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Abstract

Enzymatic activity is crucial for various technological applications, yet the complex structures and
limited stability of enzymes often hinder their use. Hence, de novo design of robust biocatalysts
that are much simpler than their natural counterparts and possess enhanced catalytic activity has
long been a goal in biotechnology. Here, we present evidence for the ability of a single amino acid

Kai Tao: 0000-0003-3899-5181

Linda J. W. Shimon: 0000-0002-7861-9247

Bryan M. Wong: 0000-0002-3477-8043

Ehud Gazit: 0000-0001-5764-1720

"Correspondence and requests for materials should be addressed to E.G. ehudg@post.tau.ac.il.

Data availability

The X-ray crystallographic coordinates for the structure reported in this study have been deposited at the Cambridge Crystallographic
Data Centre (CCDC), under deposition 1850564. Other data that support the plots within this paper and other finding of this study are
available from the corresponding author upon reasonable request.

Author contributions

P.M. and E.G. conceived and designed the experiments. P.M. grew the single crystals of catalytic complex and performed all
experiments. P.M. and K.T. conducted the Fourier transform infrared and scanning electron microscopy measurements. D.S.E., M.R.S.
and L.J.W.S. collected the single-crystal diffraction data and solved the crystal structure. S.S.R.K.C.Y. and B.M.W. performed the
computational studies. P.M. and E.G. wrote and edited the manuscript. All authors discussed and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


http://orcid.org/0000-0003-3899-5181
http://orcid.org/0000-0002-7861-9247
http://orcid.org/0000-0002-3477-8043
http://orcid.org/0000-0001-5764-1720
https://www.google.com/search?q=1850564&oq=1850564&aqs=chrome..69i57.479j0j7&sourceid=chrome&ie=UTF-8
https://www.nature.com/nature-research/reprints-and-permissions

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Makam et al. Page 2

to self-assemble into a potent and stable catalytic structural entity. Spontaneously, phenylalanine
(F) molecules coordinate with zinc ions to form a robust, layered, supramolecular amyloid-like
ordered architecture (F-Zn(i)) and exhibit remarkable carbonic anhydrase-like catalytic activity.
Notably, amongst the reported artificial biomolecular hydrolases, F-Zn(n) displays the lowest
molecular mass and highest catalytic efficiency, in addition to reusability, thermal stability,
substrate specificity, stereoselectivity and rapid catalytic CO, hydration ability. Thus, this report
provides a rational path towards future de novo design of minimalistic biocatalysts for
biotechnological and industrial applications.

Enzymes attain unique three-dimensionally folded protein structures encoded by the precise
amino-acid sequence to execute highly specific and efficient catalytic reactionsl—3, The
tremendous advantages of enzymatic reactions, for both biological in vivo activity and
technological applications, include high efficiency, a high degree of selectivity (regio-,
chemo- and enantio-) and eco-friendly reaction conditions®. Enzymes thus provide great
opportunities to carry out important chemical reactions in numerous research and industrial
fields, including food, health, cosmetics, agriculture, energy and applied enzymology, an
important branch of industrial biotechnology®. Despite the great potential of enzymes in
biotechnology, in most cases practical applications have been hampered mainly due to the
difference between the cellular environment and the industrial setting®. Amongst the pool of
enzymes, carbonic anhydrases (CAs, EC 4.2.1.1) are some of the fastest known
metalloenzymes, potentially having global implications for biotechnology (Fig. 1a)’. CAs
are the most ubiquitous enzymes present in various organisms and they participate in diverse
physiological functions, such as pH homeostasis, calcification, bone resorption and
photosynthesis. CA is the principal protein constituent of erythrocytes, along with
haemoglobin, and plays a central role in the transport of carbon dioxide via its reversible
catalytic hydration into bicarbonate (HCO3™) and protons (H*). In addition, CA exhibits
efficient esterase activity. This unique catalytic ability of CAs has attracted considerable
interest in biotechnology, carbon sequestration systems, biofuels and calcite production®.
However, due to critical drawbacks in CAs, such as lack of thermal and long-term stability,
high production costs and difficulties associated with recovery and reusability, the search for
new, robust CA mimetic biomaterials is still ongoing. Consequently, considerable effort has
been made towards fabrication of artificial CA mimics®17. However, the length of the
genetically coded amino-acid sequences, the complexity of the folding process and the
stability of the protein pose tremendous challenges. The X-ray crystallographic structure of
CA Il reveals a Zn(n) ion in the active site, which coordinates three histidine side chains
extending from adjacent, antiparallel B-strands (Fig. 1a). Consequently, numerous
approaches are currently being developed to try to mimic the catalytic activity of CA I,
including organometallic complexes, polymers, micelles and gels. However, these artificial
organic systems are not common in native enzymes and biological systems. In this regard,
biomolecular assemblies are an ideal supramolecular framework for constructing artificial
enzymes because the building blocks and the driving forces for self-assembly are non-
covalent interactions, which share many characteristics with natural proteins. Recent studies
identified a library of short Zn(i1)-coordinated peptide amyloid assemblies showing catalytic
activity for ester bond hydrolysis, a typical model reaction for CAs11:1318-20 Therefore, the
Zn(u) ion acts as an important cofactor and the amyloid cross-p-sheet folding represents an
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optimal structural scaffold for the design of artificial CA mimetics. Specifically, aromatic
dipeptides and metabolites are potential minimalistic mimics of amyloid assemblies?}~27. In
addition, we have demonstrated that the single amino acid, phenylalanine (F), can
spontaneously self-assemble into hydrogen-bonded supramolecular cross-p-sheet secondary
structures with amyloid characteristics?425. Despite the success of initial studies on
amyloid-associated catalysis!1:13:20.28-35 5o far, single amino-acid assemblies have not been
examined for biocatalytic applications. Therefore, considering the amyloid-like and highly
ordered assembly characteristics of phenylalanine, we set out to explore the possible CA-
like catalytic activity of phenylalanine assemblies in the presence of zinc ions as a cofactor.

Here, we present the rapid, single-crystal formation of zinc-bound phenylalanine (F-Zn(ir))
supramolecular amyloid-like cross-p-sheet assemblies. A combination of X-ray diffraction
and spectroscopic methods was applied to characterize the molecular packing interactions
among the phenylalanine and zinc ions. Remarkably, F-Zn(u) crystals displayed CA-like
biocatalytic activity towards both ester hydrolysis and hydration of carbon dioxide in an
aqueous medium (Fig. 1b). This very small amino acid-based enzyme mimetic could,
potentially, lead to a better understanding of hydrolase enzyme, as well as provide a model
for de novo design of minimalistic and robust enzyme mimetics.

Synthesis and structural insights of F—Zn(i) self-assembly

Aiming to generate zinc-incorporated structures, we first examined the self-assembly
process of phenylalanine in the presence of zinc ions. Under alkaline and mild heating
conditions, the phenylalanine and zinc ions spontaneously self-assembled into needle-like
F-Zn(n) crystals that were several micrometres long. Next, to estimate the rate at which the
phenylalanine molecules and Zn(nn) ions self-organize in solution to form the ordered
crystals, we monitored the crystallization process in real time (Fig. 2a). Briefly, a quartz
cuvette was filled with a freshly prepared alkaline solution of phenylalanine and ZnCl,
building blocks (in a 2:1 ratio) and immediately capped to prevent evaporation and
concentration changes. The crystallization process inside the cuvette was monitored using
light microscopy, and the images were captured at one-second intervals (Supplementary
Video 1). Spontaneously formed, small nucleation seeds were observed in fractions of
seconds, and unidirectional progressive growth was sustained for several minutes. Figure 2a
shows five consecutive snapshots of crystal growth at different time points. The plot of the
representative single-structure growth as a function of time exhibited an excellent linear fit
(A% < 1.00) with an elongation rate of 7.90 nm s~ (Fig. 2a). For this specific structure,
which was 16.66 pum in width, this rate translates into a volume increase of ~1.72 pm3 s71,
On the basis of a crystal structure unit cell volume of 1,668.94 A3 (Supplementary Table 1),
which contains a total of 12 molecules (eight phenylalanine and four Zn(i)), we can estimate
that 8.24 x 10° phenylalanine and 4.12 x 10° Zn(i1) building-block molecules organize
together into an ordered structure in each second. To gain more insight into the nucleation
step that initiates the spontaneous crystallization, in-situ absorption spectral measurements
were performed during the crystallization process in alkaline medium. Addition of Zn(u)
ions to an alkaline phenylalanine solution resulted in the appearance of a new, broad
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absorption band centred at a wavelength of A2 = 380 nm, which can be attributed to the
metal-to-ligand charge transfer coupled with ligand-to-ligand charge transfer transition of
the F-Zn(n) coordinated complex (Supplementary Fig. 1).36 The Job plot generated at the
charge transfer band (Amax = 380 nm) versus the fraction of Zn(n) ions in a fixed total
concentration ([F+Zn(i)] = 2 mM) clearly showed an inflection point at a 0.32 Zn(n)
fraction, corresponding to a 2:1 (F:Zn(n)) binding stoichiometry (Fig. 2b). No crystallization
was observed when the fraction of Zn(n) was below 0.3 under similar conditions. Fourier
transform infrared spectroscopy supported the coordination of phenylalanine carboxylic and
amino groups to Zn(n) by displaying a new metal-oxygen stretching band at 1,620 cm™ and
a significant red shift in the symmetric stretching band of NH, from 3,122 cm™1 to 3,249 cm
~1(Av=z 127 cm™1, where Avis the difference in frequency values), compared with those of
phenylalanine alone (Supplementary Fig. 1b). Thus, the crystallization was mainly nucleated
by a 2:1 phenylalanine to Zn(in) complex formation (Fig. 1b). To increase the surface area,
the crystals were ground to a fine powder and thoroughly characterized. The powder X-ray
diffraction spectra of the ground crystals completely matched those of the single-crystal
structure simulated powder pattern, thus confirming that the crystal structure within the
ground powder form is identical to that of the single crystals (Supplementary Fig. 1c). In
addition, energy dispersive X-ray spectroscopy measurements identified the presence of Zn
along with the carbon (C) and oxygen (O) atoms (Supplementary Fig. 1d). Moreover,
thermal gravimetric analysis experiments displayed a high thermal stability for the complex,
with three thermal decomposition temperatures of 307 °C (14.6%), 428 °C (45.8%) and

584 °C (18.4%) (Fig. 2c).

To gain better insight into the assembly process, we further performed single-crystal X-ray
diffraction analysis (Fig. 2d—g). The determined structure revealed molecular packing of a
monoclinic crystal system with a 224 space group containing eight phenylalanine molecules
and four zinc ions per unit cell (Fig. 2e). Each zinc ion was coordinated with two
phenylalanine residues through amine (NH,) and carboxylate (~OOC) groups (Fig. 2d). The
coordination sphere is completed by one of the adjacent zinc—phenylalaninate carboxyl
oxygens bonding to Zn(i1) on the axial position to form a distorted trigonal bipyramidal
geometry. This primary complex further propagated into a layered structure that is stabilized
by alternating hydrophobic (aromatic environment) and hydrophilic (both hydrogen bonding
and Zn(in) coordination) interactions. Each layer was composed of two continuous rows of
phenylalanine molecules held together by Zn(i1) coordination and hydrogen bonds along the
crystallographic aand caxes (Fig. 2f,g). These layers were further stabilized by interlayer
edge-to-face aromatic phenyl ring interactions along the 4 axis. Collectively, the Zn(n)
coordination and hydrogen bonding, within and between the layers, in combination with the
aromatic stacking, resulted in a strong set of interactions to hold this well-ordered, three-
dimensional complex structure within the crystal lattice. More interestingly, the hydrogen-
bonded phenylalanine molecular orientation (N and C termini) within the layers (along with
the 6—cand a—c crystal planes), and the aromatic interactions between the layers (along with
the b axis), showed a significant resemblance to the p-sheet secondary structure of an
amyloid-forming peptide37:38, The yellow arrows in Fig. 2f,g depict the direction of the N to
C terminus-ordered phenylalanine molecules held together by hydrogen bonding and Zn(ir)
coordination interactions, demonstrating the supramolecular cross-p-sheet, amyloid-like,
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hydrogen-bonded secondary structure. These superstructures further propagate along the
crystallographic long axis, thereby forming needle-like single crystals (Fig. 2h). In contrast,
another amino acid, glycine (G), coordinates with Zn(i) (G—zn(i1)) to form a closed tetramer
ring organization3?. This result clearly demonstrates the significance of stacking interactions
gained by the aromatic phenyl moieties in the amyloid-like supramolecular assembly of F-
Zn(n), rather than there being mere coordination sites to zinc. Therefore, aromatic moieties
play a central role by providing an energetic contribution as well as order and directionality
to the assembly.

F—Zn(i) catalytic esterase activity

After demonstrating the minimalistic abiotic structural model, we sought to validate the CA-
like catalytic activity of F=Zn(n). The ester hydrolysis activity of CA has been widely
assayed and standardized using a simple chromogenic substrate, p-nitrophenyl acetate
(pNPA), by monitoring the appearance of the yellow hydrolysed product, p-nitrophenolate
(pNP) (Fig. 3a). We therefore tested F-Zn(ir) hydrolase activity towards pNPA in deionized
(DI) water using UV-visible absorption spectroscopy (Fig. 3b). In the presence of F-Zn(n),
the colourless pNPA aqueous solution turned yellow (Supplementary Videos 2 and 3), which
was further evident from the appearance of an intense product absorption band at 400 nm
(Fig. 3b). The absorption kinetic profile monitored at 400 nm exhibited an enzyme-like fast
esterase trend in the presence of F—Zn(n) (Supplementary Fig. 2). In contrast, under similar
conditions, the control substrate solution without the catalyst did not show any visible colour
change, nor an absorption band at 400 nm, even after weeks of incubation. This suggests that
no background reaction took place. In addition, a control experiment (Supplementary Fig. 2)
using G-Zn(i1) as a catalyst showed approximately fivefold less activity than F-Zn(n),
revealing the fact that the differences in the microenvironment at the active sites of F-Zn(1)
and G-Zn(n) may account for the major difference in catalytic activity. Michaelis—-Menten
kinetics is a well-known model of enzyme kinetics that distinguishes enzymes from other
chemical catalysts. To determine whether the F-Zn(u1) catalyst follows characteristic enzyme
kinetics, the initial catalytic hydrolysis rates were determined as a function of various
substrate concentrations. A smooth Michaelis—-Menten model fitting (/2 = 0.998) plot
verified the enzyme-like characteristics of F=Zn(u1), allowing us to extract values for the
Michaelis constant (Kjyy) = 0.169 mM and the maximum rate (Vinay) = 4.85 x 103 mM s71
(Fig. 3c). Remarkably, the calculated catalytic efficiency (Acat/ K, Where kgt is the catalytic
rate constant) was found to be 76.54 M~1 s™1, which is the highest efficiency value among
the reported artificial biomolecular hydrolases shown in Table 1 (refs.11-17). Moreover, this
is the smallest known artificial hydrolase, about ~175-fold smaller (molecular mass of F,
165.08 Da) than CA 11 (~29,000 Da). Therefore, based on the molecular mass, the activity of
F-Zn(n) (keat! Kp = 46 x 1072 (g 1171 s71) is eight times greater than that of the native CA
Il enzyme (pNPA hydrolysis at pH 7, kca/ K = 5.7 x 1072 (g 171)71 s71). Furthermore,
control experiments using all the possible combinations of catalyst, such as phenylalanine
(F), Zn(n) and pNPA, revealed the hydrolysis activity to be strictly F-Zn(u) catalyst
dependent, with no significant above-background activity observed in the absence of any of
the catalytic building blocks (Fig. 3d). Moreover, the in-situ microscopy (Supplementary
Video 3) and filtration experiments (Supplementary Fig. 4) provide further evidence of the
catalytic function of F-=Zn(i1) single crystals, and excludes the contribution from dissolved or
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non-assembled structures. In addition, the catalytic activity was pH dependent and increased
with the pH of the reaction medium (Supplementary Fig. 6b).

Furthermore, the catalytic rate is greatly influenced by the size of the F=Zn(n) catalyst, with
the ground powder (average mean size 250 nm) showing two times higher efficiency than
the large crystals (>300 um) (Supplementary Fig. 5), which was attributed to the increased
catalytic surface area with a decrease in particle size. However, the F-Zn(n) catalytic rate of
pNPA hydrolysis is greatly hampered in Tris—HCI-buffered solution (25 mM, pH 7),
suggesting occupation of the HoO-binding site with anionic species present in the buffer
solution (Supplementary Fig. 2d). Having established efficient esterase activity, we
proceeded to investigate the catalytic response by monitoring the product absorbance band at
400 nm as a function of time, with addition of small and equal amounts of F-Zn(n) at
regular intervals (Fig. 3e). Interestingly, a sharp jump in absorbance was displayed with each
successive addition of F—Zn(ir). Such instantaneous changes provide strong evidence for a
quick and effective enzyme-like catalytic response. An important aspect of a catalyst is its
reusability. We, therefore, evaluated the reusability of the F-Zn(i) catalyst by employing it in
consecutive cycles of pNPA hydrolysis. Figure 3f demonstrates the reuse capacity of F-
Zn(u) for more than five cycles and, as shown, F-Zn(i1) maintained 99% of its activity even
after five cycles of reuse. One of the notable features of the F-=Zn(i1) catalyst is its high
thermal structural stability, as confirmed by thermogravimetric analysis (Fig. 2c). To analyse
the thermal catalytic stability, F-Zn(u1) was incubated at 373.15, 473.15 and 573.15 K for 2
h, and the pNPA esterase activity was measured in aqueous solution at room temperature
(Fig. 3g). Interestingly, all the heated F-Zn(n1) samples displayed a similar catalytic rate,
equal to the unincubated control, demonstrating an extremely high thermal catalytic stability.
Next, to determine the temperature effect on reaction rates, we further performed the
esterase activity at different reaction temperatures (295 K to 323 K). Interestingly, a gradual
increase in the rate of pNPA hydrolysis was observed with a rise in temperature, providing
valuable information on temperature-controlled catalytic function (Supplementary Fig. 6d).
On the other hand, the catalytic activity of native CA 1l is completely lost on heating to
363.15 K. Therefore, the significant higher thermal catalytic stability of F-Zn(u) is
potentially useful for various industrial applications. This remarkable catalytic stability is
attributed to the strong Zn(n)-coordinated, amyloid-like structural integrity of F—Zn(n).
Substrate specificity and stereoselectivity are important characteristics of enzymatic
catalysis. To evaluate the substrate specificity of F-Zn(u), the hydrolysis reaction kinetics
were analysed using a series of nitrophenyl esters with different side-chain lengths (4-
nitrophenyl acetate (pNPA), 4-nitrophenyl butyrate (obNPB), 4-nitrophenyl valerate (pNPV),
4-nitrophenyl octanoate (pNPQ)), bulky side chains having electron releasing (~CHyg; 4-
nitrophenyl trimethylacetate (p(NPTMA)) and electronwithdrawing (-F; 4-nitrophenyl
trifluoroacetate (pNPTFA)) groups and chemically distinct substrates (p-nitrophenyl
phosphate (pNPP), p-nitrophenyl-p-p-glucopyranoside (pNPG) and benzene-sulfonic acid 4-
nitrophenyl ester (BSNP)) (Fig. 3h). Among these, F—Zn(i1) could selectively catalyse the
ester hydrolysis with a side-chain length-dependent rate, validating the substrate-specific
catalytic action. The longer side chain led to a reduced hydrolysis rate. However, no catalytic
hydrolysis was observed on the bulky side chain (pNPTMA and pNPTFA) and chemically
distinct substrates (pNPP, pNPG and BSNP). Next, the stereoselectivity was tested using L-
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and p-Boc-phenylalanine 4-nitrophenyl ester (L/b-pNPA) enantiomers as substrates (Fig. 3i).
Interestingly, the L-pNPA hydrolysis rate is fourfold higher than that of the b-pNPA
enantiomer, suggesting a stereospecific catalytic function. This can be attributed to the
asymmetric organization (chiral space group ~2;) of phenylalanine and Zn(i1) molecules
within the crystal lattice promoting the stereospecific catalytic function.

Reaction pathway for F-Zn(i)) catalytic esterase reaction

Following the successful experimental demonstration of the catalytic esterase activity of F—
Zn(n), we performed density functional theory calculations at the M06-2X/6-31 + g(d,p)
level of theory to understand the step-by-step reaction mechanism. For the simulation, we
considered a monomer unit of the F—Zn(n) catalyst, and the initial geometry for the
monomer unit was obtained from the experimental X-ray diffraction structure. The solvent
medium was modelled using the polarizable continuum model. To better describe the
solvent-monomer interactions, we also added five explicit water molecules near the F—Zn(n)
unit. As shown in Fig. 4, the monomer unit including the surrounding water molecules,
complex 1, is the starting point of the entire reaction. In complex 1, one of the water
molecules is bound to the zinc atom (Zn-O distance = 2.095 A). The bound water molecule
loses a proton to one of the NH, groups (bound to the Zn) to generate the OH™ nucleophile
complex 2. The transition state for the proton transfer, complex TSq,, involves the
formation of a proton bridge between the Zn-bound H,0 and the NH5 through another water
molecule surrounding the complex. This proton transfer is an endothermic reaction with an
energy difference (AG?) of 7.77 kcal mol~1 between complexes 1 and 2 and an energy
barrier (AG?) of 8.92 kcal mol~1. The calculated energies, AG® and AG%, between the
complexes 1 and 2 are close to the energies (AG° = 4.31 kcal mol~ and AG* = 11.03 kcal
mol 1) calculated for the first two steps of the pNPA hydrolysis in the presence of self-
assembled short peptides#?. Complex 3 is formed once pNPA approaches the hydroxide ion
of complex 2. The subsequent bond formation between the carbon atom of the carbonyl
group of pNPA and the oxygen atom of the hydroxide ion (bound to the Zn atom) leads to
the formation of complex 4. This nucleophilic attack of OH™ goes through the transition
state, complex TSg,4, Where the carbon atom of the carbonyl group is in close proximity to
the oxygen atom of the hydroxide ion. The formation of 4 from 3 is an exothermic reaction
with AG = -3.36 kcal mol~1 and AG” = 5.32 kcal mol~L. It is important to note that, in
complex 4, the oxygen atom binding to the Zn belongs to the carbonyl group of pNPA and
not the oxygen atom of the hydroxide ion. From complex 3 to complex 4, the distance
between the Zn atom and the oxygen atom of the hydroxide ion (carbonyl group) increases
(decreases) from 1.91 A t0 3.05 A (3.39 A to 1.91 A). Also, the ester bond (the bond
between the carbon of the carbonyl group and the oxygen of the phenoxide group of the
pNPA) increases from 1.36 A to 1.45 A. This elongated ester bond dissociates further to
form complex 5 through TSys. In 5, one of the products, namely, p-nitrophenol is formed
and the remaining acetate ion is bound to the Zn complex. The conversion of complex 4 to 5
is highly exothermic, with AG® = —22.53 kcal mol~ and with a small barrier of AG* = 3.095
kcal mol~1. Complex 6 is formed after releasing the pNP from the active site. Finally, the
transfer of a proton from the NH3 moiety to the acetate ion through the proton bridge (TSg/7)
leads to the formation of complex 7, where the other product of acetic acid is formed, and
the original complex is restored. The AG® and AG* values for this step are 1.89 kcal mol~1
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and 2.74 kcal mol~1, respectively. The release of the acetic acid molecule from the active site
and the subsequent binding of a new water molecule to the active site re-initiates the entire
process. It is important to note that when the proton transfers from the H,O to NH> (that is,
steps for TSy, — 2), the NH, group moves away from the Zn site, and the reverse is
observed when the proton transfers from the NH3z moiety to the acetate ion (steps for TSg/7
— 7).

To further address the effect of aggregation on the catalytic reaction kinetics, we performed
several additional calculations with a dimer configuration. In these calculations, we explored
various possible sites for the proton transfer and considered different paths for the pNPA
molecule while it is approaching the Zn-bound hydroxide ion. A detailed description of
these additional calculations is given in the Supplementary Discussion. Briefly, as we move
from the monomer to the dimer, the energy barrier between complex 1 and TS3,4 reduces
(by ~8.5 kcal mol~1) and the exothermicity of the reaction from complex 3 to 4 increases (by
~8.2 kcal mol™1). Due to the combination of these effects, an aggregation shows enhanced
catalytic activity for pNPA hydrolysis compared to the monomer and this result was
demonstrated through our experiments.

F—Zn(i) catalytic CO, hydration reaction

The native catalytic reaction of CA is CO, hydration. In the presence of water, CA
reversibly converts CO, into bicarbonate and a proton, resulting in a drop in overall pH.
Therefore, we have evaluated whether our designed F-Zn(n) crystals can catalyse a similar
reaction (Fig. 5a). The CO» hydration experiments were carried out by mixing CO,-
saturated deionized water into Tris buffer (25 mM, pH 8) solution in the presence or absence
of the F—Zn(n) catalyst. A colorimetric method using the pH indicator phenol red was
applied to measure the shift in pH during the reaction. In the absence of F-Zn(n), the
solution was pink and displayed an intense absorption band at 560 nm and a less intense
band at 430 nm, which is characteristic of an alkaline (pH 8) medium (Fig. 5b).
Interestingly, on addition of F—Zn(n) the solution turned pale yellow and exhibited minimal
absorption at 560 nm, accompanied by an increased absorption band at 430 nm, which is
characteristic of an acidic environment. Furthermore, the decrease in absorbance at 560 nm
was followed over time (Fig. 5¢). In the presence of F-Zn(n), a rapid (within 60 s) decrease
in absorbance (AA = 0.54) corresponding to an acidic pH of 6 was observed. However,
without the F-Zn(n1) catalyst, the solution showed an alkaline environment (pH 8) with a
minimal change in absorbance (AA = 0.06). These observations clearly suggest that the F-
Zn(n)-catalysed CO» hydration induced a pH switch from alkaline to acidic. The CO,-
hydration kinetic parameters in the presence of F-Zn(i1) were found to be Ayt = 7.8 571,
keatl K = 962 M~1s71 and Ky = 8.1 mM. However, the background, uncatalysed reaction
(Keat = 0.48 571, k! K = 100 M~1s71 and Kyy= 4.8 mM) is ninefold slower than the F—
Zn(n)-catalysed reaction. Next, the stepwise catalytic function was monitored on addition of
small amounts of saturated CO, aqueous solution (10 pl) at regular intervals (Fig. 5d). A
sharp and instantaneous drop in absorbance (or pH) with each successive addition provided
strong evidence of the CO» hydration reaction catalysed by F-Zn(i1). Furthermore, the
hydrated CO, was sequestered in the form of CaCOs through a reaction with CaCl, (10
mM) in Tris buffer at pH 8. A white precipitate was indeed obtained on addition of the

Nat Catal. Author manuscript; available in PMC 2020 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Makam et al.

Page 9

CacCls, solution to the catalyst-treated aqueous solution located in a CO, closed chamber. In
contrast, no visible precipitate was obtained in the absence of F-Zn(u). A field emission
scanning electron microscopy image of the precipitate showed plate-like crystalline
microstructures (Fig. 5e). Energy dispersive X-ray spectroscopy analysis indicated the
presence of calcium (Ca) element along with carbon (C), oxygen (O) and zinc (Zn), with the
elementary compositions (Supplementary Fig. 9a) being close to the ratio of CaCO3, thus
further confirming the catalytic sequestration of CO, (Fig. 5f). In addition, Fourier transform
infrared spectroscopy analysis supported the formation of CaCOj3 by displaying
characteristic absorbance bands at 1,407, 845 and 670 cm™1 (Supplementary Fig. 9b).

Discussion

Methods

In summary, we describe a minimalistic de novo enzyme design strategy involving a simple
amino acid metallo-supramolecular structure to mimic the CA hydrolase enzyme. In contrast
to other biomolecular CA mimics, F-Zn(u1) demonstrated rapid single-crystal growth
kinetics with high thermal stability. Importantly, the F-Zn(n) single crystals compellingly
exhibited two CA catalytic activities, both as esterase towards the pNPA substrate and in
CO, hydration. A remarkable esterase catalytic efficiency of 76.54 M~1s71 (46 x 1072 (g |
~1)=1 571y was found, which is the highest amongst reported artificial biomolecular-based
CA mimetics, and is even greater than that of native CA 1l enzyme on the basis of molecular
mass. Furthermore, the efficient catalytic reusability for several catalytic cycles, the thermal
catalytic stability over a wide range of high temperatures and the substrate specificity,
stereoselectivity and rapid catalytic CO5 hydration properties, are promising in the context
of industrial applications. The combination of experimental and computational results
suggests that the extraordinary activity of F-Zn(ur) is engendered by its amyloid-like
supramolecular structural framework, along with the dense ordered array of zinc ions on the
surface allows easy access of substrates to the highly Lewis-acidic Zn(n) catalytic centre.
Given these exciting results, computational insights suggest that the incorporation of proton
accepting groups at amine or aromatic rings is likely to be a working strategy to further
improve the catalytic activity of F-Zn(n). Thus, the enzyme-like catalytic activity exhibited
by simple, zinc-bound amino-acid assemblies may provide the link between amino acids and
the emergence of primitive precursor enzymes during evolution. We envisage that this
minimalistic strategy, with advantages of rich structural diversity and metal chelation of
natural amino acids, will provide the basis for de novo design of various other enzyme
mimetics for industrial and biotechnological applications.

Preparation of F—Zn(i) single crystals

One equivalent of ZnCl, aqueous solution was slowly added to two equivalents of an -
phenylalanine alkaline solution containing two equivalents of NaOH under heating (60 °C).
Spontaneously, needlelike white crystals started growing at the liquid—air interface. The
crystals were filtered off, washed with deionized water and ethanol several times and used
for the catalytic studies.
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X-ray data collection and processing

A single needle crystal (250 x 5 x 5 um3) was mounted at the end of a loop (Dual-Thickness
MicroLoop LD 20, MiTeGen). The crystal was cryo-protected by a quick dip in a mixture of
65% mother liquor and 35% glycerol, and then cryo-cooled to 100 K in a nitrogen stream for
X-ray diffraction data collection. Data were collected at the Advanced Photon Source
(Argonne National Laboratory), beamline 24-1D-C, using a Pilatus-6MF pixel array detector.
A 10-um aperture was used and the crystal was translated along the length of the needle to
expose fresh crystal during data collection. A total of 720 images were collected using an
oscillation of 0.5° and wavelength of 0.8266. Data reduction and scaling were performed
using XDS*L, Data processing statistics indicate strong diffraction (/o> 9) to 0.75 A
resolution, but completeness diminished between resolutions of 0.90 A to 0.75 A due to the
limits of the data collection geometry. The data were 91% complete at a resolution of 0.90 A
and 81% complete at a resolution of 0.75 A (36% complete in the shell of 0.77-0.75 A).
Data collection and refinement statistics are reported in Supplementary Table 1.

The crystal structure was determined using direct methods with the program SHELXT42,
The model was refined using REFMACS (ref. 43) and SHELXL*4. After each refinement
step, the model was visually inspected in Coot#® using both 2/, — £, and ~, — F difference
maps. Here F, and F are the observed structure factors and the calculated structure factors
respectively.

Esterase activity

The esterase activity of the prepared samples was measured using a 96-well UV-Star UV
transparent plate (Greiner BioOne) with a flat bottom using of pNPA as the substrate and F-
Zn(n) single crystals as the catalyst in deionized water. Reaction progress was monitored
using a Biotek Synergy HT plate reader (Biotek) at 22 °C and continuous stirring mode. The
pH-dependence studies were performed in Tris—HCI buffer solution (25 mM).

Kinetic experiments

The kinetic experiments were performed as described above. To increase the catalytic rate,
F-Zn(n) single crystals were mechanically ground into a fine powder form using a mortar
and pestle and were dispersed in NMP solution. Separately, 0.1 M substrate (pNPA) stock
solution was prepared in acetonitrile. The reaction was initiated by addition of the catalyst
(3.7 x 1074 M) to the substrate solution at the appropriate concentration (prepared from
dilution of stock) in deionized water (200 pl total reaction volume containing 1% of NMP
and 1% acetonitrile). The progress of the reaction was monitored at the product (pNP)
absorbance wavelength (1max = 400 nm) as a function of time. The linear part of the
absorbance versus time plot of esterase activity was fitted with an extinction coefficient for
the product (pNP) (e =264 M~1 cm™2, obtained experimentally from the slope of
absorbance (Amax = 400 nm) versus the concentration of pNP under similar conditions
(Supplementary Fig. 2)) and attained the initial reaction rate (14) at various substrate
concentrations. The average of the 4 values was plotted as a function of substrate
concentration and fitted to Michaelis—Menten kinetics to obtain the Vi, and Ky, values. All
measurements were replicated at least three times and averaged for accuracy.
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To analyse the thermal stability, 100 mg of catalyst was inserted into a closed glass vial and
annealed in an oil bath at various temperatures, ranging from 298.18 K to 573.15 K. After
reaching room temperature, the catalytic activity was measured as described above. To study
the reusability, 2 mg of catalyst was inserted into a 1.5-ml Eppendorf tube containing 1 ml of
pNPA (1 mM) in deionized water. The reaction mixture was vortexed for 5 min and
centrifuged to precipitate the catalyst. The supernatant was separated and the UV-visible
absorbance spectra were recorded. After each reaction cycle, the catalyst was precipitated,
washed with deionized water and reused for the next cycle of reaction.

CO5 hydration and in vitro crystallization of CaCO3

Carbon dioxide-saturated water was prepared by bubbling CO, gas into 100 ml deionized
water in a round-bottomed flask using a porous gas bubbler (flow rate of 600 cm3 min~1)
under ice-cold conditions for 1 h. Then, 50 ul of CO,-treated water was added to the pH
indicator phenol red (50 uM)-Tris buffer (20 mM, pH 8, 150 pl) solution in the presence or
absence of the F-Zn(nn) catalyst, and the absorbance spectra were recorded. The CO,
hydration reaction was monitored as the change in the 560 nm absorbance band and the total
pH change was extracted. In vitro CaCOs crystallization was carried out by slow diffusion of
CO», evaporated from the decomposition of (NH4)2COg3 (for 24 h at 25 °C) into a
crystallization system containing droplets of aqueous CaCl, (7.5 mM) solution and F-Zn(n)
(2 mg mI~1). Control experiments were carried out without the catalyst.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HCO, +H*

2999 HCO,™ + H*

Fig. 1. Design of a minimalistic F-Zn(11) biocatalyst through bioinspiration from structural
insights of CA 11.

a, Structure of human carbonic anhydrase (CA 1l; PDB entry 1CA?2), which displays a zinc-
coordinated cross-f-sheet catalytic centre that is involved in the catalysis of ester hydrolysis
and interconversion of carbon dioxide to bicarbonate and proton. b, Chemical structure of
phenylalanine and the monomeric 2:1 (F:Zn(i)) complex and schematic of the nucleation
and growth mechanism for rapid F-Zn(n) co-assembly with CA-like catalytic activity.
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Fig. 2. Characterization of F-Zn(1).

a, Optical microscopy snapshots taken from Supplementary Video 1 that monitor the
assembly kinetics of the F—Zn(i1) needle-like architectures captured every 18 s which are
graphical representations of the elongation rate of a single structure. The calculated average
measured elongation rate is 7.89 nm s™1. b, A UV-visible Job plot that monitors the
absorption (A) at 380 nm as a function of the fraction of Zn(u) ions. The inflection point at
0.3 corresponds to a stable 2:1 (F:Zn(i)) binding stoichiometry. ¢, Thermogravimetric
analysis of F-Zn(u) crystals (blue curve) that reveals the high thermal stability (<300 °C).
The weight losses are depicted by the first derivative curve (red). d-g, Crystallographic
insights of F=Zn(i1) (CCDC 1850564). d, Zinc-coordinated phenylalanine assembly that
exhibits a 2:1 (F:Zn(i)) primary complex structure. e, Unit cell that displays eight
phenylalanine molecules and four Zn(u) ions. f,g, Supramolecular cross-p-sheet layered
organization along the crystallographic 6—c (f) and a—b6 (g) planes. Yellow arrows direct from
the the N to the C terminus of F. h, Optical microscope images of needle-like, long, single
crystals of F=Zn(n). Scale bar, 500 um.
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Fig. 3. Catalytic esterase activity of F-Zn(11).
a, Schematic illustration of ester hydrolysis catalysed by F-Zn(n). b, UV-visible absorption

spectra of a pNPA (1073 M) aqueous solution with ((+), red curve) or without ((-), black
curve) F-Zn(n) catalyst (0.1 mg mI~1); a.u., absorbance units. The black arrow shows the
change in the peak following addition of F=Zn(n). ¢, Initial rate (g) of hydrolysis catalysed
by F=Zn(n) as a function of substrate concentration, with the smooth Michaelis—Menten
curve fitting. d, The control pNPA hydrolysis experiments showing catalysis by F-Zn(i1). No
hydrolysis is observed when one of F or Zn(u) is omitted from the system. e, Overlaid
spectra of absorbance (A) changes at 400 nm as a function of time with sequential addition
of F=Zn(i1) (0.02 mg ml~2, red arrows) to constant pNPA aqueous solution (1073 M). The
sharp jumps in absorbance are characteristic of F~Zn(u)-catalysed fast product formation. f,
Changes in absorbance at 400 nm for the chromogenic pNPA hydrolysis reaction during the
F-Zn(n) catalytic recycling and reuse process. g, The thermal catalytic stability of F-Zn(n).
The catalyst was annealed at different temperatures (298.15, 373.15, 473.15 and 573.15 K)
and evaluated with the initial rate (1) of pNPA hydrolysis measured at room temperature.
h, The initial rate (14) of hydrolysis for a series of different substrates in the presence of F-
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Zn(n). The graph exhibits a clear substrate-specific (ester hydrolysis) catalytic activity. i, The
initial hydrolysis rate (V4) of two enantiomers of Boc-phenylalanine 4-nitrophenyl ester
(L/p-pNPA) catalysed by F-Zn(n). Error bars in all graphs represent standard deviations of at
least three independent measurements.
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Fig. 4. F-Zn(n) catalytic esterase reaction mechanism and the chemical structures along the
reaction pathway.

The entire reaction starts with the binding of a water molecule (from the solvent) to the
central zinc atom of the monomeric F-Zn(i1) catalytic complex (1). The calculated free
energy profile is shown in the centre. The optimized three-dimensional geometries of all the
steps involved in the reaction are shown in Supplementary Fig. 9.
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Fig. 5. F-Zn(n) catalytic carbon dioxide hydration and sequestration.
a, Schematic representation of F-Zn(i1) catalytic CO, hydration and sequestration on

reaction with CaCl, to produce solid CaCOs. b, UV-visible absorption spectral changes of
the pH indicator phenol red (5 x 10~ M) in a mixture containing CO,-treated deionized
water in Tris buffer (pH 8) with (+) and without (=) the F-Zn(1) (3.7 x 1074 M) catalyst. The
black arrows show the changes in the peaks following addition of F-Zn(i1). Inset: images of
the corresponding solutions without (left) and with (right) F=Zn(i1). ¢, The time-dependent
absorbance at 560 nm and the corresponding pH profile of phenol red in CO,-treated
deionized water, Tris buffer (pH 8) in the absence (=) and presence (+) of F=Zn(u). d,
Stepwise drop in absorbance at 560 nm and respective pH by sequential addition of CO-
treated deionized water (10 pl, red arrows) into the Tris buffer (25 mM, pH 8) containing F-
Zn(u). e, Scanning electron micrograph of the solid precipitate after sequestration of CO,-
treated F—Zn(i1) aqueous solution with CaCl,. f, Energy dispersive X-ray spectrum of the
precipitate showing calcium (Ca), along with carbon (C), oxygen (O) and zinc (Zn)
elements.
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Table 1
Biomolecular artificial hydrolases
Amino-acid sequence Molecular Substrate k., /Km (M1s™)  Ke/Kpy x 102 Refs.
mass (Da) ((g |—l)—1 5—1)
F 165 PNPA " 7654%and ~46%and ~6.4° 1S
b y

10.62” (pH 7.0)

Carbonic anhydrase (CA Il) ~29,000 pNPA 1,670 (pH 7.0) ~5.7 46

Ac-IHIHIYI-NH, 949 pNPA 355 (pH 8.0) ~37 18

Ac-IHIHIQI-NH, 914 pNPA 62(pH80)and  ~6.7and~17 11,13
15.76 (pH 7.3)

HKy-LLLAAA(K)-palmitoyl 1,338 DNpAC 1976 (PH7.4) ~14 12

HSGVKVKVKVKVPPPTKVKVKVKV-NH, 2,510 pNPA 19.18 (pH 9.0) ~0.76 14

Fmoc-FFH-NH, + Fmoc-FFR-NH, 671 + 689 pNPA 1.82 (pH 7.5) ~0.13 16

Ac-GLKALEEKCKALEEKLKALEEKHKALEEKG-NH, 3,432 pNPA 1.38 (pH 7.5) ~0.04 10

RSGQQKFQFQFEQQ- NH, + HSGQQKFQFQFEQQ- 1,785+1,766  pNPA 0.15 (pH 7.4) 4.2x10°5 17

NH,

aln deionized water.
bln Tris—HCI (25 mM) buffer solution.

('12,4—dinitrophenyl acetate (DNPA).
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