 column (Thermo
Fisher Scientific). Samples were separated at 30 °C with a flow rate of
0.5 mL/min using mobile phases M1 (100 mM NaOH), M2 (100 mM
NaOH, 1 M NaOAc), M3 (H,O) and M4 (500 mM NaOH) and the
following gradient: Step 1, 0-5 min, 24 % M2, 76 % M1; Step 2, 5-45
min, 24-64 % M2, 76-36 % M1; Step 3, 45-60 min, 64-79 % M2, 36-21
% M1; Step 4, 60-102 min 79-100 % M2, 21-0 % M1. The column was
washed for 5 min with 100 % M4 and equilibrated for 10 min with 24 %
M2 and 76 % M1.

2.5. Preparation of the fluorescently labeled K5 oligosaccharide acceptor

2.5.1. Production of intracellular K5-derived oligosaccharides
Generation, extraction, and purification of heparosan oligosaccha-
rides were performed according to a previously published protocol
(Barreteau et al., 2012) with the following changes. The acidic super-
natant was neutralized with the Amberlite FPA66 anion-exchange free
base (Sigma-Aldrich), and the centrifugation step (30 min, 7000 rpm)
was repeated to remove the resin. Generated oligosaccharides were
detected by a thin layer chromatography-based protocol developed by
Zhang et al. (2007). In the final step, oligomers were separated by size
exclusion chromatography with a Hiload Superdex S30x3 column (26 x
600 mm, GE Healthcare) with 0.1 M ammonium carbonate at a flow rate
of 1.2 mL/min as a mobile phase. The appropriate fractions of oligomers
were pooled, concentrated in vacuo, and lyophilized, yielding heparosan
oligomers with a degree of polymerization (DP) from 2 to 12.

2.5.2. Fluorescent labeling of the K5 oligosaccharide acceptor

Heparosan decamer 1 underwent treatment with mercury (II) acetate
as described by Ludwigs et al. (1987). The solution was passed through a
column filled with Dowex 50 W-X8 (H" form; Sigma-Aldrich). The

filtrate was lyophilized to give a white, solid product 2. Compound 2
was labeled using 2-aminobenzamide (2AB) according to a published
protocol (France et al., 2000) with the following changes: the crude
product was precipitated with cold acetone and centrifuged (4 °C, 20
min, 4000g). The supernatant was discarded, and residues were
neutralized with 1 M HCl for 1 h at room temperature under stirring. The
reaction mixture was concentrated in vacuo. The crude product was
purified by silica chromatography (acetonitrile/water = 9:1 = 0:1) to
give a yellowish solid 3.

2.6. Protein expression and purification

2.6.1. Expression and purification

Overnight bacterial cultures (E. coli M15[pREP4] for 5644, 5668;
BL21(DE3) for 5822, and all KflB constructs) were grown in PowerBroth
(Athena Enzyme System) supplemented with carbenicillin (pKfiA, pKfiB,
and all KfIB constructs) or kanamycin (pKfiC) at 37 °C until an optical
density (ODgoo) of ~1.0 was reached. After cooling at 4 °C for app. 30
min, expression of pKfiCAB and KfIB constructs was induced by 0.1 mM
IPTG and 0.5 mM IPTG, respectively. Bacteria were harvested after
overnight incubation at 15 °C. Cells expressing pKfiCAB were lysed by
sonication on ice in buffer A (50 mM Tris, pH 8.0, 500 mM NacCl, 10 mM
imidazole), while KfIB proteins were sonicated on ice in buffer W (100
mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA). Both buffers contained
EDTA-free protease inhibitors (complete EDTA-free, Roche). The sus-
pension was sonicated (Sonifier 450, Branson) 10-12 times at a 30 %
amplitude for 30 s on ice with 30 s cooling on ice in between each
sonication step. The resulting lysates were centrifuged for 3 min at
16,000 x g. Soluble fractions containing pKfiCAB were loaded on His
Trap HP columns (1 mL; GE Healthcare) and gradually eluted with
buffer B (50 mM Tris, pH 8.0, 500 mM NaCl, 500 mM imidazole; linear
elution with 50-500 mM imidazole over 20 min). Recombinant KfIB
proteins were purified using StrepTactin columns (IBA) and eluted ac-
cording to the manufacturer's instructions.

2.6.2. Size-exclusion chromatography (SEC)

Proteins were concentrated by centrifugation using centrifugal de-
vices (Amicone, Millipore). The concentrated sample was loaded onto a
Superdex 200 HR 10/30 column (Amersham Biosciences). Column
equilibration and elution were performed with 10 mM Tris-HCI, pH 8.0,
50 mM NaCl, 1 mM DTT at 0.5 mL/min. SEC of Strep-KfIB-E206A,
K208A intended for fluorescent labeling was performed in phosphate-
buffered saline (PBS).

2.7. Elongation of the K5 oligosaccharide acceptor — fluorescent
heparosan

Non-tagged KfiCA (6225) were expressed in BL21(DE3) (Supple-
mentary Table S2) and grown in PowerBroth with chloramphenicol se-
lection. The procedure was similar to the expression of tagged proteins,
with the following changes: expression was induced at ODgoo = 0.5 with
L-arabinose (Roth) at the final concentration of 0.1 %. A 1 mL aliquot of
bacterial culture with ODggo = 2.0 was centrifuged and the obtained
pellet was washed four times with buffer C [100 mM Bis-Tris (Sigma),
pH 6.5, 5 mM NaCl]. Next, the pellet was resuspended in buffer C con-
taining 0.1 mg/mL lysozyme (Serva) and EDTA-free protease inhibitors
(complete EDTA-free, Roche). After 10 min of incubation in the lysis
mixture, cells were lysed by three cycles of sonication (Sonorex soni-
cator, Bandelin, duty cycle: constant; output control: 5; timer: hold) in a
cooled sonication bath for 45 s with at least 1 min cooling on ice in
between each sonication step. The soluble fraction was used in in vitro
assays. To elongate 3 pM of the K5 oligosaccharide acceptor, 80 pL of
expressed non-tagged KfiCA or 4 uM of tagged, purified proteins (pKfiC,
pKfiA and if indicated pKfiB) were used in a total reaction volume of 1
mL or 100 pL, respectively. The reaction mixture was supplemented with
1 mM uridine diphosphate N-acetylglucosamine [UDP-GIcNAc (Sigma-
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Aldrich)], uridine diphosphate D-glucuronic acid [UDP-GlcA (Sigma-
Aldrich)], 1 mM dithiothreitol [DTT (Sigma)] and 15 % glycerol (Sigma)
in a buffer comprising 250 mM Bis-Tris pH 6.5, 25 mM NaCl and 10 mM
MgCly. The reaction was incubated at 37 °C for the indicated time
points. Enzymes were inactivated by incubation at 70 °C for 20 min, and
the precipitate was removed by centrifugation (16,000 xg, 5 min). The
samples (25 pL) were analyzed by HPLC-AEC coupled to fluorescence
detection (Exc. A = 330 nm, Emi. A = 420 nm). The chromatograms
(Fig. 2B, C) were recorded using a —3 curved gradient from 0 to 20 % of
mobile phase B (see 2.2) over 5 min, followed by a linear gradient from
20 to 52 % of mobile phase B over 39 min. The gradient was calibrated
using Select-HA™™ 25 k, Select-HAT™ 75 k and Select-HA™ 200 k (tebu-
bio GmbH, see 2.1).

2.8. K5 lyase B activity assays

2.8.1. Activity

KflB constructs (0.2-2 pM) were incubated with 2.8-10 pg/pL of
heparosan in assay buffer (25 mM Tris-HCl, pH 8.0, 50 mM NaCl) with 1
mM DTT at 37 °C. Samples (18-20 pL) were taken as indicated (Fig. 4B,
D) and immersed in liquid nitrogen or incubated at 80 °C for 20 min to
stop the reaction. Analysis was carried out using HPLC-AEC coupled to
UV detection (A = 250 nm). Separation was achieved using a 16 % linear
gradient of mobile phase B over 7 min, followed by a —1 curved gradient
from 16 to 30 % over 30 min, and a +1 curved gradient from 30 to 50 %
over 6 min. Moreover, samples were analyzed via Alcian blue/silver
staining after PAGE (Fig. 4A, C, Fig. 8).

KfIB wt (1 nM) was added to 185 pL of the overnight heparosan
synthesis reaction shown in Fig. 2B and described in 2.7, and supple-
mented with water to a total volume of 200 pL. The reaction mixture was
incubated at 37 °C, samples (20 pL) were taken at the indicated time
points, incubated at 80 °C for 20 min to stop the reaction, and analyzed
via HPLC-AEC coupled to fluorescence detection as described in 2.7.

2.8.2. The minimal length of the KfiB substrate

Heparosan oligosaccharides (DP = 4, 6, 8, 10; 10 ug/pL) were
incubated at 37 °C overnight in the assay buffer with 1 pM of KfIB wt in a
total reaction volume of 80 pL. Samples (4-8 pL) were analyzed via
HPLC-AEC coupled to UV detection (A = 232 nm) using a 30 % linear
gradient of mobile phase B (from 3 to 14 min).

2.8.3. KfiB specificity determination

To determine KfIB substrate specificity, 1 mg/mL of a substrate as
indicated was incubated with 4.5 pM KfIB wt in a total volume of 25 pL
at 37 °C. Samples were taken after half an hour, two hours, and over-
night incubation. The reactions were stopped by immersion in liquid
nitrogen, and polymers were visualized by Alcian blue/silver staining
after PAGE.

2.9. Labeling of an inactive KfiB

Purified Strep-KfIB-E206A, K208A (6168) (73.3 pL, 3.13 nmol, 1
equiv.) in PBS was mixed with IR Dye 800CW NHS Ester (1.1 pL, 9.4
nmol, 3 equiv.; LI-COR Biosciences) in DMF and incubated at 4 °C for 15
h. The non-reacted dye was removed with Zeba™ Dye and Biotin
Removal Spin Columns (ThermoFisher Scientific) according to the
manufacturer's guidelines. The obtained fluorescently labeled protein is
referred to as iKfIB IR800.

2.10. Detection of GAGs using iKfiB

A sample of an engineered heparosan-producing strain was prepared
as described in 2.4. E. coli K1, E. coli K5, and E. coli BJ (selected with
tetracycline) (Supplementary Table S1) were cultivated overnight in
PowerBroth at 37 °C. Liquid bacterial cultures (ODggp = 2.6) were
transferred (80 pL, 40 pL and 20 pL) onto a nitrocellulose membrane and

air-dried. Subsequently, membranes were incubated in Intercept® (PBS)
Blocking Buffer (BB, LI-COR Biosciences) and PBS at a ratio of 1:2 at 4 °C
overnight. Heparosan was directly detected using iKfIB IR800 [1:3000 in
BB:PBS (1:2)]. If Strep-eGFP-GS24-iKfIB (6338) [20 pg/mL in BB:PBS
(1:2)] was used for detection, additional incubation steps with Avidin [2
pg/mL in BB:PBS (1:2) for 10 min; (Sigma-Aldrich)] and Strep-Tactin IR
800CW (1:2000) were performed. Each incubation was performed at
room temperature for 1 h (unless stated otherwise) with orbital shaking
at 13 rpm. The membrane was washed four times with 0.1 % Tween® 20
in PBS (PBS-T) after each incubation with detection agents. For visual-
ization, membranes were scanned using an Odyssey® infrared imaging
system (LI-COR Biosciences).

For the detection of purified GAGs, 1 pg of commercially available
GAGs (see 2.1) as indicated and 0.48-15.4 pg of unfractionated hepar-
osan were spotted onto a nitrocellulose membrane and the membrane
was air-dried. Blocking and detection was achieved as described above
with the difference that 15 pg/mL (180 nM) of 6338 was used.

For electro-transfer blotting, 5 pg of GAGs were separated using
PAGE as previously described (Litschko et al., 2021) and then trans-
ferred on a Hybond XL membrane (GE Healthcare, 2 mA/cm? of mem-
brane) for 1 h. The membrane was air-dried for 20 min, blocked with 2
% skimmed milk in PBS over-night at 4 °C, and washed with BB:PBS
(1:2) for 40 min. Detection was performed with 6338 (20 pg/mL in BB:
PBS (1:2)) for 1 h at RT. The membrane was washed 3 x for 10 min with
0.1 % of PBS-T, 1x with water, before secondary detection and visual-
ization was performed using Strep-Tactin IR800 as described above. A
size estimation of the stained heparosan was achieved using the Select-
HAT™ Lo-Ladder marker (tebu-bio GmbH, see 2.1).

The determination of an ECsg for the binding of 6338 to immobilized
heparosan was performed using an ELISA-based assay adapted from
Schwarzer et al. (2009). ELISA plates (96-well, MaxiSorp, Thermo-
Scientific) were incubated with 50 ng of unfractionated heparosan dis-
solved in 50 pL of PBS over-night at 4 °C. Blocking solution (100 pL of 1
% BSA (Sigma Aldrich), 0.05 % PBS-T) was added to each well for 1 h at
RT and subsequently removed by washing with 200 pL of PBS. Construct
6338 (19-25 pg/mL in 50 pL blocking solution) was added for 1 h at RT
and subsequently unbound 6338 was removed by washing 3x with 200
uL of 0.1 % of PBS-T. Detection of the Strep-tag II in 6338 was achieved
with StrepTactin® coupled to horseradish peroxidase (StrepTactin®
conjugate, IBA, 1:4000 dilution in 50 pL of blocking solution, 1 h at RT).
Unbound StrepTactin® conjugate was removed by washing with PBS-T
and PBS (3x each, 200 pL) prior to development with ABTS (2,2-Azino-
di[3-ethylbenzthiazolinsulfonat, Boehringer) according to the manu-
facturer's guidelines. Normalized absorption (405 nm) averaged from 3
to 9 experiments was plotted against iKfIB concentration and hyperbolic
fits to the data were used to calculate ECsy values (Origin 2020b soft-
ware, OriginLab Corporation). The error bars report standard deviation.

2.11. Microscale thermophoresis

The interaction of unfractionated heparosan, fractionated heparosan
(F31-35, see Supplementary Fig. S6), hyaluronan and heparan sulfate
with iKfIB was assessed by microscale thermophoresis (Wienken et al.,
2010). The fluorescence signal of eGFP fused to iKfIB was used to follow
complex formation and movement of complexes in the applied tem-
perature gradient. Microscale thermophoresis was performed in pre-
mium glass capillaries (NanoTemper Technologies, Monolith NT.115,
#MO-K025), loaded with 20 nM of eGFP-iKfIB and increasing concen-
trations of the aforementioned ligands in assay buffer (25 mM Tris pH
8.0, 50 mM NacCl) with 0.05 % Tween-20. Thermophoresis was induced
with infrared-laser power set to 60 %. eGFP fluorescence was excited
with the blue LED channel at 100 % power on a Monolith NT.115Nano
device (NanoTemper Technologies). Normalized thermophoresis fluo-
rescence averaged from 3 to 4 experiments was plotted against ligand
concentration and hyperbolic fits to the data were used to calculate KD
values (Origin 2020b software, OriginLab Corporation). The error bars
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report standard deviation.
2.12. Staining of CHO cells

Chinese Hamster Ovary (CHO) cells and pgsA745 mutant cells
(AXylT2) (Esko et al., 1985) were grown on coverslips for 2 days. After
brief washing in PBS, the cells were fixed in 4 % paraformaldehyde in
PBS for 30 min. Cells were blocked with 0.1 % BSA in PBS and stained
using Strep-eGFP-iKfIB (6338, 1 pg/mL) and mouse monoclonal anti-
body 10E4 (2 pg/mL, Amsbio), for which Alexa-Fluor-568 goat-anti-
mouse IgM (2 pg/mL Invitrogen) was used as secondary antibody, in PBS
with 0.1 % BSA. Cells were stained for 5 min in 1.25 pg/mL Hoechst
33258 in PBS and transferred to microscope slides with DAKO fluores-
cence mounting medium. Images were acquired using a Zeiss Axio
Observer Z1 microscope using a 63 x oil objective. Exposure times were
equal for WT and mutant CHO cells, 0.2 s for the blue (Hoechst 33258),
4 s for the green (GFP) and 0.2 s for the red (Alexa 568) channel.

3. Results
3.1. Generation of a fluorescently labeled heparosan oligomer

Our first aim was to investigate if the K5 heparosan synthases, KfiA
and KfiC, can generate fluorescently labeled heparosan of low dispersity
and different sizes starting from a fluorescently labeled oligomeric
acceptor. To produce such an acceptor, we exploited a previously
described E. coli K-12 derivative, which produces short heparosan
oligomers by expressing the K5 capsule biosynthesis genes together with
the heparosan lyase elmA (Barreteau et al., 2012) (Supplementary
Table S1). EImA depolymerizes heparosan by catalyzing a p-elimination
reaction at C-4 of GlcA, which cleaves the glycosidic bond and yields a
A4,5-unsaturated GlcA moiety at the non-reducing end of the poly-
saccharide chain. The introduced double bond allows product detection
at A = 232-250 nm and enabled us to monitor the size fractionation of
the oligosaccharides by SEC (Fig. 1A-C). Mass spectrometry (Supple-
mentary Fig. S1) was used to determine the chain length of the obtained
K5 oligosaccharides (Fig. 1C). The K5 A-decamer 1 (K5 oligosaccharide
decamer carrying a A4,5-GlcA moiety) was the dominant species in the
mixture (see Fig. 1C), was likely of sufficient size for enzymatic
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chromatogram of the harvested K5 oligosaccharides and (C) corresponding size exclusion chromatogram. (D) Schematic representation of the strategy utilized to
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elongation (Chen et al., 2006; Sugiura et al., 2010) and was thus chosen
as a substrate for introducing a fluorescent label (Fig. 1D). To transform
1 into an oligosaccharide that is accessible for the enzymes, we selec-
tively removed the A4,5-GlcA moiety in the presence of mercury (II)
acetate (Ludwigs et al., 1987). This yielded the corresponding K5 non-
amer 2, which carries a GIcNAc moiety at the non-reducing end. The
reducing end of compound 2 was subsequently labeled with 2AB,
resulting in the K5 nonamer 3. The identity of 3 was confirmed by mass
spectrometry (Supplementary Fig. S1).

3.2. Investigation of the elongation mechanism of untagged KfiA and KfiC

To utilize KfiA and KfiC for biotechnological purposes, the enzymes
should ideally elongate 3 in a distributive way. A hallmark of distribu-
tive elongation is a product population of low dispersity growing in size
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over time. In contrast, processive elongation yields long products at
early time points of the reaction, and the dispersity is comparably high
(Budde et al., 2020; Fiebig et al., 2018; Yakovlieva & Walvoort, 2020).

To characterize the elongation mechanism of KfiA and KfiC, we co-
expressed both enzymes in E. coli using an arabinose-inducible system
(pBAD, Supplementary Table S2 and S3). We used untagged proteins to
exclude a possible interference of artificial peptide sequences with the
elongation mode. The fluorescent tag on compound 3 enabled us to
monitor KfiCA activity in the soluble fraction of bacterial lysates, mak-
ing tag-based affinity purification dispensable. Using HPLC-based anion-
exchange chromatography (AEC), we observed the elongation of 3 in the
presence of UDP-GlcA and UDP-GlcNAc (Fig. 2A) in a time-dependent
manner. Product sizes increased over time, yielding a Gaussian-shaped
product population with low dispersity, indicating distributive elonga-
tion (Fig. 2B). This agrees with reports describing the elongation
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Fig. 2. Elongation of the 2AB labeled K5 nonamer and detection of products using HPLC-AEC (see 2.2 and 2.7). (A) Schematic representation of the reaction. (B, top
chromatogram) Time-course of the elongation of K5 nonamer-2AB (3) by non-tagged KfiCA obtained from expression culture lysates. (C, top chromatogram)
Elongation of the K5 nonamer-2AB (3) by tagged and purified pKfiCA, pKfiCAB, and non-tagged KfiCA (from panel B) after overnight incubation. (B, C, bottom
chromatograms) Commercially available hyaluronan standards (Select-HA™™ 25 k, Select-HA™ 75 k and Select-HA™™ 200 k) ranging in size between 18 and 33 kDa,
68-83 kDa and 180-220 kDa, respectively, were used to calibrate the HPLC-AEC gradient. Heparosan polymers generated by KfiCA overnight elute later than
hyaluronan polymers with a My of 220 kDa. The signal intensity of all three chromatograms was decreased for illustrative purposes.



M. Sulewska et al.

mechanism of homologous GAG polymerases from Pasteurella multocida
(Jing & DeAngelis, 2004; Sismey-Ragatz et al., 2007). After overnight
incubation, heparosan polymers with an average molecular weight
(avMw) > 220 kDa could be detected (Fig. 2B).

3.3. Evaluating tagged and purified KfiA and KfiC constructs for the
synthesis of heparosan

Besides size control, one of the essential advantages of the enzyme-
based in vitro production of heparosan is the purity of the catalysts
and substrates, which reduces the effort for downstream processing of
the polymer (DeAngelis et al., 2013). To enable enzyme purification,
KfiA and KfiC were cloned as tagged fusion constructs with an N-ter-
minal hexa-His-tag, and as a fusion protein with the chaperone trigger
factor (TF), respectively, forming the previously described constructs
(Sugiura et al., 2010) Hisg-KfiA and Hisg-TF-KfiC (hereafter referred to
as pKfiA (5644) and pKfiC (5822), see Supplementary Table S2 and
Supplementary Fig. S2). pKfiA and pKfiC could be enriched from
expression culture lysates with a yield (1.2 mg/L culture and 12.8 mg/L
culture, respectively) and purity sufficient for subsequent experiments
(Supplementary Fig. S3A, Supplementary Table S4). The acceptor 3,
ending with GlcNAc, allowed us to confirm that pKfiC was only active in
the presence of pKfiA (Sugiura et al., 2010) (Supplementary Fig. S3B)
and that both purified enzymes act in concert as polymerases. However,
a direct comparison between the chain length achieved with pKfiCA, and
the products synthesized by non-tagged constructs from culture lysates,
demonstrated that the latter produced considerably larger chain lengths
(Fig. 2C).

Since KfiB has previously been reported as a scaffolding factor (Cress
et al., 2014; Hodson et al., 2000; Zhang et al., 2012), we hypothesized
that it might stabilize KfiA and/or KfiC, promoting the production of
longer heparosan chains. Therefore, we cloned and purified (5.2 mg/L)
MBP-KfiB-Hisg, in which KfiB was fused to maltose binding protein
(Supplementary Fig. S3A). However, we could not observe the produc-
tion of longer chains in the presence of pKfiB (Fig. 2C).

The reason for the impaired ability of pKfiCA to produce long chains
is currently unclear. In case of the capsule polymerase of Neisseria
meningitidis serogroup B, stability and activity issues of the recombinant
epitope-tagged enzyme have been successfully addressed by directed
evolution (Keys et al., 2012; Keys et al., 2014). This involved the
expression of large enzyme libraries and the application of a
polysaccharide-specific antibody for product detection. So far, however,
the low immunogenicity of heparosan impeded the generation of se-
lective, high-affinity antibodies (DeAngelis, 2015; Kizer et al., 2018),
and anti-K5 antibodies that were available to us cross-react with ubiq-
uitous surface molecules (Peters et al., 1985). To fill the current gap in
heparosan-specific detection tools, we characterized a phage-borne
heparosan-degrading enzyme, eliminated its catalytic properties and
transformed it into a heparosan-binding protein.

3.4. Expression and purification of the ®K5B tailspike protein KfIB

Partial sequencing of the genome of ®K5B, a so far uncharacterized
E. coli K5-specific bacteriophage, revealed an open reading frame (ORF,
Supplementary Fig. S4) that shows sequence similarity to known hep-
arosan lyases. The respective gene product, which we termed KfIB,
shares 97.9 % sequence identity with the K5-lyase from ®K1-5 (Gen-
Bank AAG59821.1 (Scholl et al., 2001)), 98.3 % sequence identity with
the revised sequence of the K5-lyase KfIA from ®K5A (CAA71133.2,
(O'Leary et al., 2013)), and 56.6 % sequence identity to ElImA from E. coli
K5 (CAA65353 (Legoux et al., 1996)). Like these previously described
K5-lyases, KfIB encompasses a C-terminal sequence stretch with
sequence similarity to the C-terminal, intramolecular chaperone domain
(CTD) found in endosialidases (endoN) and several other bacteriophage
tailspike, tail fibre and neck appendage proteins (Schulz et al., 2010;
Schwarzer et al., 2007). To investigate if KfIB can be expressed as a

recombinant protein in E. coli, the ORF was amplified and cloned with N-
terminal Strep II and C-terminal Hise-tag (Fig. 3A). In parallel, we
designed a construct (KfIB-S505A) to target the catalytic serine (S505)
most likely involved in the autocatalytic cleavage of the CTD of KfIB
(Fig. 3B). KfIB wt and KfIB-S505A were expressed in E. coli BL21(DE3),
purified via affinity chromatography, and analyzed using SDS-PAGE and
Western blotting (Fig. 3C, D). Since TSPs can be SDS-resistant (Miih-
lenhoff et al., 2003), samples were analyzed with (+) and without (—)
denaturation (95 °C for 5 min) prior to SDS-PAGE. Denatured KfIB wt
migrated with the expected molecular weight of a mature monomer (54
kDa), while the shift of KfIB-S505A was consistent with a retained CTD
(16 kDa). The Hise-tag (Fig. 3D, red channel) located at the C-terminus
of the CTD was only detectable by Western Blot in KfIB-S505A,
corroborating that S505 is required for the autocatalytic loss of the
CTD. When the denaturation step was omitted, species of higher mo-
lecular weight (~150 kDa and ~130 kDa for KfIB wt and KfIB-S505A,
respectively) were detectable by Coomassie-staining but not visible in
the corresponding Western blot directed against the N-terminal Strep-
tag II (compare Fig. 3C, yellow box, with Fig. 3D, green channel, 150
kDa), suggesting that the N-terminal tag might be buried inside an
enzyme complex. The increased apparent molecular weight is consistent
with KfIB wt forming a homotrimer and agrees with the observation of a
trimer in the crystal structure of KflA (Thompson et al., 2010). As
observed for the S991A mutant of endoNF (Schwarzer et al., 2007), the
retained CTD impacts trimer formation and thus migration of KflB-
S505A during PAGE.

3.5. KfiB is a heparosan lyase

We investigated if KfIB exhibits heparosan lyase activity. Heparosan
from metabolically engineered E. coli BJ (Barreteau et al., 2012; Leroux
& Priem, 2016) was purified, fractionated, characterized (Supplemen-
tary Fig. S6), incubated with KflB, and samples were taken at different
time points. To elucidate if the presence of the CTD impacts enzyme
activity, we included KflIB-S505A in the experiment. Products were
separated and visualized on a PA (polyacrylamide) gel stained with
Alcian blue/silver (Fig. 4A, C) and using an HPLC-based anion-exchange
chromatography (AEC) assay with UV detection (Fig. 4B, D). Both assays
demonstrated that the constructs were active, which agrees with earlier
studies showing that the loss of the CTD of TSPs is not required for
maturation into an active enzyme (Miihlenhoff et al., 2003; Schwarzer
et al., 2007).

Interestingly, KfIB leaves a mixture of four short oligosaccharide
products as detected by HPLC-AEC (Fig. 4B, D). Thus, we investigated
the minimal substrate size of KfIB using the oligosaccharides shown in
Fig. 1C. The K5-derived tetramer (n = 1, see Fig. 1A), hexamer (n = 2),
octamer (n = 3) and decamer (n = 4) were incubated in the presence of
KflB wt. HPLC-AEC (Fig. 5) demonstrated degradation of the deca-, octa-
, and hexamer into mixtures of shorter oligomers, while the tetramer
remained unchanged. Therefore, we concluded that the minimal length
of the substrate for KfIB would be a hexamer (n = 2, see Fig. 1A). These
results are in agreement with published literature that reported hex-
aoctamers of heparosan as a minimal substrate for KflA (Murphy et al.,
2004; O'Leary et al., 2013).

3.6. Analyzing the degradation mode of KfIB using 2AB-K5 heparosan as
substrate

It is still a matter of debate if heparosan lyases utilize an exolytic
(exo) or an endolytic (endo) mode of degradation (Hanfling et al., 1996;
Murphy et al., 2004; O'Leary et al., 2013; Thompson et al., 2010). The
2AB-labeled heparosan generated by KfiCA (see Fig. 2B) was of high
molecular weight and low dispersity, enabling us to investigate the
mode of action of KflB. An ideal exo lyase would cleave off small unla-
beled fragments of the non-reducing end (which faces away from the
bacterial membrane in the in vivo situation (Sande & Whitfield, 2021;



M. Sulewska et al.

A

KfiB

wildtype, wt S505A

Fig. 3. Recombinant expression of
KflB. (A) Schematic representation of
KflB wild-type and KfIB-S505A. (B)
Partial multiple sequence alignment of
tailspike proteins harboring a C-termi-
nal chaperone domain (CTD). From the

S505A

ISSOS
I

Strep II-| 54 kDa 16 kDa_|-His, Strep I1-[

54kDa 16kDa |His,

B

0K5B
OK5A

E. coli K5
OK1-5
oK 1-5

¢Salmonella GEC_vB-N5

C D
KfiB
X QLDY’
< S5
Temp. + -+ -
kDa _.I.\,/[:T e Z I —
250 -
g S
75 |- et r
50 [N -
37 S
g |
20

Willis et al., 2013; Yan et al., 2020)) of 2AB-K5 heparosan, resulting in a
population of polymers that slowly decreases in size over time. In
contrast, an ideal endo lyase would cut the polymer at random locations
without bias, leading to a broad product spectrum of labeled and unla-
beled products with short oligomers present from the start and accu-
mulating at later time-points of the reaction. The KflB-catalyzed
degradation of 2AB-K5 heparosan was monitored using HPLC-AEC with
fluorescence detection (Fig. 6), demonstrating that the starting material
disappeared rapidly, leaving products of high dispersity, which were
further degraded over time. These observations are in very good
agreement with an endolytic mode of action.

3.7. Characterization of KfiB substrate specificity

The development of molecular tools for engineering GAGs is of great
interest (DeAngelis et al., 2013; Miller et al., 2014). GAGs are very stable
and require harsh conditions to undergo chemical degradation, whereas
enzymatic degradation is performed under mild conditions, represent-
ing an appealing alternative (Bohlmann et al., 2015; Miller et al., 2014;
Murphy et al., 2004). Consequently, we investigated if KfIB was capable
of degrading other GAGs. KfIB wt was incubated with heparosan
(unfractionated, Supplementary Fig. S6), and commercially available
hyaluronan, heparan sulfate, chondroitin sulfate, and dermatan sulfate
(see 2.1 for details). Products were analyzed using PAGE combined with
Alcian blue/silver staining (Fig. 7). As expected, heparosan was
completely degraded already after 0.5 h. Hyaluronan, chondroitin sul-
fate, and dermatan sulfate, which are structurally different from hep-
arosan (DeAngelis et al., 2013), were resistant to KflB digestion.

KfiB 501 FTVVSDARDKTEPLIISDALLDAWSEVDFVQFQYLDRIEEKGA
KflA 502 FTVTSDARCKTEPLTISDALLDAWSEVDFVQFQYLDRVEEKGA
Elma 671 FTVLSDARFKTAPEVIDEKILDAWERVEWVSYQYLDRIEVKGK
K5 lyase 501 FTVTSDARCKTEPLTISDALLDAWSEVDEFVQFQYLDRVEEKGA
endoN 702 PVTTSDADHKYSISSINTKVLKAWSRVGFKQYGLNSEAER---
¢T5 LTF 1260 TINTSDARLKNDVRAMSDPETEAAKAIAKEIGFWTWKEQADMN
LTF 1261 TINTSDARLKNDVRAMSDPETEAAKAIAKEIGFWTWKEQADMN

left: the origin of the protein, name of
the protein, number of the first residue
included in the alignment, and amino
acid sequence. The conserved serine
residue is marked in bold. The scissors
(SerAsp) indicate the proteolytic
cleavage site. The multiple sequence
alignment was generated by Clustal 2.1
using proteins of the following acces-
sion numbers (European Nucleotide
Archive database): CAA71133 (KflA),
CAA65353 (Elma), AAG59821 (K5
lyase), AAG59822 (endoN), CAJ29339
(L-shaped tail fibre protein LTF of
coliphage T5), QPI15176.1 (Long tail
fibre LTF of the salmonella phage
GEC_vB_N5). (C) Gel from SDS-PAGE
stained with Coomassie Brilliant Blue
G-250 (Roth) showing purified Strep II-
KflIB wt and Strep II-KfIB-S505A. The
whole gel is shown in Supplementary
Fig. S5. The SDS-resistant complex of
Strep II-KfIB wt is marked by an orange
box. (D) Corresponding Western Blot
analysis. Strep II-tag (green channel),
Hise-tag (red channel). M — marker, T -
temperature, “+” — denatured samples.
(For interpretation of the references to
colour in this figure legend, the reader
is referred to the web version of this
article.)

Heparan sulfate was slightly degraded within half an hour of incubation,
but longer incubation times did not change the product profile. It is
tempting to speculate that heparan sulfate is a substrate for KfIB due to
its structural similarity to heparosan (see Discussion) (Chen, Li, et al.,
2013; DeAngelis et al., 2013).

3.8. Identification of KfIB's active center

Stummeyer et al. demonstrated the possibility of transforming the
TSP endoNF into a polysialic acid detection agent (Stummeyer et al.,
2005). Active site mutations led to the loss of endosialidase activity,
while the resulting constructs retained their affinity towards polysialic
acid, most likely via a separate binding site present in the stalk domain
of this enzyme (Schwarzer et al., 2009; Stummeyer et al., 2005).
Therefore, we investigated if KfIB can be transformed into a heparosan
detection agent. Thompson et al. determined catalytically essential
residues in KflA based on its apo structure (Thompson et al., 2010). A
multiple sequences alignment identified F202, E206, K208, and Y229 as
corresponding residues in KfIB (Fig. 8A). Using site-directed mutagen-
esis, we introduced single or double amino acid exchanges to alanine in
KflB, purified the resulting constructs (Supplementary Fig. S5) and
analyzed their activity towards heparosan in an overnight reaction.
Heparosan was included as a control in the absence of the enzyme. The
reactions were analyzed by Alcian blue/silver stained PAGE (Fig. 8B). As
expected, incubation with KfIB wt led to the complete degradation of
heparosan. Surprisingly, all single amino acid exchange mutants showed
residual activity (Fig. 8B, compare product profile to heparosan control).
Activity of double amino acid mutants was drastically reduced (Fig. 8B).
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,,,,,,,,,,,,,,, GS24 linker (Chen, Zaro, & Shen, 2013) was introduced in 6223 be-

Fig. 5. The minimal substrate for KflB. Heparosan oligomers in the presence
and absence of KfIB after overnight incubation. Products were analyzed via
HPLC-AEC coupled to UV detection (see 2.8.2). The identity of the starting
material was confirmed by MS analysis (Supplementary Fig. S1).

To better evaluate the extent of remaining activity in constructs with one
and two amino acid exchanges, KflB wt, KfIB-E206A and KfIB-E206A,
K208A were incubated with unfractionated heparosan and lyase activ-
ity was monitored over-time by following the degradation of heparosan
using PAGE followed by Alcian blue/silver staining (Fig. 8C-E). During
the first 3 h of the reaction, heparosan was slightly reduced in size by
KfIB-E206A (Fig. 8D). In contrast, the size of heparosan was not affected
by the presence of KfIB-E206A, K208A during that timespan (Fig. 8E),
emphasizing that the lyase activity of the construct is sufficiently
reduced for its use in e.g. blots or ELISA assays, for which incubation
times are usually shorter than 3 h (see methods).

tween the ALFA-tag and the enzyme's N-terminus to further expose the
tags; (IV, 6338) KfIB was N-terminally fused to Strep II-eGFP-GS24
(enhanced green fluorescent protein) for better exposure of the Strep-
tag II and to enable detection via green fluorescent protein if required;
(V) iKfIB (construct 6168) was directly labeled with a fluorescent dye
yielding iKfIB-IR800. All constructs except for 6224 could be purified
(Supplementary Table S4). Interestingly, the ALFA-tags could not be
detected in a Western Blot in any of the constructs (not shown). Only the
Strep-tag II of the eGFP fusion protein 6338 (hereafter referred to as
Strep-eGFP-iKfIB) could be visualized without prior denaturation, indi-
cating that it is not buried inside the enzyme and thus might be acces-
sible (Fig. 9B).

3.10. Characterization of iKflB

We performed dot blots with strains obtained from liquid bacterial
cultures to determine the applicability of Strep-eGPF-iKfIB (6338) and
iKfIB IR800 for detecting heparosan on bacterial surfaces. More
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Fig. 6. Depolymerization of fluorescently labeled heparosan by KfIB. (A) Schematic representation of the reaction. (B) Time-course of the reaction with separation

and detection of 2AB labeled substrates and products by HPLC-AEC (see 2.8.1).

specifically, we included E. coli K5 as a natural heparosan-producing
strain and an engineered E. coli BJ derivative (Leroux & Priem, 2016)
carrying pBAD33-kfiCAB (5744, see Supplementary Table S2) and
pBBR3-kfiD (5691) to simulate a directed evolution experiment (Keys
et al., 2012). E. coli BJ was included as a control, and E. coli K1, a pol-
ysialic acid-producing strain, was used to exclude the possibility of un-
specific binding to a negatively charged capsule polymer. Both
constructs, Strep-eGPF-iKfIB (6338) and iKfIB IR800, could be exploited
to detect heparosan on E. coli harvested from bacterial cultures
(Fig. 10A, B), while both controls clearly remained negative, suggesting
that iKfIB might be a valuable tool for serotyping or for the directed
evolution of heparosan polymerases.

Schwarzer et al. developed an ELISA-based assay to characterize the
binding of various inactive endoNF mutants to polysialic acid and
determined ECs values (protein concentration of half-maximal binding)
for each construct (Schwarzer et al., 2009). We adapted this assay and
found that half-maximal binding of Strep-eGPF-iKflB (6338) to the wells
coated with unfractionated heparosan was obtained at a concentration
of 50 nM or 4.15 pg/mL (Fig. 11A). The titration shown in Fig. 11A was
used as guidance for choosing a working concentration (3-5x ECsg) for
iKflB in the following assays.

To determine the detection limit for heparosan on a nitrocellulose
membrane, a serial dilution of unfractionated heparosan (avMW = 100
kDa, characterized in Supplementary Fig. S6) ranging from 15.4 pg —
0.48 pg was spotted and detection was achieved either directly using
fluorescently labeled iKfIB-IR800 or indirectly using Strep-eGFP-iKflB

(6338) followed by fluorescently labeled Strep-Tactin IR 800
(Fig. 10C). Fig. 10C shows that 0.48 pg and 0.96 pg of polymer were still
detectable using iKfIB-IR800 and Strep-eGFP-iKfIB (6338), respectively.
A similar sensitivity was observed for the hyaluronan binding protein
aggrecan and the detection of Select HA™ (avMW = 70 kDa) using
vacuum slot blotting (Yuan et al., 2013).

The dot blot was also utilized to investigate if commercially available
GAGs would be recognized by iKflB, but only heparosan could be
detected (Fig. 10D).

To obtain additional information about cross-reactivity with other
GAGs, but also about the size of heparosan being detectable on a
membrane using iKfIB, the polymers were separated via PAGE (Litschko
et al,, 2021) and then transferred onto a positively charged nylon
membrane using electro-transfer blotting. Detection was achieved using
Strep-eGPF-iKfIB (6338) followed by Strep-Tactin IR800. Again, only
heparosan was detectable (Fig. 10E). To corroborate that all GAGs were
transferred, the nylon membrane shown in Fig. 10E was additionally
stained with Alician blue (Fig. 10F). Interestingly, the unfractionated
heparosan was not detectable, presumably, because the detection
limited for staining unsulfated GAGs with Alcian blue on a membrane is
up to five times higher than for sulfated GAGs (Volpi & Maccari, 2015).
In addition to the gel used for blotting (Fig. 10E, F), a second gel was run
in parallel (using the same electrophoresis chamber) and was subse-
quently stained with Alcian blue/silver (Fig. 10G). Besides the GAGs,
this gel contained Select-HA™ Lo-Ladder to evaluate the size of the
polymers. A comparison between blot and gel reveals that only

10
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Fig. 7. KfIB substrate specificity. Different glycosaminoglycans were incubated with KflB and analyzed after the indicated time points using PAGE, followed by
Alcian blue/silver staining. A control reaction in the absence of KflB was incubated overnight to document the stability of the respective polymer in the reaction
buffer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

heparosan with a Mw > 20-30 kDa is detectable using iKflB. It is
important in this context that Yuan et al., 2013 observed the same Mw-
dependence for the detection of hyaluronan after electro-transfer blot-
ting, using either aggrecan or Alcian blue, and demonstrating that the
effect is not an inherent feature of the detection agent (Yuan et al.,
2013). It is of note that heparosan and hyaluronan are not modified and
structurally very similar. Thus, a size comparison based on electropho-
retic mobility should be reasonably accurate. In contrast, all other GAGs
are sulfated and should thus have increased electrophoretic mobility,
making a comparison to the hyaluronan standard inaccurate.

In all of the above described assays, iKflB was used to detect
immobilized heparosan. We employed microscale thermophoresis to
assess the interaction between Strep-eGFP-iKfIB (6338) and unfractio-
nated heparosan, fractionated heparosan (F31-35, see Supplementary
Fig. S6), hyaluronan and heparan sulfate in solution. The iKfIB con-
centration was held constant and the fluorescence signal of eGFP was
used to follow complex formation. Taking into account that the smallest
substrate for KflB consists of six monosaccharides (Fig. 5), we considered
10 monosaccharides (5 repeating units) as a realistic binding site for
iKflB. Or in other words, we assume that e.g. a heparosan polymer with a
chain length of 80 monosaccharides (16 kDa) would contain eight
binding sites and could thus accommodate eight iKfIB molecules.
Consequently, the concentration of decameric binding sites is shown as
ligand concentration in Fig. 11B, C and 0.52 + 0.06 mM and 3.15 +
0,75 mM were determined as Kp values for unfractionated heparosan
and F31-35, respectively. As expected from the blot analyses above, no
binding could be observed for hyaluronan and heparan sulfate, which
were used as negative controls.

The purified heparan sulfate originating from porcine mucosa that
we used in the blot assays (Fig. 10) was not detected by iKfIB. This is not
surprising, as mammalian heparan sulfate is highly sulfated (Merry
et al., 2022) (80 %, as provided by the manufacturer). Interestingly, we
observed that Strep-eGPF-iKflB recognizes an epitope on the cell surface
of CHO cells (Fig. 12A). No such staining was detected on a xylosyl-
transferase 2-defficient CHO cell line (psgA-745, AXylT2) lacking pro-
teoglycans and thus heparan sulfate (Cuellar et al., 2007; Esko et al.,
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1985) (Fig. 12D). Clear and identical staining was observed with Strep-
eGPF-iKfIB both alone (not shown) and in combination with the anti-
body 10E4 (Fig. 12C). The latter is a monoclonal that recognizes N-
sulfated heparan sulfate (David et al., 1992). Antibody 10E4 does not
stain mutant CHO cells either (Fig. 12E) and shows a heterogenous
staining pattern on the whole cell surface (Fig. 12B). Binding of iKflB, on
the other hand, is only observed in small segments of the cell surface that
seem to be mainly in regions of cell-cell contact: This often, but not
exclusively, corresponds to regions where 10E4 also shows strong
staining (Fig. 12C). We hypothesize that patches of heparan sulfate seem
to be present on the cell surface of CHO cells that have enough non-
modified repeating units to be recognized by iKfIB.

4. Discussion and conclusion

This study was based on the hypothesis that E. coli K5-based poly-
merases and lyases can broaden the toolbox for heparosan synthesis,
depolymerization, and detection.

We could demonstrate that KfiA and KfiC can be used to synthesize
heparosan of different sizes in vitro. They utilize a distributive elonga-
tion mechanism, which is ideal for biotechnological applications, as it
offers control over the product size by adjusting the ratio between
nucleotide sugar donor and acceptor (Yakovlieva & Walvoort, 2020).
This agrees with studies demonstrating that homologous GAG capsule
polymerases are distributive (Gottschalk et al., 2022; Jing & DeAngelis,
2004; Sismey-Ragatz et al., 2007). Processive group 2 polymerases
usually harbor extended polymer binding sites sometimes located in
separate domains (Budde et al., 2020; Cifuente et al., 2023; Fiebig et al.,
2018; Keys et al., 2014). In agreement with our observations, no indi-
cation of such binding sites or domains has been found in bacterial GAG
polymerases so far (Osawa et al., 2009), even though extended binding
sites exist in viral enzymes with homologous function (Maloney et al.,
2022).

Heparosan synthesis was successful in bacterial lysates using un-
tagged KfiCA, whereas both the purity and the activity of the purified
enzymes remained an issue. Thus, the E. coli K5 machinery is without
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Fig. 8. Identification of active site residues in KfIB. (A) Section of a multiple sequence alignment of heparosan lyases using the sequences as indicated in Fig. 3. From
left to right: name of the protein, number of the first residue included in the alignment, amino acid sequence. Residues crucial for the activity of KflA (Thompson
et al., 2010) are marked in bold. Residues marked with an asterisk were replaced by alanine resulting in the mutants shown in (B) Effect of recombinant KfIB and its
mutants on heparosan in overnight reactions. Products were visualized with Alcian blue/silver staining after PAGE. Heparosan incubated in the absence of the
enzyme was used as a control. Recombinant KfIB constructs and their identifiers: F202A (6112); E206A (6113); K208A (6114); wt (6118); Y229A (6119); F206A,
E206A (6167); E206A, K208A (6168); E206A, Y229A (6169) (see Supplementary Table S2). (C-E) The ability to depolymerize heparosan was monitored over time for
constructs KfIB wt, KfIB-E206A and KfIB-E206A, K208A. Products were separated by PAGE and stained with Alcian blue/silver. Heparosan incubated in the absence
of the enzyme was used as control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

further optimization inferior for in vitro synthesis to homologous en-
zymes, e.g. the heparosan synthases PmHS1 and PmHS2 from Pasteurella
multocida (Chavaroche et al., 2012; DeAngelis & White, 2002, 2004; He
et al., 2022; Otto et al., 2012). Interestingly, purified KfiA (in combi-
nation with KfiC homologs from Pm) has been successfully used for
biotechnological purposes in vitro (Xu et al., 2011), whereas the
expression of tagged KfiC was found insufficient for biotechnological
applications (X. Zhang et al., 2019), even though considerable efforts for
the optimization of reaction conditions and rational construct design (e.
g., truncation studies) have been undertaken (Sugiura et al., 2010). The
development of a detection agent for heparosan opens up the possibility
of improving KfiA and KfiC activity and solubility by directed evolution
(Keys et al., 2012, 2014), a method that has so far been inapplicable due
to the lack of high-affinity antibodies suitable to screen large enzyme
libraries without cross-reacting with common E. coli surface antigens
(Peters et al., 1985).

The herein-developed detection agent is based on the newly identi-
fied TSP KfIB. TSPs form oligomers and are attractive molecular tools
because of their specificity for the target polymer and their high stability
(Miihlenhoff et al., 2003), likely mediated by extensive contacts be-
tween the protomers (Thompson et al., 2010). Some TSPs, like the
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polysialic acid-degrading endoNF of ®KI1F, have distinct polymer
binding sites located at a distance from the catalytic center (Stummeyer
et al., 2005). This architecture might allow the phage to tightly bind to
the host capsule while simultaneously degrading the polymer, ulti-
mately reaching the bacterial membrane where infection occurs (Lei-
man et al., 2007). It further allowed developing inactive endoNF into a
detection agent for polysialic acid (Kiermaier et al., 2016; Stummeyer
et al., 2005). It is tempting to speculate that KfIB or bacterial heparosan
lyases in general exploit a similar binding site arrangement for binding
to heparosan.

To characterize the binding between iKflB and heparosan, we per-
formed microscale thermophoresis and an ELISA-based assay. The latter
demonstrated half-maximal binding to immobilized heparosan at a
concentration (ECs) of 50 nM of iKfIB. This is in good agreement to ECsg
values obtained for various inactive endoNF constructs (Schwarzer
et al., 2009), which have been used for the detection and immunopre-
cipitation of polysialylated proteins in later studies (Kiermaier et al.,
2016). In contrast, the Kp determined by microscale thermophoresis for
the interaction between iKfIB and heparosan in solution is in the pM-mM
range and thus higher than e.g. the Kp values reported for heparin-
protein interactions (nM-pM) (Peysselon & Ricard-Blum, 2014).
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Fig. 9. Engineering an iKflB construct for the detection of heparosan. (A) Overview of the designed constructs. Green scissors indicate that the constructs show the
expected molecular weight after CTD cleavage. Construct 6224 was insoluble and appeared to have a non-processed CTD (magenta x).

(B) SDS-PAGE of purified 6168, 6223, 6336, and 6338 and corresponding Western Blot analysis. Strep-tag II (green channel), M — marker, T — temperature, “+” —
denatured samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

However, Kp values of 10~*to 107% M for low affinity GAG binders have
been reported as well (Xu et al., 2022). Previous studies suggested that
the engagement of several binding sites (e.g. as a result of separate
binding sites in one TSP monomer, as a result of oligomerization, or
mediated by the presence of several TSPs in one phage particle) is
important to effectively “trap” the phage in the dense network of poly-
mers present on a bacterial cell surface (Leiman et al., 2007; Schwarzer
et al.,, 2009). We hypothesize that heparosan immobilized on blot
membranes, ELISA plates and mammalian cell surfaces better mimics
the bacterial cell surface, engages several binding sites and thus better
stimulates binding through avidity than heparosan in solution. The
concentration of iKflB required to detect heparosan ranges from 1 pg/mL
(staining of CHO cells) to 1.7 pg/mL (microscale thermophoresis) and
15-20 pg/mL (ELISA, blots). The former concentration is comparable to
the concentration of the monoclonal antibodies used in this study (see
2.12), while the latter is one order of magnitude larger. However, the
higher amounts required for ELISA and blot assays are unlikely to
negatively impact the use of the detection agent, as iKflB, in contrast to
monoclonal antibodies, can be conveniently purified from E. coli
expression cultures in sufficient amounts.

We demonstrated that KflB can partially digest heparan sulfate,
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which is structurally similar to heparosan (Chen, Li, et al., 2013;
DeAngelis et al., 2013). The majority of heparan sulfate is N- or O-
sulfated, and GlcA is partly epimerized to iduronic acid. The modified
domains alternate with less processed domains and non-modified do-
mains that are identical to heparosan (Sarrazin et al., 2011). In agree-
ment with observations made with KflA, we hypothesize that KflB
digests heparan sulfate in its non- or less-modified domains (Murphy
et al., 2004; O'Leary et al., 2013). Despite this catalytic activity, iKflB
was not able to detect commercially available heparan sulfate. While the
active site of a carbohydrate active enzyme can be comparatively small,
e.g. only accommodating a few residues (Stummeyer et al., 2005),
polymer binding sites have been described as being considerably larger,
accommodating up to 20 residues (Fiebig et al., 2018; Forsee et al.,
2006; Keys et al., 2014). Taking into account that <20 % of the heparan
sulfate used in this study is unsulfated, it is tempting to speculate that
one or two consecutive unmodified heparosan repeating units can be
cleaved by the active site of KfIB, while the affinity of an extended
binding site to e.g. a highly modified heparan sulfate decamer is dis-
rupted and thus not high enough to mediate sufficient binding in the
herein employed assay.

Interestingly, iKfIB could be used to detect polymer on CHO wt cells,
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Fig. 10. KflB as detection agent for heparosan immobilized on bacterial surfaces and blot membranes. (A) Direct detection of heparosan using fluorescently labeled
iKfIB-IR800. (B) Indirect detection using Strep-eGFP-iKfIB (6338) followed by fluorescently labeled Strep-Tactin. (C) Determination of the detection limit of hep-
arosan on nitrocellulose membranes using iKfIB IR800 (top) and Strep-eGFP-iKfIB followed by Strep-Tactin IR800 (bottom). The amounts of unfractionated hep-
arosan spotted in each dot are indicated. (D) The ability to detect hyaluronan (HA), heparan sulfate (HS), heparin, chondroitin sulfate (CS) and dermatan sulfate (DS)
was analyzed by dot blot analysis using Strep-eGFP-iKfIB (bottom) and iKfIB IR 800 (top). Unfractionated heparosan (HEP) was used as positive control. (E) GAGs as
indicated were separated by PAGE and subsequently transferred to a positively charged nylon membrane using electro-transfer blotting. Detection of GAGs was
achieved using Strep-eGPF-iKflB/Strep-Tactin IR 800 and subsequently using (F) Alcian blue. (G) Corresponding Alcian blue silver stained PAGE for visualization of
all GAGs used in the experiment in comparison to Select-HA™ Lo-Ladder. A box indicates the fraction of heparosan that was detectable using iKflB (compare to white
box in (E)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

while proteoglycan-deficient CHO AXyIT2 cells, which lack chondroitin
and heparan sulfate (Cuellar et al., 2007), could not be stained using the
detection agent. Considering that no GAGs other than heparosan could
be detected in any of the herein employed assays, it is reasonable to
assume that iKfIB detects the less processed or the non-modified do-
mains of heparan sulfate, which seem to be present on (at least) CHO
cells. Previous studies have shown both temporal, cell- and tissue-
specific variation in modification patterns of heparan sulfate (Attreed
et al., 2012; Jenniskens et al., 2000). However, to the best of our
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knowledge, a commercially available antibody against unmodified
heparan sulfate (heparosan) is lacking and the majority (if not all) of the
published anti-heparan sulfate antibodies are directed against epitopes
present in the processed domains of heparan sulfate (Attreed et al.,
2012; Jenniskens et al., 2000; Kurup et al., 2007; Van Den Born et al.,
2005). In this study, iKfIB had a different and more restricted staining
pattern of CHO cells than the sulfation requiring 10E4 antibody. Thus, it
is tempting to speculate that iKflB could be a valuable tool to analyze the
(sub)cell- and tissue specific heparan sulfate landscape.
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Fig. 11. Analysis of the interaction between iKflB and heparosan using an ELISA-based assay and microscale thermophoresis. (A) The binding of iKfIB to surface-
bound unfractionated heparosan was analyzed using an ELISA-based assay. The assay was performed as described in Section 2.10 in 3-9 technical replicates. The
error bars report standard deviation. (B, C) Microscale thermophoresis using (B) unfractionated heparosan and (C) F31-35 (see Supplementary Fig. 6B) as ligands.
Normalized thermophoresis fluorescence averaged from 3 to 4 experiments is plotted against ligand concentration and hyperbolic fits to the data were used to
calculate Kp, values. The error bars report standard deviation. Heparan sulfate and hyaluronan were used as negative control.
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Fig. 12. CHO wt (A, B, C) and proteoglycan-deficient pgsA745 (AXylT2) (D, E, F) were stained with Strep-eGFP-iKfIB (6338, green), and heparan sulfate specific
antibody 10E4/Alexa 568 coupled secondary antibody (magenta). Nuclei were stained with Hoechst 33258 (blue, only shown in the overlay C and F). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Abbreviations

(0] bacteriophage

A unsaturated uronic acid at the non-reducing end
2AB 2-aminobenzamide

AEC anion-exchange chromatography

BisTris  Bis-tris methane

CPS capsular polysaccharide

CTD C-terminal chaperone domain

DP degree of polymerization

DTT dithiothreitol

GAG glycosaminoglycan

GlcA glucuronic acid

GlcNAc  N-acetylglucosamine

HPLC high-performance liquid chromatography
IPTG isopropyl p-D-1-thiogalactopyranoside
KfiA N-acetylglucosaminyltransferase

KfiC D-glucuronyltransferase

KfiD UDP-Glc-dehydrogenase

KflA K5 lyase A
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KflB K5 lyase B
MBP maltose-binding protein

MS mass spectrometry

MW molecular weight

MWCO molecular weight cut-off

NA highly sulfated domain of heparan sulfate
NA/NS intermediately sulfated domain of heparan sulfate
NS nonsulfated domain of heparan sulfate
oD optical density

PAGE polyacrylamide gel electrophoresis

PBS phosphate-buffered saline

S serine

SDS sodium dodecyl sulfate

SEC Size-Exclusion Chromatography

tetR tetracycline resistance

TF trigger factor

TSP tailspike protein

Tris tristhydroxymethyl)aminomethane

Tween® 20 polyethylene glycol sorbitan monolaurate
UDP uridine diphosphate



M. Sulewska et al.
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