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organic framework (HOF) for highly efficient biocomposites.
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Abstract: Hydrogen bonded organic frameworks (HOFs) with
enzymes incorporated during their bottom-up synthesis represent
functional biocomposites with promising applications in catalysis and
sensing. High enzyme loading while preserving high specific activity
is fundamental for development, but to combine these biospecific
features with a porous carrier is an unmet challenge. Here, we
explored synthetic incorporation of b-amino acid oxidase (DAAO) with
metal-free tetraamidine/tetracarboxylate-based BioHOF-1.
Comparison of different DAAO forms in BioHOF-1 incorporation
revealed that N-terminal enzyme fusion with the positively charged
module Zpasico (Z-DAAO) promotes the loading (2.5-fold; ~500 mg g)
and strongly boosts the activity (6.5-fold). To benchmark the HOF
composite with metal-organic framework (MOF) composites, Z-DAAO
was immobilized into the zeolitic imidazolate framework-8 (ZIF-8), the
relatively more hydrophilic analogue metal azolate framework-7
(MAF-7). While sensitivity to the framework environment limited the
activity of DAAO@MAF-7 (3.2 U mgt) and DAAO@ZIF-8 (< 0.5 U mg-
1), the activity of DAAO@BIioHOF-1 was comparable (~45%) to that
of soluble DAAO (50.1 U mg?) and independent of the enzyme
loading (100 — 500 mg g?'). The DAAO@BioHOF-1 composites
showed superior activity with respect to every reported carrier for the
same enzyme and excellent stability during solid catalyst recycling.
Collectively, our results show that the fusion of the enzyme with a
positively charged protein module enables the synthesis of highly
active HOF biocomposites suggesting the use of genetic engineering
for the preparation of biohybrid systems with unprecedented
properties.

Introduction

The application of enzymes to modern industrial processes*-!
and therapeutics*® demands progress in research aimed at
tailoring enzyme functionality and developing methodologies for
their integration into devices.[*1% Like most non-fibrous proteins,
enzymes are inherently fragile ex situ, hindering their use, for
example, in commercial catalysis where recyclability is desired.*
131 Thus, immobilization on, or within, solids is employed as a
strategy to enhance enzyme stability in catalysis, biomedical
science and biosensing applications.6814-211 For example,

infiltration into preformed porous materials (e.g., silica, organic
polymers) is well known for enzyme immobilization.?°2223 A key
challenge in the synthesis of such biocomposites is to achieve
high enzyme loading on the surface of the solid while its retaining
biological activity.[?+24-27]

Porous crystalline frameworks such as metal-organic frameworks
(MOFs) and hydrogen-bonded organic frameworks (HOFs)[2829
are a class of solids assembled in a modular fashion and thus
allow for precise control of their structures through the judicious
choice of the building blocks. Whereas MOFs consist of metal
nodes and organic linkers, HOFs are assembled through
hydrogen bonding of organic components.% These materials
offer unique opportunities to promote enzyme immobilization
beyond the limits of traditional carrier-based approaches®2-%! as
their bottom-up synthesis can be carried out under enzyme-
compatible incubation conditions. Thus, biocomposites that
preserve the active enzyme into the porous solids framework can
be realized.83233 Indeed, MOF- and HOF-based composites
have been reported for a number of enzymes and several show
promise as biocatalysts with high specific activity, stability and
recyclability.®23336371  Recent seminal studies in HOF
biocomposites have shown very high protein loading.?” In this
case the protein surface was chemically modified to enhance its
positive charge, vyielding favorable interactions with the
carboxylate-based HOF building blocks.B7:3%81  Although this
approach resulted in high enzyme loading, protein surface
functionalization protocols require multistep procedures,37:3940
depend on the specific sequence of amino acids and their
accessibility,*] and can influence the native bioactivity.#? A
strategy that has been overlooked to increase protein-framework
interactions is protein engineering, where progress in both
molecular biotechnology and DNA manipulation has enabled a
straightforward and cost-effective expression of fused protein
systems.[*>%%1 For example, enzymes can be expressed with
arginine-rich mini-proteins (modules) connected by a polypeptide
chain (Zpasicc made of 58 amino acid; 7 kDa) to improve non-
covalent immobilization on inorganic substrates.[*l We
hypothesize that such positive surface charge enrichment via
Zpasicz modules would enhance the protein immobilization in HOFs
(Figure 1a).



Here, we report a detailed study of biocomposites prepared via
mixing Zpasice functionalized D-amino acid oxidase (Z-DAAO;
Figure 1b) and BioHOF1 precursors (tetraamidinium and
tetracarboxylate linkers) in water (Figure 1c). DAAO was
selected due its broad relevance in industrial bio-catalysisi>47]
and due to its potential applications in analytics and
medicine.#84 For comparison, Z-DAAO biocomposites were
prepared from two MOF materials that are known to immobilize
enzymes via an analogous one-pot approach; Zeolitic Imidazolate
Framework 8 (ZIF-8, composed of Zn?* and 2-methyilimidazole,
2-mIM) and a structurally analogous but more hydrophilic material,
Metal Azolate Framework 7 (MAF-7, composed of Zn?* and 3-
methyl-1,2,4-triazole,mtz; Figure 1c). This comparison allowed
us to benchmark the performance characteristics of the HOF-
based biocomposite to those of the well-studied ZIF-based
analogues. In summary, we show that Zpasic2 functionalization
enhances DAAO immobilization in/fon BioHOF-1 and that the
resulting enzymatic activity of the Z-DAAO@BioHOF-1
significantly outperforms Z-DAAO@ZIF-8, Z-DAAO@MAF-7 and
all previously reported DAAO composites. Thus, we envision that
protein engineering will offer new opportunities for the synthesis
of efficient HOF-based composites for enzyme applications.
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Figure 1. () Zvasic2 binding module and clustered arginine residues. A structural
model of b-amino acid oxidase from Rhodotorula toruloides and the fused Zpasic2
tag was created using The PyMOL Molecular Graphics System, Version 2.6
Schrédinger, LLC. Surface charge visualization was calculated using APBS
softwarel®. (b) Schematic representation of Z-DAAO dimer catalyzing the
deamination of p-amino acids. (c) Precursors used for the one-pot and water-
based synthesis of each biocomposite (Z-DAAO@BioHOF-1, Z-DAAO@ZIF-8,
and Z-DAAO@MAF-7).

Results and Discussion

Native DAAOB52  from Trigonopsis variabilis (78 kDa,
homodimer) and DAAO fused with the cationic binding module
Znasic2 (7 kD)%, here referred to as Z-DAAO, were purified from
an Escherichia coli expression culture (see Sl_I1). The addition of
the positively charged Zpasicc module confers affinity for binding to

negatively charged surfaces and has been employed to facilitate
immobilization on solid supports (e.g., porous silica) and to control
biomolecular orientation.!3-571 In this study we tested both native
DAAO and Z-DAAO for the one-pot preparation of HOF and ZIF-
based biocomposites, here denoted as DAAO@BioHOF-1, Z-
DAAO@BioHOF-1.

Addition of DAAO and Z-DAAO (1.0 mg ml?), respectively, to a
solution of BioHOF-1 precursors (tetraamidinium and
tetracarboxylate linkers), yielded the rapid formation of a solid
precipitate. Close inspection of the precipitate via optical
microscopy revealed that the precipitate was comprised of high
aspect ratio particles. We note such particle morphology is typical
of BioHOF-1 composites (Figure S5).13¢ The samples were then
centrifuged and the enzyme loading and activity were determined.
For DAAO@BIioHOF-1, only 42.7% of the protein was
immobilized (see protein yield, Yp, aka encapsulation efficiency
EE, Figure 2) whereas fusion of the Zpasicc module in Z-DAAO
engendered a Yp of 100%. Enzyme activity was measured using
the DAAO assay (see supporting information, Sl_110). As control
experiment, we performed the DAAO assay on each of the
supports and each showed zero activity in the absence of the
enzyme. Notably, Z-DAAO@BioHOF-1 resulted in nearly one
order of magnitude increased retention of activity after
immobilization (see activity yield, Ya, SI_113)® compared to
DAAO@BIioHOF-1. Thus, the intrinsic activity of the bound
enzyme compared to its free form (see effectiveness factor, n,
Sl_113) Bl was also increased 6.5-fold in Z-DAAO@BioHOF-1 vs.
DAAO@BIioHOF-1. These results suggest that the Zpasicc module
is primarily responsible for the high enzyme loading and activity
of observed for the Z-DAAO@BioHOF-1 composite.
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Figure 2. Immobilization performance of the HOF biocomposite prepared with
the native enzyme (DAAO@BioHOF-1) and with the Zyasicz module engineered
enzyme (Z-DAAO@BioHOF-1). Protein yield (Yp), Activity yield (Ya), and
effectiveness factor (n) are given in %.

The positive charge on Zuasic2 derives from several Arg residues
clustered on one side of the module’s three-helical bundle
structure (Figure 1a).571 The Arg guanidine group is chemically
similar to the amidine groups of the cationic building block of the
BioHOF-1. Thus we hypothesize that Z-DAAO incorporation into



the nascent BioHOF-1 composite may involve a multivalent
process whereby Zasicc guanidine moieties bind to the exposed
carboxylate groups of the HOF in place of tetraamidinium building
units.” This idea is in good agreement with examples of HOF
composites that report superior Yp for amino-modified model
proteins (i.e., BSA and GFP), compared with pristine and
carboxyl-modified proteins.758 The structures of the DAAO
biocomposites were examined by X-ray diffraction (XRD), which
revealed that the diffraction patterns of DAAO@BioHOF-1 and Z-
DAAO@BioHOF-1 were analogous to that of as-synthesized
BioHOF-1 (see Figure S6 and Figure 3a).l%

Next, we prepared Z-DAAO composites of ZIF-8 and, the
isostructural but more hydrophilic, MAF-7 to benchmark the
performance of Z-DAAO@BIioHOF-1 to other porous
biocomposites that can be prepared via one-pot methods in water.
Employing reported protocols,® for the synthesis of the ZIF-8
and MAF-7 biocomposites yielded Z-DAAO@ZIF-L® an
amorphous product, respectively (Figure S7-S8). However, by
modifying the synthesis conditions (e.g. metal-to-ligand ratio and
concentration of ammonia), biocomposites of sodalite (sod)

(a) (b)

topology were obtained (see S9-S12, and Fig 3b-c). The sod
topology (flexible framework with pore window of 3.4 A) ensures
accessible porosity and maximize mass diffusion.61-63

To examine the chemical composition and confirm the presence
of the enzyme in all composites, we used Fourier-transformed
infrared (FTIR) spectroscopy (see Figure 3d-f). Z-
DAAO@BioHOF-1, Z-DAAO@ZIF-8 and Z-DAAO@MAF-7
composites each showed an absorbance band in the protein
amide | region (1700 — 1600 cm™) that was absent in pure
framework and increased with enzyme loading (Figure S13-
S15).4 However, for Z-DAAO@ZIF-8, a bifurcation in the amide
| vibrational band (1650 cm™) is observed. This suggests the
secondary structure of the enzyme is modified upon composite
formation (Figure S16).65-69

The particle size and morphology of the biocomposites were
examined using scanning electron microscopy (SEM, see particle
size analysis Figure S17-S26). Figure 3g shows that Z-
DAAO@BIioHOF-1 formed needle-like crystals of ca. 7 um with
squared cross section of 700 nm in width,
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Figure 3. Material characterization of Z-DAAO@BioHOF-1, Z-DAAO@ZIF-8, and Z-DAAO@MAF-7 with an initial Z-DAAO concentration of 1 mg mL™* during
synthesis after optimization of the synthesis to obtain each material at the correct topology. (a-c) PXRD patterns including simulated PXRD patterns of each material
(red), each material without biocatalyst (grey), and Z-DAAO@HOF/MOF. (d-f) ATR-FTIR spectra of each material with/without biocatalyst. (g-i) SEM images of the

obtained biocomposites with inset zoom of Z-DAAO@ZIF-8



Z-DAAO@ZIF-8 exhibited a rhombic dodecahedral morphology
(Figure 3h) with average particle size of ca. 500 nm and Z-
DAAO@MAF-7 formed spherical particles (Figure 3i) of ca. 4.5
pm that presumably formed due to crystal inter-growth. We note
that the presence of the enzyme in the synthesis did not influence
the particle morphology of the different frameworks (Figure S17-
S19), however, a significant change in average particle size was
noted only for pure MAF-7 (ca. 30% decrease).

Next, the immobilization performance at varying initial Z-DAAO

concentrations, during the biocomposite synthesis, was assessed.

The framework integrity at all Z-DAAO loadings was confirmed by
FTIR and XRD analyses (Figure S13-S15, S27-S29). Each of the
biocomposites incorporated all of the Z-DAAO (0.25 — 1.5 mg ml’
1) from solution into the solid material (see Yp Figure 4a, Figure
S30). Given that the protein yield is 100% for all three
biocomposites Ya = n. The activity of the three materials varied
significantly; Z-DAAO@BIOHOF-1 was highly active (n = 45%,),
while Z-DAAO@ZIF-8 was inactive, likely due to the hydrophobic
nature of the framework.’® Z-DAAO@MAF-7 retained partial
activity with n = 8% (Figure S31). This could be ascribed to the
enhanced diffusion through defects in the MAF-7 structurel™ or
possibly that the solid dissolved during the assay and the activity
recorded may be the result of free enzyme (Figure S32).

Figure 4b compares the effective protein loading, considered a
key parameter for bioreactor design, of the HOF and ZIF-based
biocomposites along with traditional materials employed for
DAAO immobilization."72 The DAAO@BioHOF-1 composite
(0.55 Genyzme Omateriait) showed a higher effective loading than the
two MOF materials and significantly exceeded the limits of
traditional materials (~0.1 Qenyzme Omateria). FOr example, Z-
DAAO@BIioHOF-1 is ca. 7-fold higher than Z-DAAO@SBA-15.
Furthermore, the exceptionally high loading for Z-
DAAO@BIioHOF-1 corresponded to the highest specific activity
(ca. 7500 U gmateria)- It is worth noting that enzymes of the O,
dependent class are challenging to process into highly active solid
preparations.[’3-76l

For O, dependent enzymes, n decreases sharply with increasing
enzyme loading due to O, depletion inside the porous catalyst.["6-
71 This can be seen by the decrease of n at increased specific
activitymaterial fOr silica-based support such as MSU-F and SBA-15
(see Figure 5a, Figure S33-S37). Enzyme composites showing
increased O; activity due to better balance between reaction and
diffusion are thus desirable.l’”l The crystalline porous frameworks
are promising in this respect due to their large pore volume and
accessible porosity. To this end we examined nvs. specific
activitymaterial for the MOF and HOF-based biocomposites. Figure
5a shows that Z-and DAAO@BioHOF-1 are highly active: 5.7-fold
more active than the best MOF biocomposite (Z-DAAO@MAF-7)
with a measured specific activity of ~24 U MQenzyme (N = ~45%).
Remarkably, compared to traditional porous silica (MSU-F and
SBA-15)(578 or MAF-7, Z-DAAO@BioHOF-1 showed that n is
preserved even at higher enzyme loading (Figure S36-S37).
Indeed, the high n of the BioHOF-1 composite (higher than ~45%)
results in a record value of specific activity per gram of material:
6 times higher than the best previously reported value for
mesoporous silica (SBA-15) and ca. 12 times that of the
hydrophilic MOF (MAF-7).
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Figure 4. (a) The immobilization performance of Z-DAAO@BioHOF-1. Z-
DAAO@ZIF-8, and Z-DAAO@MAF-7 prepared with an initial Z-DAAO
concentration of 1 mg mL*? during the immobilization (values calculated
averaging at least 3 different batches from biological replicates). Protein yield
(Yp), Activity yield (Ya), and effectiveness factor (n) are given in %. (b) Protein
loading and specific activity of DAAO@ZIF-8, DAAO@MAF7 and
DAAO@BIioHOF-1 (current work) compared to previously reported results of
immobilized DAAO (grey): controlled pore glass (CPG) 4, sepabeads™),
fractogel®® and ordered mesoporous silica (SBA-15)551,

We posit that the record activity of Z-DAAO@BioHOF-1, can be
attributed to the unique 1-D (needle-like) particle geometry of the
composite. This morphology can provide a large surface-to-
volume ratio which is favorable for external (liquid-to-solid) and
internal diffusion via the micro-porous network. In addition, the
spatial distribution of immobilized enzymes infon carriers may
play a crucial role.B%8 To distinguish between the externally and
internally bound enzyme, we used tryptic digestion to inactivate
the Z-DAAO. Substantial loss (>90%) of Z-DAAO@BioHOF-1
activity on incubation with trypsin revealed that the major portion
of the immobilized Z-DAAO was protease-accessible, hence at
least partially exposed to external surface of the particles (Figure
S38). Importantly, the performance characteristics of the Z-
DAAO@BioHOF-1 composite could not be reproduced by a
simple adsorption of the Z-DAAO on a pre-synthesized BioHOF-
1 framework (Figure S39). The enzyme binding to the solid was
decreased strongly (>70%) and the specific activity of the
immobilized Z-DAAO lowered to a similar degree (>70%) as
compared to Z-DAAO@BIioHOF-1 synthesized via the one-pot
approach. Overall, the comparison between n for the adsorption
of the Z-DAAO on BioHOF-1 and one-pot preparations of
DAAO@BIioHOF-1 and Z-DAAO@BioHOF-1 (see Figure 2 and



Figure S39) suggests that for the one-pot Z-DAAO@BioHOF-1
system the enzyme is partialy embedded on the HOF
surface.%82 While this hypothesis requires further study beyond
the current scope of the current work, it is evident that the
incorporation of the Zpasicc module via rational protein engineering
is a promising strategy for the development of framework-based
enzyme composites.[!18384 Nevertheless, the notion of partially
embedded DAAO is consistent with kinetic studies that show a K,
value for p-Met ~2.2-fold lower in Z-DAAO@BioHOF-1 than
soluble Z-DAAO as this implies a catalytic reaction for the
immobilized Z-DAAO that is effectively unrestricted by diffusion
(Table 1, Figure S40-S45). Slow diffusion into the solid catalyst
would show as an increase in the apparent K. (Figure
S46).237685 Decrease in the Kn, might be explained by a favorable
partitioning of the somewhat hydrophobic D-Met between the
liguid phase and the solid surface of the composite.[(
Remarkably, therefore, the catalytic efficiency (Kca/Km) of the Z-
DAAO@BioHOF-1 composite is close to that of the soluble
enzyme. Consistent with this interpretation, the b-Met Ky, of Z-
DAAO@MAF-7 was comparable to that of the soluble enzyme
suggesting that diffusional effects are negligible.

(a)

100
: A MSU-F
SBA-15
A BioHOF-1
801 & MAF-7
ZIF-8
60 - A
n\o A
=
40 4
A
20 4
0 -

T T T T T T T
0 2000 4000 6000 8000 10000 12000

Specific actiVity,maieriar / U Imaterial

(b)

[ z-DAAO@MAF-7

100 [ z-DAAO@BioHOF-1
80
ES
} 60
=
2
40
20
Initial R1 R2 R3 R4 R5 R6 R7 R8 R9 R10
Cycle
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DAAO@BIioHOF-1 and Z-DAAO@ZIF-8 and Z-DAAO@MAF-7 compared to
ultra large pore SBA-15 silical® and mesocellular silica foam MSU-F.”®! (b)
Recycling of DAAO@MAF-7 and DAAO@BIioHOF-1. Activity after each cycle.
The reaction was performed with 20 mguwet weight ML™? biocomposite, 10 mM p-
methionine and 20 mM HEPES (pH 8) at 30 °C after each cycle the
biocomposite was separated by centrifugation and reused in a fresh reaction
mixture.

Table 1. Comparison of apparent kinetic parameters for free (DAAO) and
immobilized DAAO (DAAO@MAF-7 and DAAO@BIioHOF-1) for b-methionine.
At an initial Z-DAAO concentration of 1 mg mL™ during the immobilization.

Vmax
[umol min Keat Km Keat / Km
Catalyst 1 MQenzyme” [s] [mM] [st mM7
4

40.6 1.264
Z-DAAO 50.1+0.8 +0.7 0.111 16.1+29

26+ 1.960 +
Z-DAAO@MAF-7 3.2+0.01 0.0 0.083 0.7+0.0

. 13.2 0.560 *
Z-DAAO@BIioHOF-1 16.3+0.1 +0.0 0.034 11.8+1.2

The retention of enzyme activity in the Z-DAAO@MAF-7
composite and the loss of activity for Z-DAAO@ZIF-8 (Figure 4a)
prompted further investigation. When incubated with the soluble
Z-DAAO for 1 h, the framework precursors of all three composites
proved to be deleterious to enzyme activity (Figure S47). In
particular Zn(NO3), (MAF-7) resulted in a greater loss in activity
than Zn(OAc). (ZIF-8). However, such simple stability assays
cannot reproduce the self-assembly conditions that lead to rapid
composite formation (£ 5 min). Indeed, the evidence implies that
reason for the inactive Z-DAAO@ZIF-8 is likely due to the
microenvironment surrounding the enzyme in the solid composite.
For example, FTIR analysis (Figure S16) shows a characteristic
change in infrared band (band shift to higher wavenumber; single
band — bifurcated band)®>%9) in the amide | region of the
spectrum that is indicative of more significant denaturation in Z-
DAAO@ZIF-8 compared to Z-DAAO@MAF-7 and the free
enzyme.®

Finally, we analyzed the biological stability and the structural
robustness of the Z-DAAO composites via recycling experiments
of the HOF-based solid catalyst for b-Met oxidation (Figure S48-
S49) using surface aeration to supply O.. On the basis of specific
activity of the framework-bound enzyme, the Z-DAAO@BioHOF-
1 showed excellent stability, with negligible loss of activity (ca.
20 %) over the first three reaction cycles (Figure 5b), followed by
a plateau. It is worth noting that for recycling tests of immobilized
enzymes a decrease in specific activity of about 25% can be
observed in the first cycle.[® In case of Z-DAAO@BioHOF-1, this
may reflect that initially surface bound Z-DAAO could be readily
released from the material (for the general case, see ref ).
Stability tests show that after 10 cycles the weight and crystallinity
of Z-DAAO@BioHOF-1 were maintained (Figure S50a-b).
However, the particle morphology showed increased surface
roughness (Figure S50c-d). Similar stability was observed for Z-
DAAO@MAF-7, however this biocomposite featured gradual
decrease in specific activity to just ~20% remaining in the last
cycle. Furthermore these results show that the BioHOF-1-bound
Z-DAAO was significantly more stable and more active than the
MAF-bound Z-DAAO.

Conclusion

In conclusion, we presented a systematic evaluation of three
crystalline, porous framework materials (BioHOF-1, ZIF-8 and
MAF-7) for the aqueous one-pot immobilization of Z-DAAO,
without the use of organic co-solvents (e.g. DMF B7:58)) BioHOF-
1, a hydrogen-bonded organic framework, shows outstanding
performance with respect to enzyme loading and retention of



activity, exceeding both ZIF-8 MAF-7 and traditional
immobilization carriers. Our results suggest that the surface-
binding module Z,asicz drives the active incorporation of the
enzyme into the functional BioHOF-1 composite. Thus, modular
approaches based on fusion proteins that involve Zpasico as
incorporator module could facilitate the biocomposite
development with other enzymes. Despite the high loadings
achieved, the enzyme catalyzes O, dependent transformation
without evidence of diffusional restrictions and shows excellent
stability and can be cycled with negligible loss of activity. The
outstanding performance characteristics of Z-DAAO@BioHOF-1
demonstrate potential scope for combining fusion proteins with
BioHOF-1 for the preparation of a new generation of highly
efficient heterogeneous biocatalysts.
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