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Artificial b-propeller protein-based hydrolases†
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We developed an artificial hydrolase based on the symmetrical

Pizza6 b-propeller protein for the metal-free hydrolysis of

4-nitrophenyl acetate and butyrate. Through site-specific muta-

genesis and crystallisation studies, the catalytic mechanism was

investigated and found to be dependent on a threonine–histidine

dyad. The mutant with additional histidine residues generated the

highest kcat values, forming a His–His–Thr triad and matched

previously reported metalloenzymes. The highly symmetrical

b-propeller artificial enzymes and their protein–metal complexes

have potential to be utilised in bioinorganic and supramolecular

chemistry, as well as being developed further into 2D/3D catalytic

materials.

The ability to design and tune artificial enzymes to perform
desired chemical reactions has considerable practical applica-
tions in biocatalysis.1,2 Advancements in protein design have
provided a platform for the generation of proteins with unique
folds and interfaces.1,3 This has enabled designer artificial
proteins to perform unique functions, including the catalytic
rate enhancement of specific chemical reactions. Artificial
protein-based enzymes are often asymmetric in structure which
allow them to catalyse a number of challenging chemical
reactions, including those not found in nature.1,4–6 Moreover,
a range of approaches have been developed to optimise them
for chemo-, regio-, site-, and enantioselective catalysis.2,5

The typical structures of these artificial proteins are derived
from a-helical bundles/b-sheet domains or oligomeric extended
peptide structures that are coupled with metallo-cofactors.7–13

These catalytically active metal ions have been incorporated
through the design of both natural histidine-mediated7,8,12 and

artificial binding sites.14–16 Specifically, peptide/protein-zinc
complexes have been demonstrated as powerful catalysts in
hydrolysis reactions, where the presence of a zinc ion was
found to provide an activated water molecule for nucleophilic
attack, as well as stabilising the substrate-catalysis transition
state.8–12 Proteins have also been combined with other metal
ions such as copper(II) to perform enantioselective catalysis,
mimicking both a hydratase,15,16 and a Diels–Alderase.7,14

Outside of these metalloenzymes, there have been a few
attempts to formulate artificial proteins that can perform
metal-free hydrolysis.17,18 This is quite surprising given that
the active-sites of natural a/b-hydrolases are metal-free.19

Furthermore, the majority of artificial enzymes are fabricated
from asymmetric protein structures, with only a few examples
that have utilised alternative geometries, such as the highly
symmetrical b-propeller structure.5,20 In two examples, b-propeller
proteins have successfully been combined with an additional
foldable lid to generate a Diels–Alderase,20 and with a dirhodium
catalyst to catalyse olefin cyclopropanation.5 The development of
artificial enzymes formulated from symmetrical protein structures
holds great promise in supramolecular catalysis.12,21 These
symmetrical geometries can be utilised as catalytic building
blocks to construct higher order 2D/3D materials such as
surface arrays and cages.12

Previously, we reported the design and synthesis of a
symmetrical b-propeller protein named Pizza6.22 The Pizza6
protein consists of six tandem repeats of 42 amino acids (AAs)
and folds into a geometry with six-fold symmetry (Fig. 1). The
central axis of Pizza6 has also been modified to coordinate the
formation of a cadmium chloride nanocrystal sandwiched
between two Pizza b-propeller units.23 To develop Pizza6 towards
catalytic applications, the Pizza6-SH and Pizza6-S mutants were
designed to generate different histidine (His) configurations
(Fig. 1 and Fig. S2, ESI†). Through the crystallography of these
mutants, we studied their binding with two metal ions widely
used in biocatalysis (copper and zinc), which have a strong affinity
for His residues (detailed crystallographic data can be found in
the Fig. S1 and S3, ESI†).
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The Pizza6-S mutant contains 6 His residues surrounding
its cavity and was created from the original Pizza6 protein by
mutating the asparagine at positions 16, 100 and 184 to serine
(Ser) (Fig. S2, ESI†). This mutant was found to dimerize in the
presence of copper and zinc forming a metal-ion ring-like
structure between two proteins (Fig. S1, S3 and S5, ESI†).
Interestingly, the Pizza6-SH mutant with 9 His residues on
its top-side (Fig. 1) generated three viable metal binding sites
that existed in a monomeric configuration. These binding
sites in Pizza6-SH mutant demonstrated the complexation
of both Cu2+ and Zn2+, where each metal ion was coordinated
by 3 His residues and was surrounded by a high density of
water molecules or isopropanol (Fig. S1, S3 and S4, ESI†). The
native geometry of Pizza6 also provides E0.56 nm3 cavity,
which combined with a metal-binding site serves as an ideal
platform to investigate as an artificial enzyme. With this in
mind, we investigated the utilisation of Pizza6 mutants and
their metal complexes as an artificial hydrolase, studying
the hydrolysis of the small model compounds 4-nitrophenyl
acetate/butyrate/phosphate (p-NPA/p-NPB/p-NPP) as a model
reaction.

In an initial study, we trialed the Pizza6-SH protein along
with metal complexes of 3 eq. of zinc (Pizza6SH@3Zn2+) or
copper (Pizza6SH@3Cu2+) as artificial hydrolases. To evaluate
these catalysts, we studied the reaction kinetics at pH 7.0–9.5
and found that typical saturation kinetics were exhibited for
p-NPA hydrolysis in buffered aqueous solution (Fig. S14, ESI†).
Surprisingly, the Pizza6-SH protein was found to generate a
significant rate enhancement in the hydrolysis of p-NPA when
compared to the Pizza6-SH@3Zn2+/Pizza6-SH@3Cu2+ complexes
especially at pH 7.0–8.6 (Table S4 and Fig. S8–S10, ESI†), with the
protein alone obtaining kcat = 7.83(�1.45)� 10�3 s�1 and kcat/KM =
1.50(�0.05) M�1 s�1 at pH 7.5 (25 1C, 30 mM catalyst, Table S4,
ESI†). We also observed an increase in both the rate and catalytic
efficiencies of the Pizza6-SH with increasing pH, where kcat

increased 7 fold and a kcat/KM = 4.74(�0.12) M�1 s�1 was reached
at pH 9.5 (Fig. 2a and Fig. S15, Table S4, ESI†). This observation
was surprising given the previous success of peptide/protein-
zinc complexes.8–12 However, it inspired us to investigate the
mechanism of the Pizza6-SH protein and its inherent capability
as a metal-free hydrolase. We hypothesised that by utilising
the modularity of the protein and through specific mutations,
we could study the mechanistic influence of the residues

surrounding the cavity in an attempt to improve the hydrolytic
efficiency of the protein (Fig. 1).

The residues typically used in natural enzymes for nucleophile-
catalysed hydrolysis are based around a triad composed of Ser,
His and aspartic acid (Asp), which act as nucleophile, base and
an acid respectively. This Ser–His–Asp catalytic triad combined
with an oxyanion hole is known to catalyse a large diversity
of reactions with widely varying mechanisms.19 In addition,
previous reports have demonstrated the importance of His which
can act as either an acid or base, and also as a nucleophile,
forming acylated-intermediates which promote turnover and
product formation.17,24,25 The structure of the Pizza6-SH protein
contains a 9 His ring which is surrounded by neighbouring
threonine (Thr) residues (Fig. 1). This combination of AAs
potentially generates catalytic Thr–His dyads, as Thr is similar
in structure to Ser. Alternatively, given the flexibility of His to
perform either as a base or an acid, a Thr–His–His triad could be
formed with a neighbouring His acting as an acid.

To evaluate the role of the His residues in both the catalytic
mechanism and efficiency, we investigated two additional mutants
as hydrolases: Pizza6-S and 1RWL,22 the naturally occurring pseudo-
symmetric parent structure of the Pizza proteins (Fig. S2, ESI†).
1RWL has both a single His and Thr on its top axis, but was found
to have no catalytic activity. The Pizza6-S mutant contains 6 His
residues surrounding its cavity along with the same neighbouring
Thr(s), whilst maintaining a native 6-fold symmetry (Fig. S2, ESI†).
Similarly, the Pizza6-S mutant generated a significant rate
enhancement in the hydrolysis of the p-NPA esters and displayed
typical saturation kinetics (Table S4, ESI†). The same increase in
both the rate and catalytic efficiencies as pH is increased from
pH 7.0 to pH 9.5 was also observed (Fig. 2a and Fig. S15, Table S4,
ESI†). Comparing the kinetic parameters of the Pizza6-S and
Pizza6-SH proteins, we found that the additional His residues
in the Pizza6-SH protein improved the performance of the
catalyst in relation to kcat. We also observed a difference in
KM; for Pizza6-S the KM remains roughly constant and within
error as the pH increases (Table S4, ESI†). Conversely, for the
Pizza6-SH protein, KM increases as pH 4 7.8 and thus, results
in only a modest increase in kcat/KM at the higher pH range
(Table S4, ESI†). This suggests that the additional His plays an
important mechanistic role in the Pizza6-SH protein, but it can

Fig. 1 Structure of the artificial Pizza6-SH hydrolase with the amino acids
surrounding the cavity magnified (right).

Fig. 2 (a) pH dependency of kcat for the hydrolysis of p-NPA by the
different Pizza6 proteins. (b) Lineweaver–Burk (double-reciprocal) plots
of the Pizza6-SH and Pizza6-SH@3Cu2+ complex (pH 7.5–8.6), demon-
strating that the Cu2+ ions act as non-competitive inhibitors.
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also generate a weaker affinity with the starting material when
deprotonated at higher pH.

In an attempt to further optimise the hydrolase, we investi-
gated the introduction of Asps into the vicinity of the Thr–His
dyads to mimic an active Ser–His–Asp triad, which is widely
found in natural enzymes.19 Asps were introduced in to the
scaffold in positions 31, 115, 199 (Pizza6-DHH), at 73, 157, 241
(Pizza6-HDH) or at 58, 142, 226 (Pizza6-HHD) to act as an acid
to activate the His residues in neighbouring positions (Fig. S2,
ESI†). Through moving the Asp to position 31 or 73 and their
symmetrical equivalents, in the Pizza6-DHH and Pizza-HDH
proteins, we aimed to further ratify our hypothesis that Thr–His
dyad are essential to the hydrolase mechanism. These muta-
tions were found to diminish the catalytic activity of Pizza-HDH
when compared to the Pizza6-SH scaffold across the entire
pH range with the maximum kcat = 28.13(�9.86) � 10�3 s�1 and
kcat/KM = 2.16(�0.12) M�1 s�1 achieved at pH 9.5 (25 1C, 30 mM
catalyst, Table S4, ESI†). The Pizza6-HDH also displayed the
similar behaviour to the Pizza6-SH protein with an increase in
KM observed as pH 4 7.8 (Table S4, ESI†). Structurally, the pKa

of Asp is likely to be mediated by interactions with the nearby
His, and it appears to deprotonate at pH 4 7.8. This acid
residue could potentially generate a Asp–His dyad with His31
(and symmetric equivalents), resulting in the substantial rise in
kcat at pH 9.5. However, as previously observed, negative charge
also has an adverse effect on the affinity of p-NPA for the
protein. Replacing His by Asp residues in the Pizza6-DHH
and Pizza6-HHD protein, were found to not generate any catalytic
activity in the hydrolysis of the p-NPA ester (Pizza6-HHD did not
form a stable protein). In light of this, it can be assumed that
the mutation in Pizza6-DHH disrupts the coordination of the
active Thr–His dyads and therefore, eliminates its catalytic activity
altogether (Fig. S2, ESI†).

We also elected to further investigate the role of Thr14 and
symmetric equivalents through mutation to the non-polar
alanine (Ala), to provide the Pizza6-T2A mutant (Fig. 1 and
Fig. S2, ESI†). As discussed, Thr is similar in structure to Ser
and therefore, can potentially act as a nucleophile or as a base.
Comparing the kinetic data of the Pizza6-SH and Pizza6-T2A
mutants in the hydrolysis of p-NPA, we observed a reduction in
both kcat and kcat/KM for the Pizza6-T2A mutant (Table S4, ESI†).
Similarly to the other mutants that contain a His at position 58
and equivalent, Pizza6-T2A also displays a rise in KM as the pH is
increased. Therefore, from these observations it can be confirmed
that Thr plays an important mechanistic role in the Pizza6-SH
hydrolase. However, unlike the role of Ser in natural enzymes, it is
likely to be positioning and constraining the imidazole of His31
through hydrogen bonding with the hydroxyl group of Thr14
and their symmetric equivalents (Fig. 1 and Fig. S5, ESI†). This
type of stabilisation of active His through negative charges has
proven important in other metal-free artificial enzymes.4 There-
fore, we can infer the mechanism proposed in Fig. 3, where the
catalytically active Thr–His dyads are only present in 3 of the 6
blades. This is further supported by the Pizza6-DHH mutant,
which does not contain these dyads and consequently, has no
catalytic activity.

The chemo-selectivity of the different Pizza6 mutants was
studied through the hydrolysis of the alternative p-NPB and
p-NPP esters. Rate enhancement in the hydrolysis of p-NPB was
observed for the Pizza6-SH, Pizza6-S and Pizza6-T2A scaffolds,
but no enhancement was witnessed for the Pizza6-HDH, Pizza6-
DHH or Pizza6-HHD mutants (Table S5, ESI†). The reaction
kinetics for the hydrolysis of p-NPB demonstrated similar
behaviour to p-NPA with both the rate and catalytic efficiencies
increasing with pH (Table S5 and Fig. S16–S19, ESI†). However,
the kcat values for all the catalytic proteins dropped by an order
of magnitude when compared to the p-NPA ester for the same
reaction conditions (Fig. S19 and Table S5, ESI†). This was
coupled with a significant drop in KM for the Pizza6-SH and
Pizza6-S proteins, leading to similar kcat/KM for the Pizza6-SH
protein for both p-NPA (kcat/KM = 4.74(�0.12) M�1 s�1) and
p-NPB (kcat/KM = 4.45(�0.45) M�1 s�1). This significant
reduction in KM and kcat, suggests that both the Pizza6-SH
and Pizza6-S proteins have a greater affinity for the p-NPB ester
but are less effective in hydrolysing this ester. The Pizza6-T2A
mutant behaved differently with respect to KM, where it main-
tained a much larger value of KM = 4.0 mM across the entire pH
range. This resulted in the Pizza6-T2A having a lower catalytic
efficiency when compared to the other mutants (kcat/KM =
0.83(�0.07) M�1 s�1, pH 9.5). In the case of p-NPB, the presence
of Thr14 and equivalent appears to influence the substrate
affinity as the kcat values for the Pizza6-T2A are in the similar
range to both Pizza6-SH and Pizza6-S. For the p-NPP ester no
catalytic rate enhancement was observed for any of the proteins
used in this study.

The kinetic parameters obtained for the protein based
hydrolases in this study compare well to the previously reported
catalysts for this model reaction, where the kcat values obtained
for p-NPA are similar in magnitude to artificial zinc-based
metalloenzymes (kcat E 12–200 � 10�3 s�1).9–12 Similarly,
improved catalytic performance with increasing pH was
observed, which highlights the robustness of Pizza6’s highly
stable b-propeller geometry (Fig. 2a and Fig. S19, ESI†). How-
ever, it is apparent that not having a metal ion present results
in a weaker affinity for the substrate especially at higher pH. In
this case, the zinc ions are likely to provide additional stability
in the transition state, especially in basic conditions as negative
charges accumulate.8 The weaker affinity of the Pizza6 mutants

Fig. 3 Proposed mechanism of the Pizza6-SH hydrolase, with His31
acting as the nucleophile constrained by Thr14 and steric interactions
from His58.
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for the substrate caused an increased KM and consequently,
only modest kcat/KM values are obtained (Table S4, ESI†). In
addition, the Pizza6-SH can achieve only a modest fraction of
the rate acceleration observed in natural hydrolases, for example
the human carbonic anhydrase achieves kcat E 56 s�1 under
similar reaction conditions.26

In the crystal structure of the Pizza6-SH@3Cu2+ complex,
second-sphere coordinations are observed between the hydro-
xyl groups of Thr and the metal ions in the His binding site
(Fig. S1 and S3, ESI†). The metal ions were found to act as
non-competitive inhibitors, where they are unable to provide
an activated water molecule and disrupt the Thr–His dyad
required for hydrolysis. This was confirmed via the double
reciprocal plots of the Pizza6-SH and Pizza6-SH@3Cu2+ activity,
which exhibited typical non-competitive inhibition profiles at
pH 7.5–8.6 (Fig. 2b). These inhibitor studies further verified the
importance of the Thr–His dyads identified in the crystal
structures of the Pizza6-SH and Pizza6-S proteins, and their
roles to coordinate and position the nucleophilic His (Fig. 3
and Fig. S6, ESI†). In addition, the site-specific mutagenesis
and reaction kinetics suggested that at pH 4 7.8 the additional
His residues in the Pizza6-SH protein in positions 58, 142 and
226 stabilise the His nucleophiles through steric interactions
(Fig. S6, ESI†). This results in the His31 nucleophiles being
further constrained and positioned towards Thr14 (Fig. 3).

We report a series of artificial Pizza6 b-propeller proteins
that can perform the metal free hydrolysis of the p-NPA/p-NPB
esters. For all the catalytic mutants both the kcat and kcat/KM

were found to increase with pH. To explore the catalytic
mechanism we utilised site-specific mutagenesis of the AAs
on the top axis, which verified the importance of a Thr–His
dyad. The crystal structures and the reaction kinetics of the
different Pizza6 mutants suggested that the Thr residues act to
position and mediate the His nucleophiles in the dyad through their
hydroxyl groups. Unlike previous examples of metalloenzymes, the
metal ions in the protein–metal complexes acted as non-competitive
inhibitors and disrupted the Thr–His catalytic dyad. The Pizza6-SH
mutant was found to generate the highest kcat values of all the
mutants, matching previously reported metalloenzymes. Specifi-
cally, this mutant contains an additional His which when depro-
tonated, further positions the His nucleophile and forms a His–
His–Thr triad. These symmetrical b-propeller protein enzymes
and their metal complexes hold great promise in biocatalysis,
where their modular symmetric structure can be explored for
more challenging reactions and developed into 2D/3D catalytic
materials. In addition, the highly symmetric protein–metal com-
plexes also hold promise in other applications including bio-
mineralisation, bioinorganic and supramolecular chemistry.
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