Chem CataIySis ¢ CelPress

Article
A general Ca-MOM platform with enhanced
acid-base stability for enzyme biocatalysis

Yanxiong Pan, Qiaobin Li, Hui
Li, ..., Zhiping Lai, Bingcan Chen,
Zhongyu Yang
zhiping.lai@kaust.edu.sa (Z.L.)

bingcan.chen@ndsu.edu (B.C.)
zhongyu.yang@ndsu.edu (Z.Y.)

Highlights

Ca®* and carboxylate ligands
immobilize enzymes via co-
precipitation in water

H,0

Enzyme@Ca-MOF biocomposites
are stable under pH 3.7-9.5 and
catalytically active

Biocatalysis is possible under a
needed pH for optimal
performance on our composites

SDSL and EPR are combined to
elucidate enzymes' behavior in
our composites

By co-precipitation of enzymes, Ca?*, and carboxylate ligands, we discovered the
formation of biocomposites that are stable under a wide range of pHs (3.5-9.5).
The catalytic activity was demonstrated on four enzymes with different sizes and
isoelectric points. SDSL-EPR then revealed enhanced backbone dynamics of
enzymes upon encapsulation in one of our biocomposites. The developed
platform can be generalized to immobilize arbitrary enzymes and carry out
catalytic reactions under the desired pH of the host enzyme.
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under weakly acidic conditions, is not ideal, limiting the reaction medium to being
basic. A promising success is a recent work using a polymer-zeolitic imidazolate
framework (ZIF) hybrid to enhance ZIF stability under acidic conditions.?” However,
this approach does require some specific expertise and may not be suitable for gen-
eral enzymes, especially metallo-enzymes, because imidazolate may chelate the
endogenous metals. Mechanochemical encapsulation of powder-state enzymes in
UiO-MOFs resulted in acid-stable enzyme@MOF composites,”” yet these compos-
ites are unstable under basic conditions.?* Given the high variety in enzymes and
the wide range of their optimal pHs,?® there is a critical need for a MOF that is simul-
taneously stable under both weakly acidic and basic pHs and can be generalized to
enzymes with arbitrary surface charge, molecular weight, and/or substrate size.

In this work, we report an effective approach to simultaneously overcome all afore-
mentioned barriers. Inspired by the recent Ca-MOF/metal-organic materials
(MOMs),?°~3? we found that Ca®* can form composites with enzymes and three
carboxylate ligands—terephthalate sodium (BDC-Nasy), biphenyl-4,4’-dicarboxylate
sodium (BPDC-Nay), and 2,2'-diaminobiphenyl-4,4’-dicarboxylate sodium (NH-
BPDC-Naj)—under ambient conditions in water. Remarkably, the formed enzy-
me@Ca-MOMs were stable under both weakly acidic and basic pHs (3.7-9.5), as
judged by the turbidity, crystallinity, and morphology. This finding overcomes the
long-lasting stability problem of composites formed in the aqueous phase. We
tested this platform on four enzymes with varied molecular weights, substrate sizes,
and isoelectric points (IEPs): lysozyme (lys, 18.7 kDa; substrate, bacterial cell
walls; [EP, 9.2; ~2.5 x 3.0 X 4.5 nm), lipase (53 kDa; substrate, esters; IEP, 5.8;
~3.0 X 3.2 x 6.6 nm), glucose oxidase (GOx, 80 kDa; substrate, glucose; IEP, 4.2;
~6.0 X 5.2 X 7.7 nm), and horseradish peroxidase (HRP, 44 kDa; substrate, H,O,;
IEP, 3-9; ~3.7 x 4.3 x 6.4 nm). All four enzymes individually as well as the HRP/
GOx cluster showed the expected catalytic activity against the corresponding sub-
strates. Interestingly, we found that with the same amount of enzyme entrapped,
the enzyme@Ca-NH,-BPDC composite displayed a higher catalytic efficiency than
Ca-BPDC and Ca-BDC for three of the four enzymes. To probe the cause of such ac-
tivity difference, we took lys as a model and employed site-directed spin labeling
(SDSL)-electron paramagnetic resonance (EPR) spectroscopy to probe the backbone
dynamics of lys in each MOM.?*~*? SDSL-EPR is especially suitable for this investiga-
tion because it probes enzyme backbone dynamics at the residue level***° regard-
less of the background matrices.’”?" We found that in Ca-NH,-BPDC, lys displayed
higher backbone dynamics than Ca-BPDC and Ca-BDC on multiple protein sites.
Thus, we speculate that enzyme intrinsic backbone flexibility is the highest in Ca-
NH,-BPDC for all enzymes, which explains the catalytic efficiency difference among
different Ca-MOMs.

To the best of our knowledge, this is the first report on aqueous-phase, one-pot syn-
thesis of enzyme@Ca-MOMs that are simultaneously stable under weakly acidic and
basic conditions while preserving enzyme activities. Our approach can be general-
ized to other enzymes with arbitrary molecular weights and substrate sizes for bio-
catalysis under the needed pHs. The ease of operation and the ambient reaction
conditions are also advantageous for industrial biocatalyst preparation.

RESULTS

Selection of metal and ligands

Agueous-phase, one-pot co-precipitation can encapsulate enzymes with arbitrary
sizes in MOFs to form enzyme@MOF composites (enzymes embedded in the
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Figure 1. Synthetic schemes of the three Ca-MOMs discovered in this work

The stacking interactions of benzyl rings among different layers stabilize the overall structure for
enzyme@Ca-BDC (A), Ca-BPDC (B), and Ca-NH,-BPDC (C). Enzymes (purple) are encapsulated in
crystal cavities.

materials) and allow for catalysis of large-size substrates.'”"" However, composites
formed in the aqueous phase are often challenged by poor stability, especially under
(weakly) acidic or basic pHs. After scanning a number of metal/ligand pairs, we found
that three carboxylate ligands—BDC-Na,, BPDC-Na,, and NH,-BPDC-Na,—can co-
precipitate with Ca?* and enzymes in water and form relatively stable composites
over a wide range of pHs.

Synthesis and characterization of Ca-MOMs

We converted the -COOH groups of BDC, BPDC, and NH,-BPDC to —COONa
(Scheme S1)in order to improve their solubilities in water. Then, as shown in Figure 1,
each ligand was mixed with Ca®* and each enzyme under gentle mixing at room tem-
perature in water. The unreacted species were removed via centrifugation-resuspen-
sion with water three times (see the supplemental information). The prepared com-
posites were stored in water at 4°C for further use.

Under near-neutral pH, the enzyme@Ca-MOMs show varied morphology depend-
ing on the ligand as reported by scanning electron microscopy (SEM; for represen-
tative data of lys@Ca-MOMs, see row 3 in Figure 2A and Figure S1 for a larger scale).
Lys@Ca-BDC is a two-dimensional stackable sheet tens of micrometers in length and
a few micrometers in thickness (Figure 2A, row 3), whereas lys@Ca-BPDC and Ca-
NH2-BPDC are also stackable sheets but smaller in size (particle diameter). Interest-
ingly, when the enzyme is switched to lipase, the morphology became slightly
different (Figure S2), where lipase@Ca-BDC composites are large cuboids but lipa-
se@Ca-BPDC/NH,-BPDC are smaller in size (particle diameter) with less regular
shapes. This indicates that the morphology can be dependent on the enzyme (and
enzyme-metal/ligand interactions) too.

An interesting finding during our X-ray diffraction (XRD) investigation is that a trace
amount of protein (i.e., lysozyme) can induce the slow crystallization of Ca and BDC
and generate relatively large-size single crystals (see Figure 2A). The XRD pattern of
Ca-BDC (black trace in Figure 2B) is similar to that of the Ca-BDC formed in water
(without protein) reported a long time ago”” and does not match that formed under
high temperature or pressure in the organic phase (without enzyme).?® The structure
of our Ca-BDC (Figure 3A; for the crystallographic information file [CIF] and details,
see Tables S1and 52 and Figure S4) indicates that each Ca®* is coordinated with two
oxygens from a BDC molecule in one layer and another two oxygens from two BDC

148 Chem Catalysis 1, 146-161, June 17, 2021

Chem Catalysis



Chem Catalysis ¢? CelPress

>

Ca-NH.BPDC

pH 3.7

pH 5.6

pH 7.4

pH 9.5

pH 7.4

— Ca-BDC single crystal —
B — Lys@Ca-BD mrv%ater cvas CaB%%annwg?é?r
— Lys@Ga-BDG pH 3.7 — Lysf (fa-NH BPDC pH 3.7
— Lys@Ca-BDC pH56 —Lys NH -BPDC pH 5.6
— Lys@Ca-BDC pH 7.4 —Lys 8 NHIBPD pH 74
—— Lys@Ca-BDC pH 9.5 — Lys@Ca-NH,-BPDC pH 9.5

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
206(degree) 20(degree) 26(degree)

Figure 2. Acid-base stability of the enzyme@Ca-MOM composites
(A) SEM and confocal fluorescent images show stable morphologies of the enzyme@Ca-MOMs
under varied pHs.
(B-D) The single-crystal XRD (B) and PXRD (C and D) patterns of the involved enzyme@Ca-MOMs
confirmed the crystallinity and pH stability too. We actually obtained the Ca-BDC single crystal by
scanning the single crystals of our Ca-BDC formed in the aqueous phase at room temperature.
Note that this structure is different from that reported in Ca-BDC formed under higher temperature
and pressure (see the main text).
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