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ABSTRACT: The multienzyme cascade has received growing

attention to obtain structurally defined glycans in vitro. However, 2 e

due to poor enzyme stability and low compatibility between o ; Sugar nucectdes
glycoenzymes, artificially designed multienzyme pathways to access =

glycans are often inefficient. Herein, based on the strategy e

“Modular-Enzymes Assembly by Spatial Segregation” (MASS), GIcUAIGICUA-PNP

Human milk oligosaccharides

we developed a universal immobilization platform to assemble
multiple glycoenzymes in compartmentalized MOF particles, e e -0

inside and outside, significantly reducing the undesired interference Polysccheries

and cross-inhibitions. By changing the enzyme modules, a series of

glycosyl donor, disaccharides, oligosaccharides, and polysacchar-

ides bearing cofactor regeneration were efficiently prepared. This

bioreactor was further successfully applied to the reaction system with high substrate concentration to demonstrate its industrial
potential. This robust multienzyme immobilization platform should serve to promote the enzymatic synthesis of more complex
glycans.

KEYWORDS: Cascade reaction, metal—organic frameworks, enzyme immobilization, sugar nucleotide, glycan

B INTRODUCTION customizable composition, tunable pore aperture, high specific
surface area, and biocompatibility. In addition, MOFs, which
have balanced rigidity and flexibility that is similar to the
cellular environment, are promising to design as a biomimetic
microreactor for multiple enzyme cascade.”'’ However, the
current studies about multiple enzyme immobilizations of
MOFs have usually been limited to common commercial
enzymes (e.g, lipases, peroxidases, glucose oxidases, etc.)
catalyzing very simple reactions and have not been extended to
the synthesis of complex carbohydrates."'™"> This may be
attributed to the relative instability of glycoenzymes and
limitation of a carrier’s structure on the transfer of macro-
molecular sugar substrates."*

It is widely known that in vivo biosynthesis of glycan or
glycoconjugate typically involves stepwise assembly, and the
glycan intermediates transport between distinct organelles,
such as endoplasmic reticulum and Golgi apparatus.'® Inspired
by this phenomenon, we first developed a strategy “Modular-
Enzyme Assembly by Spatial Segregation” (MASS) to

Carbohydrates, the most abundant and structurally diverse
group of natural products, play an essential role in all living
organisms. Because of their potential use in foods,
biomedicines, cosmetics materials, and other applications,
natural carbohydrates and their non-natural derivatives have
emerged as attractive synthetic targets for basic research and in
the development of carbohydrate-based drugs.”® Since
enzymes are green catalysts with high regio- and stereo-
selectivity, multienzyme cascades offer an efficient strategy to
obtain pure and structurally defined glycans.”” In addition,
sugar nucleotides, typically employed by glycosyltransferases as
glycosyl donor to monosaccharide acceptors, are critical for the
construction of larger glycans. Nevertheless, due to poor
enzyme stability and compatibility, the in vitro preparation of
sugar nucleotides and glycans based on the artificially designed
multienzyme pathways is challenging, and often impractical for
scale up.’

Constructing a universal multiglycoenzyme immobilization
platform to simulate in vivo natural processes has emerged as a
powerful tool to solve this problem,”® as the biomimetic
immobilization not only facilitates the enzyme reusability,
prolonging shelf life, but also prevents undesired interference
and cross-inhibitions that can occur in soluble cascades.
Metal—organic frameworks (MOFs), a broad class of porous
materials, possess the intriguing physicochemical features of
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Scheme 1. (a) Illustration of the Multienzyme Immobilization Strategy. (b) Immobilized Multienzyme Systems Applied to
Glycosyl Donor, Disaccharides, Oligosaccharides, and Polysaccharides Synthesis
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construct an inside and outside compartmentalization-channel-
ing reactor, which allows the different glycoenzyme modules to
physically assemble on a single MOFs particle for operating
continuous biocatalytic reactions in one-pot. By changing the
enzyme module assembly fashion (nine enzymes involved in
this work), a series of glycosyl donor, disaccharides,
oligosaccharides, and polysaccharides bearing cofactor regen-
eration were successfully prepared in efficient yields compared
to free enzymes cascade.

B EXPERIMENTAL SECTION

Synthesis of E1-E2@ZIF-90 via Biomimetic Mineralization.
The synthesis of E1-E2@ZIF-90 biocomposite was carried out using a
final metal to ligand ratio Zn>* ICA = 1:6, the final concentration were
40 mM and 240 mM. The stock solution of the corresponding
precursors Zn(NO;),-6H,0 (320 mM), ICA (400 mM), and
enzymes (E1 NahK 7.3 mg/mL, E2 GlmU 7.3 mg/ mL) were
prepared in DI water at room temperature, respectively (Table S1).
The two enzymes were first mixed in equal volumes. 1.2 mL ICA in
aqueous solution was premixed with 0.55 mL enzyme solution, and
then 0.25 mL Zn?* stock solution was added to this mixture to afford
E1-E2@ZIF-90, keeping the solution at 4 °C for 24 h. Afterward, the
solids were collected by centrifugation and washed three times with
water.

19808

Synthesis of E1-E2@ZIF-90A via a Postsynthetic Ligand
Exchange Method. The solids E1-E2@ZIF-90 were suspended in
10 mL DI water. Amino-1H-1,2,4-triazole (Atz, 0.5 mmol) was added
to the E1-E2@ZIF-90 suspension. The postsynthetic ligand exchange
reaction was performed at 45 °C for 1 h. Then, the product E1-E2@
ZIF-90A was taken out and washed three times with DI water. Finally,
the resultant was suspended in 2 mL DI water.

Synthesis of E1-E2@ZIF-90@E3 and E1-E2@ZIF-90@E3-E4
Bioreactors. Linker bisNHS(PEG); (0.1 mM) was prepared in pH
7.5 Tris-HCL. Prepare corresponding enzymes E3 (2 mg/mL) and
mixture of E3 and E4 (1 mg/mL, respectively). E1-E2@ZIF-90A
suspension was diluted 3 times in DI water prior to use. E1-E2@ZIF-
90A, linker bisNHS(PEG); (1 mL) and enzyme (1 mL E3 or mixture
of E3 and E4) were mixed under bidimensional stirring for 30 min,
followed by the removal of unbound bisNHS(PEG); and enzymes by
centrifugation and washing. Finally, the result was suspended in 1 mL
DI water.

Characterizations. The chemical structure of the composite was
assessed using a VECTOR-22 Fourier transform infrared (FTIR)
spectroscope in the wavenumber range of 400—4000 cm™'. The
crystalline structure of the composite was determined using 3 kW X-
ray diffractometer (XRD) with a Cu Ka radiation source. The
morphology of the composite was analyzed utilizing a Thermo
Scientific Apreo 2C high-resolution field emission scanning electron
microscope (SEM). The specific surface area determination and pore
volume were performed by use of Micromeritics ASAP 2460. The zeta
potential measurement and dynamic light scattering (DLS) were
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carried out by Zetasizer Nano-ZS. The presence and spatial location
of FNahK-RGImU@ZIF-90A@PPK and NahK-GlmU@ZIF-90A@
FPPK composites were determined using CLSM technique (Leica
TCS SP8 STED). The transmission electron microscope (TEM)
observations were performed utilizing a JEOL JEM F200 microscope
operated.

Synthesis of UDP-GIcNAc/GalNAc and Their Derivatives. A
reaction mixture 200 uL containing Tris-HCI buffer (51.5 mM, pH
7.5), monosaccharides (10 mM), ATP (5§ mM), UTP (15 mM),
MgCl, (S mM), PolyP (15 mM), and NahK-GlmU@ZIF-90A@PPK
was incubated at 37 °C for 48 h with shaking (Table S2). Reactions
were quenched by adding equal volume ice-cooled cold methanol.
Formed sugar nucleotide were detected by HPLC.

Synthesis of the Disaccharides. A 200 uL reaction mixture
containing Tris-HCI buffer (51.5 mM, pH 7.5), monosaccharides (10
mM), GICUA-pNP (5 mM), ATP (15 mM), UTP (15 mM), MgCl,
(5 mM), and NahK-GImU@ZIF-90A@PmHS2 (or NahK-GlmU@
ZIF-90A@PmHAS, NahK-GlmU@ZIF-90A@K4CP) was incubated
at 37 °C for 48 h with shaking (Tables S3—S5). Reactions were
quenched by adding equal volume ice-cooled cold methanol, and the
resulting disaccharides were detected by HPLC.

High-Titer Enzymatic Synthesis Study. Sugar Nucleotides. A
reaction mixture 20 mL containing Tris-HCI buffer (100 mM, pH
7.5), monosaccharides (400 mM), ATP (100 mM), UTP (600 mM),
MgCl, (S mM), PolyP (600 mM), and NahK-GlmU@ZIF-90A@PPK
was incubated in metal bath at 37 °C for 60 h with shaking.

Disaccharides. A reaction mixture 20 mL containing Tris-HCl
buffer (100 mM, pH 7.5), monosaccharides (200 mM), GlcUA-pNP
(300 mM), ATP (100 mM), UTP (300 mM), MgCl, (S mM), PolyP
(450 mM), and NahK-GlmU@ZIF-90A@PmHS2-PPK (or NahK-
GImU@ZIF-90A@PmHAS-PPK) was incubated at 37 °C for 60 h
with shaking.

Synthesis of Hyaluronic Acid Polysaccharide and Deriva-
tives. A reaction mixture 200 L containing Tris-HCl buffer (44 mM,
pH 7.5), monosaccharides (10 mM), GIcUA-pNP (10 mM), UDP-
GIcUA (10 mM), ATP (15 mM), UTP (15 mM), MgCl, (5 mM),
and NahK-GImU@ZIF-90A@PmHAS was incubated in metal bath at
37 °C for 48 h with shaking (Table S6). Polyacrylamide gel
electrophoresis (PAGE) was used to detect sugar chains. Phenol red
dye was added to the sample for visualization of the ion front during
electrophoresis. A 10 uL aliquot of each sample was analyzed on a
15% gel ran in tris-glycine buffer. The gel was visualized by Alcian
blue staining (0.5% w/v Alcian blue 8GX and 2% v/v aqueous acetic
acid).

Synthesis of Human Milk Oligosaccharides. LNT /I. A 200 uL
reaction mixture containing Tris-HCl buffer (49 mM, pH 7.5),
GIcNAc (10 mM), ATP (15 mM), UTP (15 mM), MgCl, (5 mM),
lactose (10 mM), and NahK-GlmU@ZIF-90A@NmLgtA was
incubated in an incubator shaker at 37 °C for around 48 h with
shaking and stopped by boiling the solution for S min (Table S7).

LNT. A 200 uL reaction mixture containing Tris-HCI buffer (44
mM, pH 7.5), GlcNAc (10 mM), ATP (15 mM), UTP (15 mM),
MgCl, (S mM), lactose (10 mM), UDP-Gal (10 mM), and NahK-
GImU@ZIF-90A@NmLgtA-Cvf3GalT was incubated in an incuba-
tor shaker at 37 °C for 48 h with shaking and stopped by boiling the
solution for S min (Table S8).

Sia-LNT Il. A reaction mixture 200 L containing Tris-HCI buffer
(44 mM, pH 7.5) containing GlcNAc (10 mM), ATP (15 mM), UTP
(1S mM), MgCl, (5 mM), lactose (10 mM), CMP-NeuSAc (10
mM), and NahK-GlmU@ZIF-90A@NmLgtA-Pd2,6ST was incubated
in an incubator shaker at 37 °C for 48 h with shaking and stopped by
boiling the solution for S min (Table S9).

Molecular Docking Study. A Lamarckian genetic algorithm in
AutoDock 4.2 (Molecular Graphics Laboratory, La Jolla, CA, USA)
was applied for the molecular docking study. The structural
information of NahK and GImU was obtained by Protein Data Bank.

B RESULTS AND DISCUSSION

Fabrication and Characterization of E1-E2@ZIF-90A@
E3-E4 Bioreactors. As illustrated in Scheme 1, enzyme 1
(E1) and enzyme 2 (E2) were first coembedded within zeolitic
imidazolate framework (ZIF-90) via mineralization, followed
by a postsynthetic ligand exchange strategy to functionalize
primary amine groups on the external surface of the composite
to form E1-E2@ZIF-90A by introducing 3-amino-1,2,4-triazole
(Atz). The resulting composite can be further coupled with
enzyme 3 and 4 (E3 and E4) by cross-linker bis(NHS)PEG;
via amino-succinimide chemistry to construct the multi-
glycoenzyme cascade bioreactor E1-E2@ZIF-90A@E3-E4. It
is worth noting that the three enzymes cascade bioreactor can
also be prepared using the same procedure. ICA/Zn*" ratio,
the amount of enzymes and bis(NHS)PEG;, time, and
temperature of ligand exchange would affect the catalytic
activity of the bioreactor. Sugar nucleotides are important
glycosyl donors in glycan biosynthesis and metabolism, and the
MASS strategy was first applied to a multienzyme cascade
system of sugar nucleotide synthesis and to construct a NahK-
GImU@ZIF-90A@PPK reactor as model bioreactor. The E1
N-acetylhexosamine 1-kinase (NahK) and E2 N-acetylglucos-
amine 1l-phosphate uridyltransferase (GlmU), applying to
glycosyl donor synthesis, were encapsulated within ZIF-90
through mineralization with the encapsulation efficiency of
100%. The E3 polyphosphate kinase (PPK), specializing in
cofactor regeneration, was immobilized outside of composite
and showed a high ligation efficiency of 95% (Figure S1 and
Table S10).

As revealed by scanning electron microscopy (SEM) images
(Figure 1la), the NahK-GImU@ZIF-90A@PPK displayed a

Figure 1. (a) SEM images of ZIF-90 and NahK-GImU@ZIF-90A@
PPK. (b) TEM-EDS elemental mapping images of NahK-GlmU@
ZIF-90A@PPK.

similar morphology to the pure ZIF-90 crystals and presented a
rhombic dodecahedral morphology with the particle sizes of
2—S pm (Figure S2). TEM-EDS analysis was presented in
Figure 1b, showing the existence of C, N, O, S, P, and Zn
elements in the NahK-GImU@ZIF-90A@PPK. The X-ray
diffraction patterns of the composites were in good agreement
with simulated patterns of pure ZIF-90. The diffraction peaks
in the XRD patterns of those composites have shown lower
intensity in comparison with ZIF-90 single crystal which
indicated that the immobilization process changed the crystal

https://doi.org/10.1021/acsami.2c22094
ACS Appl. Mater. Interfaces 2023, 15, 19807—19816


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c22094/suppl_file/am2c22094_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c22094?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c22094?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c22094?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c22094?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c22094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

—
(1)
—

(a)

G

{c=0)

sl ssssg N s,
s gl 8t 8s8 :
- | A v m

. i T, VU D T e SRS (C-NH,)

3 \ m \ (-NH-) /\/“/
> _ A e i A
= -~
cn B = :
c "A_‘f Wj\_—‘_-w“—
] I 1| | 1
- | \ AAAAA A
E - — - - - A o ——

Absorbance (a.u.)

N
(=]
L

-
wn
1

-
o
L

Zeta potential (mV)
wn

H
ol

-
(=]

5 10 15 20 25 30 35 1800

26 (degree)

1600 1400 1200 1000 800
Wavenumber (cm-)

600 400

Figure 2. (a) XRD pattern, (b) FTIR spectra, (c) zeta potential value of ZIF-90 (I), NahK-GImU@ZIF-90 (II), NahK-GlmU@ZIF-90A (I1I), and
NahK-GImU@ZIF-90A@PPK (IV); values represent the mean + SD of three independent experiments (n = 3). (d) CLSM images of FNahK-
RGImU@ZIF-90A@PPK and NahK-GImU@ZIF-90A@FPPK: FITC-labeled NahK (i), RITC-labeled GImU (ii), a merged image (iii), and FITC-

labeled PPK (iv).

phase, and also confirmed that enzymes were successfully
encapsulated into ZIF-90 (Figure 2a).'®"”

The samples were next analyzed by Fourier transform
infrared spectroscopy (FTIR) (Figure. 2b). The peaks at 1170
cm™ (C=N), 951 cm™' (C—-N), and 789 cm™ (—NH-)
were attributed to characteristic absorption of imidazole
moieties of ZIF-90."® Furthermore, the peaks at 1670 cm™
could be ascribed to the C=O stretching vibrations of
aldehyde groups. The characteristic peaks have been reported
at 1540 and 1660 cm™' corresponded to the stretching
vibrations of the protein-specific amide II bonds (—NH—) and
amide I bonds (C=0), respectively.'” The signal peak of C-
NH, at 1580 cm™' indicated that ZIF-90 was successfully
amine-functionalized.'” Besides, zeta potential values were also
investigated to verify the microcomposite synthetic process. As
shown in Figure 2c, the zeta potential value of NahK-GImU@
ZIF-90 diverted from 18.7 mV to —2.7 mV, indicating that the
negatively charged enzymes NahK and GlmU were successfully
encapsulated. The postsynthetic ligand exchange was con-
firmed by a shift in the zeta potential value of NahK-GlmU@
ZIF-90A from —2.7 mV to 19.0 mV due to the presence of
positively charged —NH;* on Atz, and that of NahK-GImU@
ZIF-90A@PPK changed to —7.3 mV, indicating the successful
PPK immobilization on the NahK-GImU@ZIF-90A surface.

The immobilization of the three enzymes in the ZIF-90
particle was confirmed by fluorescence confocal microscopy
imaging (Figure 2d and Figure S3). Excitation of the FNahK-
RGImU@ZIF-90A@PPK at 488 nm yielded the green
fluorescence of the fluorescein isothiocyanate (FITC)-labeled
NahK (FNahK) and at 543 nm yielded red fluorescence of the
Rhodamine B isothiocyanate (RITC)-functionalized GlmU
(RGImU). The images indicated that the two enzymes were
confined in the nanoparticle. The conjugation of the enzyme

19810

on the surface of ZIF-90 by PEG linker was confirmed by
FITC-labeled PPK (FPPK). The green fluorescence of NahK-
GImU@ZIF-90A@FPPK could be observed under confocal
laser scanning microscopy, indicating that PPK was uniformly
distributed on ZIF-90.

Synthesis of UDP-GIcNAc/GalNAc and Their Deriva-
tives. The biocatalytic reactor NahK-GImU@ZIF-90A@PPK
was applied to sugar nucleotide synthesis, using GIcNAc as the
model substrate (Figure 3 and Figure S4). It is worth noting
that NahK-GImU@ZIF-90A@PPK showed ~1.4-fold (UDP-
GIcNAc al) catalytic activity improvement than homogeneous
diffusional mixture of free enzymes (free NahK, GImU, and
PPK). Similarly, UDP-GalNAc a7 was also efficiently
synthesized from GalNAc by NahK-GlmU@ZIF-90A@PPK,
and the conversion rate was also higher than free enzymes
system (~4-fold). Furthermore, we evaluated the catalytic
activity of unassembled enzyme-loaded ZIF-90 (NahK@ZIF-
90, GImU@ZIF-90, and ZIF-90A@PPK) and three enzymes
coencapsulated inside ZIF-90 particle (NahK-GImU-PPK@
ZIF-90) (Figures S5—6). It is discovered that NahK-GImU@
ZIF-90A@PPK exhibited much higher catalytic efficiency than
the other two immobilization systems.

We further explored a series of unnatural monosaccharides
to investigate the substrate specificity of enzymes in the
developed bioreactor NahK-GImU@ZIF-90A@PPK. It is
reported that free NahK-GImU can recognize a few GIcNAc
and GalNAc derivatives bearing C2 modifications.””*" There-
fore, NahK-GImU@ZIF-90A@PPK was applied to a series of
derivatives, including N-trifluoroacetyl (GIcNTFA and GaINT-
FA), N-azidoacetyl (GIcNAz and GalNAz), N-butanoyl
(GlcNBu and GalNBu), N-propionyl (GIcNPr and GalNPr)
and bulky N-benzoyl (GIcNBz). The molecular diameter of
ATP, UTP, and GIcNBz, the largest substrate among
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Figure 3. Synthesis of UDP-GIcNAc, UDP-GalNAc, and their derivatives by NahK-GImU@ZIF-90A@PPK bioreactor. Conversion rate (%) of
immobilized multienzymes system (i) and free enzymes system (f). Values represent the mean + SD of three independent experiments (n = 3).
Mass and NMR spectra were shown in Figures S21—29 and Figures S32—35, respectively.

monosaccharides, was calculated by Multiwfn (Figure S7 and
Table S11), which was smaller than the pore size of NahK-
GImU@ZIF-90A@PPK (Figure S8), allowing the substrate/
product transportation and ensuring the mass-transfer
efficiency. All nine derivatives were accepted by NahK-
GImU@ZIF-90A@PPK (Table S12), showing that enzyme
immobilization did not adversely impact the substrate
specificity. Although the conversion rate of UDP-GIcNAc/
GalNAc derivatives are lower than authentic sugar due to the
intrinsic properties of enzymes, the developed immobilization
platform indeed exhibited significant enhancements in catalytic
efficiencies compared with soluble free enzyme cascades.
These unnatural UDP-sugars are beneficial to prepare
functional carbohydrates. For example, GIcNTFA/GaINTFA
incorporated into glycans could be conveniently subjected to
deacetylation and sulfation to obtain sulfated saccharides.””
UDP-GIcNAz and UDP-GalNAz, bearing azido groups, are
useful probes in glycobiology by bio-orthogonal labeling
reactions.””**

Molecular Docking Study. A molecular docking study
concerning enzyme to substrate binding energy was conducted
to further verify the critical role of ZIF-90 in the catalysis.
Considering the complexity of the entire structure of the
frameworks, we proposed a simplified ZIF-90 model,
imidazole-2-carboxylaldehyde monomer (Figures S9—13), to
simulate the composite as previously reported.”> The hydroxyl
group of anomeric carbon atom (C1-OH) of acceptor
substrate GIcNAc was first deprotonated by the amino acid

residues Asp208 and Asp228 of NahK to attack the y-P atom
of ATP to afford GIcNAc-1-P. The residues Thr82 and Lys25
of GImU and the Mg** can stabilize and precisely orient the
negatively charged GIcNAc-1-P for the nucleotidyl-transfer
reaction to obtain UDP-GIcNAc (Figure 4a). The binding
energy between NahK and GIcNAg, labeled as NahK-GlcNAc,
was —5.11 kJ mol ™", while after the introduction of ZIF-90, the
corresponding energy of the composite, labeled as [NahK-
(ZIF-90)]-(GlcNAc), dropped to —5.24 kJ mol™" (Figure 4b).
The binding energy between GlmU and GIcNAc-1-P, labeled
as GImU-(GIcNAc-1-P), decreased under the influence of ZIF-
90, facilitating the catalytic reaction (Figure 4c). Additionally,
according to the catalytic mechanism of NahK and GlmU, the
anomeric hydroxyl group of GIcNAc was first deprotonated by
carboxyl groups of amino acid residues from NahK, and then
they sequentially attacked the phosphate groups of ATP and
UTP to proceed with phosphorylation and pyrophosphor-
ylation.”*"* The metal ions from ZIF-90 can accelerate the
deprotonation of the carboxyl groups on the amino acid
residues of the enzyme to form —COO~, which facilitates the
catalytic reaction.””

Synthesis of Disaccharides. To further demonstrate the
application potential of this MASS strategy, we sought to
assemble enzymes modules involved in the sugar nucleotide
synthesis and glycosylation to produce oligosaccharides
(Figure S). Here, we chose heparosan synthase PmHS2, a
dual action glycosyltransferase from Pasteurella multocida,
possessing both al—4-N-acetylglucosaminyltransferase and
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Figure 4. (a) Enzyme catalytic mechanism of UDP-GIcNAc synthesis. Molecular docking and binding energy of (b) NahK-(GlcNAc), [NahK-
(ZIF-90)]-(GleNAc), and (c) GImU-(GlcNAc-1-P), [GImU-(ZIF-90)]-(GlcNAc-1-P) as shown by AutoDock.

Pl—4-glucuronyltransferase activities,”” to orderly assemble a
multienzymes cascade bioreactor with NahK and GImU
(NahK-GImU@ZIF-90A@PmHS2) (Figure S14). The glyco-
syl donor synthesis module (NahK-GImU) inside ZIF-90
enabled the rapid synthesis of UDP-GIcNR. Subsequently, the
resulting nucleotide sugar went through the channeling of the
porous ZIF-90 to reach PmHS2 for glycosylation (Table S13).

It is worth noting that GIcNAcal—4-GIcUA-pNP bl was
obtained with a satisfying conversion rate of 75.3% after three
steps, indicating that there is negligible mass transport
resistance cross over boundaries between inside and outside
of ZIF-90 as well. The molecular diameter of UDP-GIcNBz a5,
the largest molecule among al—all, was calculated and found
smaller than the pore size of ZIF-90 (Figure S15), indicating
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that the sugar nucleotides al—all can go through the channel ZIF-90 to undergo glycosylation. Disaccharides b1—b6 were
and reach the PmHS2 that is immobilized on the surface of successfully prepared via the NahK-GlmU@ZIF-90A@PmHS2
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with enhanced conversion rates compared to soluble enzyme
cascades.

By changing the glycosyltransferase module, different kinds
of disaccharides can be prepared. Pasteurella multocida
hyaluronan synthase, PmHAS, and Escherichia coli K4
chondroitin synthase K4CP were selected to couple NahK-
GImU to perform cascade reactions to further dig the enzyme
broad scope of this immobilization platform.>"** Two
bioreactors NahK-GImU@ZIF-90A@PmHAS (Figure S16)
and NahK-GImU@ZIF-90A@K4CP (Figure S17) were
successfully employed to obtain hyaluronic acid disaccharides
GIcNRf1—4-GIcUA-pNP b7—b12 and chondroitin disacchar-
ides GaINR f1—4-GIcUA-pNP b13—b17, respectively. As
illustrated in Figure 5, the developed bioreactor showed
significantly increased conversion rates compared to soluble
enzymes system. Furthermore, it is also discovered that NahK-
GImU@ZIF-90A@PmHAS exhibited much higher catalytic
efficiency than the other three immobilization systems (Figures
$18-19).

Synthesis of Polysaccharides. This immobilization
reactor can be applied to the synthesis of polysaccharides as
well. PmHAS, a dual action glycosyltransferase that can
catalyze the polymerization of UDP-GIcNAc and UDP-
GIcUA to form hyaluronic acid,” was employed to construct
the NahK-GImU@ZIF-90A@PmHAS composite (Figure 6a).
The resulting hyaluronic acid polysaccharide and derivatives
cl—cS were analyzed with SDS-PAGE electrophoresis and
then stained by alcian blue solution to demonstrate their
successful synthesis (Figure 6b,c).

Synthesis of Human Milk Oligosaccharides. Beside the
above-mentioned glycosaminoglycan oligosaccharides and
polysaccharides, this MASS strategy was applied to other
important oligosaccharides preparation, for example, human
milk oligosaccharides by changing glycoenzyme modules.
Here, we constructed different three-enzyme and four-enzyme

cascade systems (Figure 7). First, two nonfucosylated neutral
human milk oligosaccharides, GIcNAcf3Galp4Glc (LNT II,
d1) and GalB3GIcNAcS3Galp4Gle (LNT, d2), were success-
fully prepared (Table S14). In the NahK-GImU@ZIF-90A@
NmLgtA system (Figure $20), GIcNAc was first activated by
NahK and GImU, followed by the catalyzation of Neisseria
meningitidis }1—3-N-acetylglucosaminyltransferase (NmLgtA)
to form LNT-II in 83% yield. Similarly, LNT was synthesized
from lactose in 70% vyield by NahK-GImU@ZIF-90A@
NmLgtA-Cvf3GalT reactor containing NahK, GImU,
NmLgtA, and pJ1—3-galactosyltransferase Cvf3GalT. Then,
the platform was further employed to immobilize enzymes
related to the sialylated HMOs, by the introduction of
glycosyltransferase Pd2,6ST to construct NahK-GlmU@ZIF-
90A@NmLgtA-Pd2,6ST, and Sia-LNT-II GIcNAcf3Galp4-
(Siaa6)Glc d3 was also successfully prepared.

High-Titer Enzymatic Synthesis Study. To investigate
the spatially segregated MOF reactor can be practical for high
concentration substrate catalysis, UDP-sugar synthesis was
chosen as the model reaction and conducted at an elevated
scale. With the application of NahK-GImU@ZIF-90A@PPK
can catalyze the substrate, GIcNAc or GalNAc, at the
concentration of 400 mM, that is much higher than 200 mM
reported in previous studies,”* UDP-GIcNAc (al) and UDP-
GalNAc (a7) were synthesized in gram scale. Furthermore, the
four-enzyme cascade reactor, including sugar nucleotide
synthesis module, glycosylation module, and cofactor regener-
ation module, was applied to disaccharide synthesis in high
titer. When the substrate GIcNAc concentration reached 200
mM, the conversion rate of heparin disaccharide bl still
reached 70% catalyzed by NahK-GImU@ZIF-90A@PmHS2-
PPK, which is much higher than in the soluble enzyme system
due to the inhibitory effect of high concentrations of
substrates. Besides, hyaluronic acid disaccharide b7 exhibited
~3-fold conversion rates than free enzyme cascades with the
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concentration of 200 mM, catalyzed by NahK-GImU@ZIF-
90A@PmHAS-PPK.

B CONCLUSIONS

In summary, based on the strategy “Modular-Enzymes
Assembly by Spatial Segregation” (MASS), we have success-
fully developed a universal enzyme immobilization platform
that enables flexible assembly of various glycoenzymes modules
to achieve the hierarchical glycan library construction with
cofactor regeneration. This strategy enabled different enzymes
to be held in distinct location of “smart bioreactor”-MOF
particle, inside and outside, providing spatial segregation for
multistep reactions in one-pot, significantly reducing the
undesired interference and cross-inhibitions. Moreover, it
exhibited excellent catalytic activity even in a high-concen-
tration substrate system, which is usually difficult to achieve in
soluble enzyme cascade reactions, thus, will be beneficial to the
large-scale production. To the best of our knowledge, this is
the first reported universal multiglycoenzyme immobilization
platform and will further promote the enzymatic synthesis of
more complex glycans.
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