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Abstract

size-defined HA.

In the present study, low- and high-molecular-weight hyaluronic acids (LMW-HA and HMW-HA) were synthesized
in vitro by truncated Streptococcus equisimilis hyaluronan synthases (SeHAS). The enzyme kinetic parameters

were determined for each enzyme variant. The MW, structure, dispersity, and biological activity of polymers were
determined by electrophoresis, FTIR spectroscopy, carbazole, cell proliferation, and cell migration assay, respectively.
The specific activities were calculated as 7.5, 6.8, 4.9, and 2.8 ugy, ugenzyme*1 min~" for SeHAS, HAS, 55, HAS,;,

and HAS, .., respectively. The results revealed SeHAS produced a polydisperse HMW-HA (268 kDa), while HAS, 55
and HAS,; produced a polydisperse LMW-HA (<30 kDa). Interestingly, HAS,;., produced a low-disperse LMW-HA.
Kinetics studies revealed the truncated variants displayed increased K, values for two substrates when compared
to the wild-type enzyme. Biological assessments indicated all LMW-HAs showed a dose-dependent proliferation
activity on endothelial cells (ECs), whereas HMW-HAs exhibited an inhibitory effect. Also, LMW-HAs had the highest
cell migration effect at 10 pg/mL, while at 200 ug/mL, both LMW- and HMW-HAs postponed the healing recovery
rate. The study elucidated that the transmembrane domains (TMDs) of SeHAS affect the enzyme kinetics, HA-titer,
HA-size, and HA-dispersity. These findings open new insight into the rational engineering of SeHAS to produce

Introduction

Unlike the majority of biomolecules, hyaluronic acid
(HA), also known as hyaluronan, is not monodispersed
in molecular weight (MW). It has been established that
HA with different size can have dramatically different
effects on cellular signaling, functional properties, mor-
phology and receptor binding in normal and pathologi-
cal conditions (Ciccone et al. 2019; Dovedytis et al. 2020;
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Tavianatou et al. 2019). Depending on the molecular size,
HA fragments can influence cellular behavior in a dif-
ferent mode of action. Physiologically, low-molecular-
weight HAs (LMW-HA) (less than 200 kDa) or o-HA
(Hyaluronan oligosaccharide) stimulate the prolifera-
tion and migration of endothelial cells (ECs) (angiogenic
effect) (Deed et al. 1997; Sattar et al. 1994; West et al.
1985; West and Kumar 1989), whereas, high-molecular-
weight HAs (HMW-HA, n-HA) have an inhibitory effect
(Kumar et al. 1989; West and Kumar 1988, 1991). There
have been numerous recent reports that fragments of HA
have different properties compared to the intact molecule
(Baggenstoss et al. 2017). This phenomenon is attributed
to the different manner of interaction with cell surface
receptors, especially CD44 and RHAMM (Prosdocimi

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-3457-0082
http://orcid.org/0000-0002-7196-8751
http://orcid.org/0000-0002-3367-5288
http://orcid.org/0000-0002-0490-4184
http://crossmark.crossref.org/dialog/?doi=10.1186/s13568-024-01713-4&domain=pdf&date_stamp=2024-5-10

Ebrahimi et al. AMB Express (2024) 14:56

Page 2 of 14

Graphical abstract

@ Enzyme Variants

@ Activity Comparison

=g ' Ps
N — HAsons o ®
seHAS T A A, [ [ ] ‘ ..
HA Titer Sy ' R e ® o
b ! -4 Low-disperse  Poly-disperse
Molecular Weight Polydispersity
HAS, 53 Specific Activity
; e
{
£ - scratch
HAS,; L Relative Activity
{
55 319 Kinetic Analysis e
HAslmra o . =
FTIR-Spectroscopy Proliferation & Scratch Assays

Keywords Molecular weight, Hyaluronan synthase, Hyaluronic acid, Specific activity, Polydispersity

@ HA Analysis

and Bevilacqua 2012; Slevin et al. 2002). Both receptors
can trigger signaling cascades that regulate cell functional
properties, such as proliferation, migration, angiogenesis,
and wound healing. Although all HA chains of differ-
ent lengths are bound with the same receptor, initiation
of a signal transduction cascade and diverse responses
depends on HA concentration and MW (David-Raoudi
et al. 2008; Mo et al. 2011). LMW-HA are able to enhance
or attenuate the HA receptor-mediated signaling path-
ways and result in changes in gene expression, as they
compete with the HMW-HA for binding to the receptors
(Cowman 2017; Tavianatou et al. 2019). A deeper under-
standing of these mechanisms that regulate the HA frag-
ments’ effects could contribute to future pharmacological
targeting strategies (Cowman 2017).

Therefore, there is a growing interest in producing
HA, emphasizing the control of polymer size and its
polydispersity for answering biological questions and
potentially treating diseases. HA is produced commer-
cially based on the extraction from animal tissues and
microbial fermentation using bacterial strains (Liu et al.
2011). Nevertheless, both technologies are hampered
by several limitations such as avian allergens, endotoxin
contamination, endogenous hyaluronidase activity, and
uncontrolled degradation during extraction that limits
the application of HA in the biomedical field (Boeriu et

al. 2013). Recently, the main commercial methods gen-
erate natural HMW-HAs with a broad size distribution
due to the intrinsic characteristics of polysaccharide bio-
synthesis (Sousa et al. 2009). As mentioned, to accurately
interpret various biological functions of HA or synthesize
better HA-based biomedical products, it is necessary to
obtain a uniform size-defined or low-dispersed HA (Al-
Khateeb and Prpic 2019).

Advantage of using enzymatic synthesis for HA pro-
duction is the simpler downstream processing and a
reduced risk of contamination. Isolated HA synthase is
able to catalyze in vitro at well-defined conditions the
same reaction as it catalyzes in vivo (Boeriu et al. 2013).

Numerous studies on HA production by natural bacte-
ria have indicated that MW can be controlled by genetic
(Afrasiabi et al. 2023; Jafari et al. 2022), metabolic, and
process parameters (Schulte et al. 2019). On the other
hand, in vitro biosynthesis of HA using recombinant
hyaluronan synthases (HAS) mutants demonstrated that
the control of size and polydispersity can be achieved
by changing the intrinsic characteristics of the enzyme
(Hascall et al. 2014; Jokela et al. 2011; Moretto et al.
2015; Yang et al. 2017). One of the intrinsic parameters
that influences the size is the production capacity of the
enzyme, which is determined by its amino acid sequence
(Baggenstoss et al. 2017; Weigel and Baggenstoss 2012).
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Although the molecular mechanism of size control of
HA by HAS remains partially understood, but the control
of HA size can still be achieved through manipulations
of enzymatic and process parameters. In vitro enzymatic
polymerization allows us to obtain both size-defined
oligosaccharides and polysaccharides (Al-Khateeb and
Prpic 2019; Mandawe et al. 2018).

HAS enzymes are membrane proteins with eight mem-
brane domains (MDs) in vertebrates and 5-6 MDs in
streptococcal species (Yao et al. 2021). The most strep-
tococcal HA producers are Streptococcus equisimilis
(SeHAS), S. equi subsp. zooepidemicus, S. pyogenes, S.
uberis, S. iniae, and S. parauberis. A recent study inves-
tigated in vitro HA synthesis by streptococcal HASs with
a special focus on the MW. Production of different MWs
HA (0.4-1.4 MDa) by these strains could be attributed to
the protein sequences of these enzymes. So, it seems that
the sequence diversity of streptococcal HASs can be used
for the production of molecular weight—tailored hyaluro-
nan (Schulte et al. 2019). Hyaluronan synthases are cat-
egorized into two classes (Class I and Class II) based on
their structure and function. Bacterial HASs are typically
classified into Class I. Moreover, these enzymes may be
considered a candidate for being engineered to regulate
the HA production rate and its MW. Nonetheless, the
protein engineering of class I HAS is still in its nascent
stage and is mostly limited to mutation studies.

Several investigations have been performed on SeHAS,
the smallest bacterial HAS (42 kDa, 417 AA), for the
identification of the regions that might be involved in HA
MW control (Baggenstoss et al. 2017; Yang et al. 2017).
Point mutations in conserved residues correspond-
ing to different regions of the enzyme including TMDs,
central intracellular domain, and C-terminal end of the
enzyme influence polymerizing activity and/or MW of
the polymer. Results indicated that site-specific SeHAS
mutants produced either slightly smaller or larger poly-
mers (Baggenstoss et al. 2017). For example, the Cys
mutants showed a decreased activity and produced a
smaller HA (~ 2.3 MDa) than the wild-type enzyme (3.6
MDa) (Kumari and Weigel 2005; Weigel and Baggenstoss
2012). It was reported that the substitution of two con-
served polar amino acids including Lys48 (to Arg or Glu)
in TMD2 and Glu327 (to Lys, Asp, or Gln) in TMD4 also
influences the enzyme's activity and the MW of polymer
(Kumari et al. 2006). In another study, restricted trunca-
tions and some specific mutations at the C-terminus of
SeHAS showed that the synthesis activity and the MW
can be independently changed (Weigel and Baggenstoss
2012; Yang et al. 2017). Indeed, it was shown that each
function could be regulated and controlled by a sepa-
rate enzymatic sub-mechanism. In this regard, two con-
served tandem motif sequences with nine basic amino
acids (B-X7-B motifs) were identified at the C-terminus
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of SeHAS with high affinity and specificity binding to
HA (Xu et al. 2003). Any modification of these motifs
can change the HA MW (Baggenstoss et al. 2017). Point
mutations within the residues 414 to 417 improved the
HA binding affinity and led to a larger polymer, high-
lighting the important role of the HA-SeHAS electro-
static interactions in the MW control (Yang et al. 2017).
These findings suggested that specific mutations that
alter SeHAS conformation could influence production
rate and HA product MW and open new avenues for
Mw-tailored HA synthesis (Agarwal et al. 2019; Man-
dawe et al. 2018).

Despite certain progress in the identification of C-ter-
minal residues and motifs, there is no report on the role
of each TMD on the production rate, MW, and polydis-
persity (Heldermon et al. 2001; Hofmann 1993). There-
fore, in the current study, the effect of TMDs on the
productivity and specific activity of variants, as well as
the dispersity, MW, and biological activity of synthesized
polymers was investigated.

Materials and methods

Materials, bacterial strain, plasmids, and culture conditions
Media components of Luria—Bertani (LB) broth (10 g
NaCl, 5 g yeast extract, and 10 g tryptone, adjusted to 1 L
with distilled H20) and 2xYT broth (5 g NaCl, 10 g yeast
extract, and 16 g tryptone, adjusted to 1 L with distilled
H20) were obtained from Ibresco (Life Science, Iran) and
n-dodecyl p-d-maltoside (DDM) was purchased from
Molekula GmbH (Germany). UDP-GIcUA, UDP-GIcNAc
(U6751 and U4375, Sigma-Aldrich), and other reagents
were supplied by Bio Basic Inc. (Canada).

Cloning of SeHAS and variants

Streptococcus equisimilis isolate S88 group G (GGS-
S88) (MW285140) was obtained from the previous
study (Cohan et al. 2023). This strain was used for DNA
genomic extraction. The genes of SeHAS and variants
were amplified using specific primers (Additional file
1: Table S1). The genes were then cloned into pET-28a
(+) (Novagen, Germany) and transformed into E. coli
BL21 (DE3) strain (Novagen, Germany) (Additional file
1: Fig. S1). To facilitate the purification of SeHAS vari-
ants, a C-terminal fusion of 6-His residues was added to
each construct. The recombinant hosts were grown on
LB broth or LB agar containing 50 pg/mL kanamycin.
The summarized properties of variants used in the pres-
ent study were shown in Additional file 1: Table S2. The
schematic membrane topology of variants is depicted in
Additional file 1: Fig. S2.

Expression and purification of variants
The cultures were induced with 1 mM IPTG and incu-
bated for 18 h at 37 °C. The cells were centrifuged and the
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pellets were washed twice with phosphate-buffered saline
(PBS). For purification of HAS, .., a hybrid method was
used. First, the pellet was resuspended in 12 mL lysis
buffer (8 M Urea, 0.5 M NaCl, 72 mM K,HPO,, 17 mM
KH,PO,, pH 7.5) and incubated on ice for 40 min. The
sonicated cell (three times, 30s at 20 W) was centrifuged
at 12,000 g for 20 min. The supernatant was transferred to
Ni—NTA resin (Sigma Inc., USA) equilibrated with lysis
buffer. The mixture was incubated for 90 min at 4 °C with
constant mixing. After incubation, the mixture was then
washed two times with wash buffer I (lysis buffer contain-
ing 3 M Urea, pH 7.5) and wash buffer II (lysis buffer with
100 M NaCl, pH 7.5), respectively. The protein was eluted
with elution buffer (72 mM K,HPO,, 17 mM KH,PO,,
300 M NaCl, 250 mM Imidazole, pH 7.5). Total protein
concentration for HAS, ., was determined by Bradford
assay using bovine serum albumin (BSA) as standard. The
expression of HAS, . was confirmed by 12% SDS-PAGE
and western blot (anti-His antibody, Sigma, USA) accord-
ing to standard procedures (Sambrook et al. 1989). In
our previous study, we used an ionic detergent, sodium
dodecyl sulfate (SDS), for the solubilization of mem-
brane proteins (Cohan et al. 2023). However, SDS has a
deleterious effect on the protein conformation that leads
to the denaturation of protein. Therefore, for membrane
proteins (SeHAS, HAS,,;, and HAS,;), we examined
the effects of non-ionic detergents such as DDM, Tri-
ton X-100, and Tween 20. The concentration of purified
variants was carried out using Bicinchoninic acid (BCA)
protein assay kit (Pierce) using bovine serum albumin as
a standard (Smith et al. 1985). Unlike Bradford method,
BCA assay is compatible with a broad range of detergents
at high concentrations (Orwick-Rydmark et al. 2016).

Determination of Michaelis—-Menten constants

The Michaelis—Menten (K,) values for the two sub-
strates were determined using detergent-solubilized
purified SeHAS variants. The enzyme activities were
determined in 100 pl of 25 mM sodium and potassium
phosphate (pH 7.0) containing 50 mM NaCl, 20 mM
MgCl,, 1.0 mM dithiothreitol, 1.0 mM EDTA, 2 M
glycerol, 1 mM n-dodecyl-p-d-maltoside, 1 mM UDP-
GlcUA, and 1.0 mM UDP-GIcNAc. Based on previous
experiment, 1 mM of each substrate was found to be
optimum for biosynthetic reaction. Therefore, for the
determination of Km value, the excess of each substrate
was considered at 1.5 mM concentration. The K, values
for both substrates (Kmypp_gicua and Kmypp_grenad) were
determined in duplicate by varying one substrate while
keeping the other constant using either Lineweaver—Burk
or Hill analysis (Hill 1910). The purified enzyme vari-
ants (0.1 pM) were added to initiate the reaction and the
mixture was gently agitated at 30 °C for 1 h. The reac-
tions were terminated by the addition of sodium dodecyl
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sulfate (2% w/v) (Tlapak-Simmons et al. 2004). The
kinetic parameters (Km and Kcat) were determined using
different substrate concentrations (ranging from 0.05 to
1.5 mM) under same conditions by GraphPad Prism 6
using Michaelis—Menten kinetic equations.

HA production and purification

HA production by SeHAS and its variants was per-
formed in a reaction (100 pL) containing 25 mM sodium
and potassium phosphate, 50 mM NaCl, 20 mM MgCl,,
1.0 mM DTT, 1.0 mM EDTA, 2M glycerol, ImM DDM,
1 mM UDP-GIcUA, and 1.0 mM UDP-GIcNAc, adjusted
to pH 7.0. To initiate the reaction, 0.1 umol of each vari-
ant was added and the mixture was gently mixed at 30 °C.
After 60 min incubation, the reactions were terminated
by the addition of SDS at a final concentration of 2% w/v
(Tlapak-Simmons et al. 2004). For HA purification, 0.15
M NaCl solution was added to the reaction mixtures.
Then, the mixtures were cooled to 4 °C for 60 min to form
the HA salt. The HA salt was precipitated by adding three
volumes of ethanol followed by incubation at 4 °C for 24
h. The resulting HA salt was collected by centrifugation
(12,000 g, 20 min at 4 °C) and resuspended in distilled
water (Cavalcanti et al. 2019; Rodriguez-Marquez et al.
2022). The protein impurities were determined using a
UV/Vis spectrophotometer (Thermo Fisher, USA). To
investigate the effect of the purification process on HA
Mw, the purification step was also performed on a con-
trol HA with a MW of 760 kDa (Bloomage Corporation).

HA quantification

HA titer was determined by carbazole assay with some
modifications (Bitter 1962; Cesaretti et al. 2003). Briefly,
a serial dilution of standard (0-500 pug/mL, d-glucuronic
acid, Sigma) and sample solutions (50 ul) was prepared
in a 96-well microplate. Then, 200 pL sodium tetraborate
solution (0.025 M in saturated sulfuric acid) was added to
the wells and mixed gently. The microplates were heated
for 20 min at 80 °C. After cooling at room temperature,
50 pL carbazole (0.125% in absolute ethanol) was added
to each well and mixed well. The microplate was read in a
microplate reader (Metertech, Taiwan) at a wavelength of
550 nm after heating at 80 °C for 20 min in an oven and
cooling at room temperature for 15 min.

FIIR spectroscopy

Previous studies showed that the identification and struc-
tural analysis of HA products can be assessed using FTIR
spectroscopy (Afrasiabi et al. 2023; Amjad Zanjani et al.
2022; Chahuki et al. 2019; Gilli et al. 1994; Karami et al.
2021; Song et al. 2023). For this purpose, the purified
polymers samples and control were analyzed by a FTIR
apparatus (Thermo, USA) in a wavenumber range of
4000-400 cm ™! under the same operational conditions.
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Polydispersity and MW determination

The polydispersity of HA samples and the control sam-
ples (HA, jip, and HA ¢ p,) (Bloomage Corporation) was
evaluated by dynamic light scattering (DLS) technique
(Malvern, Nano-Zs) (Dodero et al. 2018). The HA MWs
were determined by polyacrylamide gel electrophoresis
(PAGE) with a combined Alcian blue and silver staining
reported by Min and Cowman with some modifications
(Min and Cowman 1986). The mini-slab gels of 8 x9x0.1
cm containing 15% acrylamide, 0.5% N, N’-methylene
bis-acrylamide in 0.1 M Tris—borate-1 mM Na,EDTA,
pH 8.3 (Tris/borate/EDTA) were used. The purified sam-
ples were dissolved in water and mixed with a one-fifth
volume of 2 M sucrose in Tris/borate/EDTA buffer and
loaded on the gel. Bromophenol blue (0.005% in Tris/
borate/EDTA buffer containing 0.3 M sucrose) was used
as a tracking dye and LMW-HAs (Echelon Biosciences
Inc., HYA-LOLAD) marker was used as a ladder. The gels
were run at 170 V for 30 min, then at 250 V for 10 min,
and finally at 200 V for ~ 40 min until the tracking dye
reached within 1 ¢cm of the gel bottom. The electropho-
retic process was carried out at 4 °C (Ikegami-Kawai and
Takahashi 2002). Immediately after electrophoresis, the
samples were fixed in the gel by soaking the gel in 0.5%
w/v Alcian blue in 2% w/v acetic acid, for 30 min far from
light. After destaining in water for 30 min, the gel was
subjected to silver staining, beginning from the oxida-
tion step, using the Bio-Rad silver stain kit according to
the manufacturer’s protocol (Min and Cowman 1986). In
brief, the gel was soaked for 10 min in a 200 mL solution
of 0.0034 M potassium dichromate and 0.0032 N nitric
acid. It was washed two times for 20 min in 200 mL of
deionized water and placed in 100 ml of 0.012 M silver
nitrate for 20 min. This step was followed by rapid rinsing
with 100 mL of the image developer solution, which con-
tains 0.28 M sodium carbonate and 0.5 ml of commer-
cial formalin per liter. The gels were gently shaken in this
solution until the HA bands appeared. The development
was stopped by discarding the developer and addition of
100 ml 5% w/v acetic acid. The gels were washed twice
with 200 ml of water before storage and sealed in plastic
bags (Merril et al. 1981).

Proliferation assay

MTT assay was used to investigate the effect HA prod-
ucts on cell proliferation. Adherent human umbilical
vein endothelial cells (HUVEC, NCBI code: C554) were
seeded at a density of 1.0x10* cells/well in the specific
medium containing 10% fetal bovine serum (FBS, Gibco
U.S.A). After the cell growth, the medium was replaced
with HA products, LMW-HA (HA,yp,), and n-HA
(HA,¢opa) at different concentrations (180 pL prepara-
tions in medium supplemented with 10% FBS). The plates
were then incubated for 48 and 72 h. After that, 20 pL
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methylthiazolyldiphenyl-tetrazolium bromide (MTT,
T0793 Bio Basic Canada) reagent was added to each
well, and the plates were incubated for 4.0 h at 37 °C. The
supernatants were discarded and isopropanol was added
to each well. The microplates were shaken in an oscillator
at room temperature for 15 min and the absorbance was
measured using an Epoch microplate spectrophotometer
(BioTek, USA) at 570 nm. The experiment was repeated
three times and the results were expressed as the per-
centage of viability when compared to untreated cells
(Negative control is considered as 100% of viability).

Cell migration assay

HUVEC were plated at a density of 1.0x10° cells/well
in a specific medium containing 10% FBS in 12 wells
plates. After reaching a cell density of 1.0x10° per well,
the medium was removed and the cells were rinsed with
phosphate-buffered saline (PBS, pH 7.0). Then, a sterile
pipette tip was held vertically to scratch a line in each
well. The detached cells were removed by washing with
PBS. After that, the HA products at final concentrations
of 10 and 200 pg/mL were added to the wells. The con-
trols were 180 pL culture medium without HA, n-HA
(HA¢o1pa)» and LMW-HA (HAp,). The scratch closure
was monitored and imaged at 5-time points for 24 h using
a BEL INV-2 microscope (BEL Engineering, Italy) (Wang
et al. 2016). The results were expressed as the percent-
age of wound closure with respect to starting time point,
quantified using an image-analysis program (Image], ver-
sion v1.54d) (Suarez-Arnedo et al. 2020).

Statistical analysis

Statistical analysis was performed using Student’s t-test
to compare two groups or one-way ANOVA in the case
of three or more groups with GraphPad Prism. All data
are presented as meantSD from three independent
experiments. A p-value less than 0.05 was considered a
statistically significant difference between the samples.

Results

Purification and activity of variants

HAS,,,. was expressed and purified as a ~30 kDa non-
membrane bond protein (Additional file 1: Fig. S3). The
purification of membrane proteins is challenging due to
their low solubility in conventional detergents. The effi-
cacy of detergent usually depends on the membrane pro-
tein type and the purification conditions. For this reason,
in the current study, different nonionic detergents includ-
ing DDM, Triton X-100, and Tween 20 were applied to
compare the extent of protein solubilization. In our pre-
vious study, we purified the membrane variants using
SDS as a surfactant. However, as our data revealed, the
loss of protein, as well as the reduction in activity, was
remarkable. Data illustrated that all detergents could
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Table 1 HA titer and specific activity of recombinant variants after purification with DDM

Enzyme Productivity (ugya/nmol,,,yme) Specific activity (Mgya M9enzyme . Min~") Relative activity (%)
SeHAS 25.71 7.5 100.0
HAS, 55 2344 68 912
HAS,; 17.08 49 664
HAS 1 a 9.86 2.8 384
10 T T T
>~
& -
E = —e— SeHAS
Q E
3 _ -=- HAS/»;
5 € ,
2 g HAS);3
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E P - *— HASptra
SORY)
w2
E -
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UDP-GIcUA CONCENTRATION (mM)

Fig. 1 Effect of UDP-GIcUA concentration on the activity of SeHAS and truncated forms. The K, values for UDP-GICUA were determined by varying the
concentration of UDP-GIcUA from 0.05 to 1.5 mM while keeping the other at 1.5 mM. As depicted, all saturation profiles are hyperbolic

solubilize the bacterial membrane. However, DDM led to
more solubilization (Additional file 1: Table S3). None-
theless, more solubilization by a detergent may not nec-
essarily means maintaining protein structure and activity.
Therefore, the activity of variants was quantitatively eval-
uated by measuring the amount of HA in vitro synthesis.
The concentration of HA in individual reactions, as well
as the specific enzyme activity of variants was calculated.
Data revealed that the variants purified by Triton X-100
and Tween 20 have a remarkable reduction in activity
when compared to that of the DDM-purified (Additional
file 1: Table S3). In DDM-based purification, although all
variants kept the biosynthesis capability, however, they
showed lower specific activity rather than the wild-type
(Table 1). HA titer was statistically different among the
variants, so that SeHAS and HAS ., had the highest
and lowest HA titer, respectively (Additional file 1: Fig.
S4). Determination of protein impurities in HA samples
demonstrated that all are in the range of acceptance limit
according to European Pharmacopoeia 10. The purifi-
cation steps did not have deleterious effects on HA Mw
when tested by the control.

Enzyme kinetics
The kinetic behaviors of SeHAS variants are shown
in Figs. 1 and 2. As noted in previous studies, SeHAS

appeared to be more catalytically active than the trun-
cated forms (Cohan et al. 2023; Tlapak-Simmons et
al. 2004). The substrate concentration significantly
alters the activity of variants (p-value<0.0001). The
activity of SeHAS and truncated forms at different
UDP-GIcUA concentrations were 8.5, 5.6, 4.7, and 1.6
UgHA ngnzyme_l min~' for SeHAS, HAS,,;, HAS,,, and
HAS,,,»» respectively. Similarly, the activity of SeHAS
and truncated forms at different UDP-GIcNAc concen-
trations were 8.2, 5.5, 3.4, and 1.4 pgy, ngnzyme_l min™
for SeHAS, HAS,,;, HAS,;, and HAS, ., respectively.
The K, values for both substrates differed slightly at the
saturated concentration (Table 2). Statistical analysis
indicated significant differences in the Michaelis con-
stants of Kmypp_gicua (P-value<0.0001), suggesting that
the variance in the binding affinity of the two UDP-sugars
controls the molecular weight of hyaluronan. The V,_,,
profiles for all enzymes were hyperbolic, while the Line-
weaver—Burk plots were linear (Additional file 1: Fig. S5).

FTIR spectroscopy

The structural identity of synthesized polymers was
determined by FTIR and compared to that of the control.
The spectra analysis elucidated that there is no obvious
difference between the spectra of HA control and puri-
fied HAs (Fig. 3). A strong absorption peak was observed
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Fig. 2 Effect of UDP-GIcNAc concentration on the activity of SeHAS and truncated forms. The K, values for UDP-GIcNAc were determined by varying the
concentration of UDP-GIcNAc from 0.05 to 1.5 mM while keeping the other at 1.5 mM. As depicted, all saturation profiles are hyperbolic

Table 2 The Michaelis—Menten constants obtained for SeHAS and the truncated forms

Enzyme Kmypp.gicua (MM)®  Kmyppgienac (MM Vi, (nmol/ug/h)® Keat (Vmax/[Et]d) (Min™")°  Kcat/Kmypp.gicya  Keat/Kmypp gienac
SeHAS 0.050+0.00 0.055+0.01 1.00+0.06 10.01 200.20 182.00
HAS;,;  0.063+0.00 0.058+0.01 23.83+2.09 238.30 3782.54 433273
HAS 3 0.065+0.00 0.060+0.00 2359+1.10 23590 3629.23 4289.09
HAS,ys 0078001 0070001 17.56+1.12 17560 2251.32 319273

2Concentration of the substrate at which half of the active sites of the enzyme are occupied by the substrate

bThe maximal velocity values for the purified HASs
“Catalytic activity of the purified HASs
dEL0.1 uM

at 3302 cm™}, which indicates OH and NH bonds. The
absorption peak at 2893 cm™! was related to CH sym-
metrical and CH2 asymmetrical stretching. The peaks
at positions 1617 cm™!, 1562 cm™, and 1324 cm™
can be for amides I, II, and III. The absorption peaks at
1081 cm™! and 1133 cm™ are typical for carbohydrates
and the peak at 1410 cm™ is assigned to symmetric C—O
stretching vibrations (Chen et al. 2019; Gilli et al. 1994).

MW and dispersity of polymers

The MW of HAs was determined by PAGE and Alcian
blue/silver staining. SeHAS produced a HMW polymer
(>270 kDa), meanwhile HAS,,;, HAS,;, and HAS .,
produced LMW ones (<30 KDa) (Fig. 4). The dispersity
of HA polymers is summarized in Table 3. DLS experi-
ments showed the presence of a low-disperse polymer
(PDI<0.3) for HAS,,,, product (HA[,,,) and a polydis-
perse HA (PDI range: 0.5-1.0) for other products.

Endothelial cell proliferation assay
HUVECs were stimulated by various concentrations of
the synthesized polymers. EC proliferation was negligible

after 48 h for all LMW-HAs (data not shown). While, a
reverse dose-dependent cell proliferation was occurred
after 72 h by LMW-HAs (Fig. 5A). The highest prolif-
eration was for HA . and HA,p, (LMW-HA con-
trol) at concentration of 6 pg/mL. In contrast, HAg g
and HA,¢p, (HMW-HA control) showed an inhibitory
effect at 150 pg/mL, while lower concentrations (100,
70, and 20 pg/mL) did not affect the EC proliferation
(Fig. 5B).

In vitro cell migration assay

The scratched cells were treated with HA samples at two
doses (10 pg/mL and 200 pg/mL) and the lesion closing
rates were monitored for 24 h. The results showed that
the scratched area began to close at 24 h after the addi-
tion of exogenous 10 pg/mL LMW-HAs/ HA ., which
was in parallel with the EC proliferation test (Fig. 6A).
Whereas in other groups (HA 4y, and culture medium),
the lesion did not fully close after 24 h (Fig. 6B). Com-
paring the two doses showed that the lesion healed faster
at the lower dose in both LMW-HAs and HMW-HAs
groups. The cell imaging demonstrates that the wound
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Table 3 Dispersity and MW of produced HAs in this study

HA sample MW (kDa) Size distribution
HAeras 268 Polydisperse

HA 23 <30 Polydisperse
HA;3 <30 Polydisperse

HA ira <30 Low-disperse

HA okoa (LMW-HA control) 10 Low-disperse

HA 6010a (HMW-HA control) 760 Polydisperse

undergoes negligible proliferation after treatment with a
high concentration of HAs (independent of size) (Addi-
tional file 1: Fig. S6).

Discussion

The MW of HA dictates its biological function (Ebrahimi
et al. 2022; Garantziotis and Savani 2019). Therefore,
there is great interest in understanding the mechanisms
and factors influencing the size of HA. Moreover, the
cell signaling capabilities of LMW-HA have encour-
aged producers to synthesize the lower mass of the
polymer (Simpson et al. 2015). In addition to the gen-
eration of smaller HA by degradation of the long-chain
polymers, HAS itself could be regulated directly to syn-
thesize smaller HA (e.g. 40—100 kDa) (Baggenstoss et al.
2017; Hascall et al. 2014; Jokela et al. 2011; Moretto et al.
2015; Yang et al. 2017). Despite basic knowledge about
HAS, however, major questions regarding the mecha-
nism of synthesis and control of size have still remained
unanswered. In total, HAS has intrinsic properties that
influence both the rate and size of HA. Thus, these two
functions could be regulated and controlled by separate
sub-mechanisms (Baggenstoss et al. 2017). Sequence
alterations as an intrinsic factor play a role in Mw varia-
tions so, the enzyme could be regulated to directly syn-
thesize LMW-HA (Schulte et al. 2019). The hypothesis
for the present study is that TMD deletions probably by
altering the enzyme structure could control the HA size.

In the current study, we truncated the SeHAS enzyme
to make a more detailed investigation of the function of
the transmembrane domains. Extended deletion method-
ology was used to investigate the effects of TMDs on the
preparation of LMW-HA at in vitro conditions.

The pioneering work of Dorfman and co-workers in
the 1950s and 1960s showed that the streptococcal HAS
is located in the cell membrane, requires Mg”* ions,
and uses two sugar nucleotides (UDP-GIcUA and UDP-
GlcNAc) to polymerize a HA chain (Markovitz et al.
1959; Stoolmiller and Dorfman 1969). All of the known
enzymes catalyze reactions that use one or two (or, rarely,
three) substrates and produce one or two products. How-
ever, hyaluronan synthases (HASs) are different from the
characterized enzymes. HASs possess dual glycosyltrans-
ferase activities within a single protein, (f1, 4-GIcNAc
transferase and B1, 3-GlcUA transferase), and the



Ebrahimi et al. AMB Express (2024) 14:56
(A)
w40 wzzzi 30 =20 w5m 6 pg/ml
160— sk ke

*
*

120

%al

I
7%

-

-

Viability (%)

7

/7777777

MMM

7

HApa HA;

HA 1okpa
Sample

Control

Page 9 of 14

100 70 20 pg/ml

* *

N Control

Viability (%)

604

404

204

N

i

Sample

Fig. 5 Cell proliferation assay of synthesized HAs. ECs were exposed to LMW- and HMW-HAs at concentrations of 6-40 ug/mL (A) and 20-150 pg/mL
(B), respectively. Data were expressed as mean = SD from three independent experiments. Statistical comparisons were performed between the lowest
concentration relative to the highest concentration (*p-value < 0.05; **p-value <0.01)

hyaluronic acid (HA) product sequentially serves as the
acceptor for each subsequent sugar addition. Although it
seems straightforward, the enzyme must possess at least
six (and probably seven) different functions to perform
the overall reaction for the synthesis of one disaccharide
unit. HAS enzymes possess an additional distinctive fea-
ture, as the structural similarity between the two sugar
nucleotides affords each the potential to engage in com-
petitive binding for the appropriate UDP-sugar-binding
site on the enzyme. Although the HASs do not misin-
corporate other sugar nucleotides into the growing HA
chain, UDP-GIcUA can interact with the UDP-GIcNAc
binding site (Tlapak-Simmons et al. 1999b). Initial
experiments have indicated that with the two normal
substrates, a significant disparity in the concentration of
one UDP-sugar compared to the other leads to variations
in the rate of hyaluronic acid (HA) synthesis (Tlapak-
Simmons et al. 1999b). There are no previous reports of
this cross-talk phenomenon affecting HA biosynthesis
between SeHAS and their truncation variants. The obser-
vation of this kinetic behavior reflects the advantage of
studying purified SeHAS truncation forms and catalytic
efficiency comparison between enzyme forms. Here, for
the first time, we have characterized the kinetic behavior
of purified SeHAS truncated forms. The catalytic region
for SeHAS was reported in 264 AA from positions 55 to
319. In the present study, the SeHAS variants were trun-
cated from the N-terminal and C-terminal extremity
based on the folding structure. Studies have shown that
the intracellular domain has an important role in poly-
saccharide synthesis. Polysaccharide-synthesizing capa-
bility of this domain could be retained depending on the
truncation size. The result showed the enzymes displayed
a decreasing activity depending on the size of truncation.
Our data were similar to the previous studies in that the
manipulated enzymes could still produce HA polymer,

but differ in the amount of synthesized HA due to differ-
ences in the enzyme activity.

Indeed, HAS enzymes are highly lipid-dependent and
are most effectively stimulated by cardiolipin. Tlapak-
Simmons conducted a study on the influence of car-
diolipin on the kinetics of Kmypp.gienac it the purified
SeHAS. In the absence of cardiolipin, the purified SeHAS
was active and had responses to increasing substrate
concentration (Tlapak-Simmons et al. 1999a). A signifi-
cant enhancement in the synthase activity observed in
the presence of cardiolipin may be attributed to a car-
diolipin-dependent influence on the enzyme, resulting
in alterations in the Km values (four—ten-fold increase)
for the sugar nucleotide substrates. They also reported
the Kmyppgreua and Kmypp_gienac values respectively as
274 pM and 251 pM for detergent-solubilized SeHAS
in the presence of 2 mM bovine cardiolipin. They found
a hyperbolic behavior for purified SeHAS in response
to increasing substrate concentration as shown in our
study. However, the reported K, values are much higher
than our obtained values. Therefore, the addition of
bovine cardiolipin can be explained by such an increase
in the specific activity of purified SeHAS. This con-
clusion is supported by the results of this study show-
ing that cardiolipin-depleted SeHAS, still has enzyme
activity. Furthermore, the results demonstrated that the
n-dodecyl-d-maltoside-solubilized purified variants were
active. This is an important finding because many studies
have reported that HAS activity is irreversibly lost upon
solubilization of the protein in a wide variety of nonionic
detergents (Tlapak-Simmons et al. 1999b).

Interestingly, two substantial differences were observed
between SeHAS and the truncated forms. First, the
SeHAS is intrinsically more active than the truncated
ones. This was apparent in the current and the earlier
studies (Cohan et al. 2023; Keramati et al. 2022) that
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were conducted with both membrane-bond and puri-
fied enzymes. With the addition of UDP-sugars, trun-
cated enzymes underwent a glycosylation reaction and
transferred the substrate to the acceptor effectively. Sec-
ond, the truncated variants displayed increased K, val-
ues for two substrates when compared to the wild-type
enzyme. SeHAS without any deletion showed lower Km
values, whereas HAS, ., with completely deleted trans-
membrane domains showed a significantly higher Km
value. Kinetic analysis showed that both Km and Kcat of
HAS;, ., were affected significantly. This is an effective
way to make use of HAS, .., as the shortest enzyme form
for HA biosynthesis. The intracellular region has a key
role in maintaining SeHAS activity. These results indi-
cate that the presence of TMDs is essential for substrate-
binding affinity and deletion of each domain increases
the K, value. The kinetic analysis indicated that the low
affinity for substrate in the truncated forms regulates the
hyaluronan molecular weight and will have a significant
effect on the polydispersity of the products (Kooy et al.
2014). Furthermore, these results offer several possible
strategies to decrease the polydispersity of the products
including metabolic engineering to change the substrate
concentration in HA-producing microorganisms and/or
single mutation studies to regulate the binding affinity of
the substrate within the HAS enzyme.

Multiple groups have created streptococcal HAS
mutants to identify property-influencing sites such as
activity and HA size (Baggenstoss et al. 2017). Mutational
studies involving point-mutation within TMDs and the
C-terminus of SeHAS showed different effects on HA
synthesis and/or product size (Kumari et al. 2006, 2002).
It was demonstrated disrupting the interaction between
TMD, and TMD, caused the synthesis of smaller poly-
mer (0.6—3.2 MDa versus 3.6 MDa) (Kumari et al. 2006).
Some studies examined site-specific mutations in the
C-terminus of SeHAS to evaluate the role of this region

in the activity and MW control (Heldermon et al. 2001).
Mutation’s study showed that polymerizing activity can
decouple from the size control. In this regard, a tandem
motif region (K*%-X,-R*-X_—K** motif) at the C-ter-
minus of the enzyme was deciphered. They find almost
R406 mutants synthesize a larger polymer and the vari-
ants show specific activities from 70 to 177% of the native
enzyme. While the K398 mutants were associated with a
remarkable reduction in the specific activity (14—-64% of
wild type) that led to a smaller size of polymer (<250-480
kDa) (Baggenstoss et al. 2017). In a similar study, muta-
tions in the last nine residues at the C-terminal of SeHAS
(409-417) showed a decrease in the HA titer (16.8% of
WT) and MW (<790 kDa), emphasizing the impor-
tance of the C-terminus region for HAS activity and size
regulation (Yang et al. 2017). Moreover, this study dem-
onstrates how R406-R413 residues constituted an HA-
binding pattern that stabilizes the HA-SeHAS complex
and helps the enzyme to regulate the production rate and
molecular size of the polymer. They increased the HA
product size via site-directed mutation at the C-terminal
(residues 414 to 417) based on the hypothesis that higher
binding affinity between the SeHAS C-terminus and HA
would lead to a larger HA size. A three-fold increase in
the size (HA MW=1270 kDa) due to enhanced bind-
ing affinity in the K414R variant suggested that residues
414-417 are involved in polymer retention to make a
longer chain (Yang et al. 2017). In our previous study, we
focused on the role of two C-terminus TMDs (TMD, and
TMD;) of SeHAS in the recombinant Bacillus subtilis
strain and find out that the deletion of these transmem-
branes did not affect the MW of polymer (Amjad Zanjani
et al. 2022).

It was found that C-terminal end deletion has no effect
on HA synthesis activity, but it will improve the stabil-
ity of the enzyme-HA protein complex and lead to the
production of HMW-HAs. However, these studies have
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been limited to the C-terminus region of SeHAS. There-
fore, in the current study, we employed extended TMD
deletions to clarify the role of other domains in the activ-
ity of enzyme and the HA size. Data analysis revealed
that TMD deletions alter the activity and polymer size.
Following the deletion of all TMDs, the polysaccharide
synthesis capability of the shortest form of the enzyme
(HASIntra) was significantly preserved. The highest
level of activity among the variants was for HAS,,5 (91%
of WT). The results indicated that TMD,, TMD;, and
the extracellular C-terminus region have no deleterious
effects on HA synthesis. The results confirm earlier find-
ings by Baggenstoss et al. and Yang et al. that C-terminus
mutants are able to synthesize HA (Baggenstoss et al.
2017; Yang et al. 2017). SeHAS truncation by Baggen-
stoss et al. revealed that the deletion of residues 398—417
caused an undetectable HA MW. It is presumed that this
mutant is unstable (not expressed), indicating that the
HAS C-terminal region is likely critical for enzyme sta-
bility (Baggenstoss et al. 2017). In previous studies, the
transmembrane topology of SeHAS revealed that the
C-terminal peptide of SeHAS from residues 402 to 417
is located inside the cell (Yang et al. 2017). In this study,
the topological prediction showed that the C-terminus
of GGS-HAS is an extracellular domain, in which dele-
tion of this region may have a different role in the enzyme
activity and control of MW of polymer compared to sim-
ilar studies.

Deletion of first TMD in HAS,; reduces the enzyme
activity to 66% of WT. The comparison of HAS,,; and
HAS,; productivity demonstrated that, in contrast to
HAS,,, deletion of TMD, has a significant effect on the
HAS activity. It should be notified that in our previous
work, we prepared.

HAS; . HAS 53, HAS,5, HAS,, and HAS, variants and
preliminary screening of activity elucidated the impor-
tance role TMD,, TMD,, and TMD; for full activity
(Cohan et al. 2023). One significant difference in the cur-
rent work is the use of different purification methods for
the variants that leads to obtaining higher specific activ-
ity for the variants. We used a hybrid purification method
for HAS,(,,, in which the resin is washed by graduate
reduction of urea. This procedure resulted in better fold-
ing of the variant and its increased activity (38% versus
11%). For membrane variants, we tested different non-
ionic detergents such as DDM, Triton X-100, and Tween
20 to evaluate their effects on protein solubilization and
activity. As our data demonstrated, among detergents,
DDM showed the best results (the highest solubilization
and activity) for the variants. It must be notified that the
type of detergent is very important for isolation of mem-
brane proteins and should be tested for each protein
(Orwick-Rydmark et al. 2016). For example, in a study
conducted by Lee et al, different detergents including
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DDM, Brij-35, Triton X-100, cholate, CHAPSO, Zwit-
tergent 3—12, Deoxy BIG CHAP, and digitonin were used
for purification of cadherin-11 and it was found that Tri-
ton X-100 and DDM were more efficient than the others
(Lee et al. 2018). Similar to our previous work, HAS; .
(the central domain of SeHAS) showed a reduction in
activity by up to 38%. Although this region as a single
functional glycosyltransferase domain is able to bind to
the substrates and catalyze the polymerization of HA
but requires TMD,, TMD,, and TMD; for full activity. In
general, the activity measurements indicated that these
TMDs are essential for accelerating the synthesis of the
polymer.

Despite our previous study that clarified the effect of
TMDs on the SeHAS activity, however, the role of the
N-terminal region on the control of product size was
not investigated so far. Therefore, in the current study,
the effect of such deletions on the polymer size was
assessed. Our results illuminated that in comparison to
SeHAS, which produced a polydisperse HMW polymer,
HAS,,; and HAS,; produced polydisperse LMW-HAs.
Meanwhile, HAS, ., produced a low-disperse LMW-HA.
Preparation of smaller HA products (<30 kDa) by the
variants compared to SeHAS may be due to the removal
of TMDs in the N- and C-terminal of the enzyme that
probably alters the conformation of the enzyme. The HA
Mw produced by HAS, 55 and HAS,; was almost identical
with very similar polydispersity. This result is not unex-
pected, since HAS,,, and HAS,; show variation at only
a position, including TMD;. Maybe it can be concluded
that the first TMD may be more involved in the synthesis
rate than the size control.

Of the biological activities of HA, the most interest-
ing one is the angiogenesis capability of LMW-HA in
wound repair (cell migration assay) through stimulat-
ing EC proliferation (Mo et al. 2011). Therefore, to test
the biological activity of produced polymers, a cell pro-
liferation assay was utilized. We observed all produced
LMW-HAs (HA,,5, HA,;, and HA,,), as well as the
control (HAqp,) could stimulate EC proliferation in a
dose-dependent manner with maximum value at 6 pg/
mL after 72 h. The data also elucidated that this stimula-
tory effect was highest for HA;,, and HA,,p,, which are
low-disperse. This phenomenon highlights the impor-
tance of LMW low-disperse preparations of this polymer
for medicinal applications. On the contrary, HAg ;.5 and
HA ¢opa (control) showed only an inhibitory effect at
150 pg/mL without any stimulatory effect at lower con-
centrations. Previous studies evaluated the regulatory
effect of HAs on HUVEC proliferation and indicated that
ECs respond poorly to large HAs with a reduction in the
growth at 100-500 pg/ml. While LMW-HAs have stimu-
latory effects on these cells at 3—20 pg/mL by interacting
with receptor for HA-mediated motility (RHAMM) and
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CD44 as receptors (Ibrahim and Ramamurthi 2008; Mo
et al. 2011; Queisser et al. 2021). In addition to the pro-
liferation assay, we investigated the biological activity of
polymers by a cell migration assay in vitro model (Gao et
al. 2008). Interestingly, LMW-HAs were fully active for
cell proliferation and migration. The cell migration test
demonstrated that HA,,;, HA,;, HA; ., and HA,,p,
fully recover the lesion after 24 h at the lower dose (10 pg/
mL). Nonetheless, in the case of HAg 45 and HA ¢ p.
the scratched area did not fully close. Cell imaging also
demonstrated that an increase in the HA concentration
postponed the healing of HUVEC, as all groups, inde-
pendent in size, did not show a full recovery within 24
h. These results are in agreement with the literature data
that LMW-HAs are strong inducers of angiogenesis and
recover the EC wound with different origins at low con-
centrations (Gao et al. 2006, 2008; Mo et al. 2011; Slevin
et al. 2002; Wang et al. 2016). Our data also confirms the
opposing effects of LMW-HA at low (stimulatory) and
high concentrations (inhibitory) in wound recovery (Gao
et al. 2008). Our data suggested that the prepared LMW-
HAs by the variants are beneficial for accelerating angio-
genesis and wound repair.

This achievement should be highlighted for HAS; .
because the expression and purification of membrane
variants of the enzyme are very time and cost-consuming.
Furthermore, non-membrane forms are very interest-
ing for scale-up from an industrial point of view. On the
other hand, a complete molecular-level understanding of
biopolymer synthesis by SeHASs and the development of
modification technologies will enable structure-guided
enzyme engineering to synthesize HA polymers with
defined MWs for wider application. The findings could
also be extended to other glycosyltransferases with little
functional and structural information.
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