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Abstract
Here we show that a recent computationally designed zinc-mediated protein interface is
serendipitously capable of catalyzing carboxyester and phosphoester hydrolysis. Although the
original motivation was to design a de novo zinc-mediated protein-protein interaction (called
MID1-zinc), we observed in the homodimer crystal structure a small cleft and open zinc
coordination site. We investigated if the cleft and zinc site at the designed interface were sufficient
to form a primitive active site that can perform hydrolysis. MID1-zinc hydrolyzes 4-nitrophenyl
acetate (4NPA) with a rate acceleration of 105 and a kcat/KM of 630 M−1s−1, and 4-nitrophenyl
phosphate (4NPP) with a rate acceleration of 104 and a kcat/KM of 14 M−1s−1. These rate
accelerations by an unoptimized active site highlight the catalytic power of zinc and suggests that
the clefts formed by protein-protein interactions are well-suited for creating enzyme active sites.
This discovery has implications for protein evolution and engineering: from an evolutionary
perspective, 3-coordinated zinc at a homodimer interface cleft represents a simple evolutionary
path to nascent enzymatic activity; from a protein engineering perspective, future efforts in de
novo design of enzyme active sites may benefit from exploring clefts at protein interfaces for
active site placement.
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De novo protein design provides a rigorous approach for discovering the minimal
determinants of protein structure and function, and helps to shape our understanding of
protein evolution. Design studies can be particularly informative when the designed proteins
exhibit behavior that was not explicitly encoded during the design process. For instance,
most protein design algorithms do not consider folding kinetics when designing sequences,
and yet many designed proteins fold with rates comparable to naturally occurring proteins
(1). These results suggest that stabilizing the native state is sufficient for achieving fast
folding rates, and that folding kinetics of small proteins are not a strong constraint on the
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sequence space sampled by evolution. In this paper, we report catalytic activity by a de novo
designed zinc-mediated homodimer, even though we did not explicitly design the protein to
be a catalyst. This serendipitous result highlights the intrinsic catalytic power of zinc and
provides further evidence that protein-protein interfaces are fertile ground for placing active
sites.

Enzyme active sites commonly occur at protein-protein interfaces: triosephosphate
isomerase, thymidylate synthase, and tyrosine aminotransferase are a few examples (2).
Approximately one-sixth of oligomeric enzymes are estimated to have active sites at the
subunit interface (3). Generic protein-protein interactions feature clefts at the interface
periphery (Figure 1A), and cavities on average are twice as common and twice as large at a
protein interface compared to a monomer surface (4). Thus, protein dimerization is a high-
probability evolutionary route to a cleft for a new active site (5). Despite the frequent
occurrence of interface active sites in nature, most efforts in rational enzyme design have
focused on placing the catalytic and substrate-binding sidechains within an existing
monomeric protein scaffold (6–11). A small set of protein folds have been used for most
design studies – the TIM barrel, periplasmic binding protein, lipocalin, jelly roll, and beta
propeller (7) – but with the goal of using protein design to catalyze a large breadth of
reactions, the diversity of scaffolds for active site design should be expanded. Native and de
novo protein interfaces may provide one route for expanding the set of scaffolds for creating
new active sites.

Enzyme active sites commonly contain metal ions (estimated 40%), covering all six classes
of enzymes: oxidoreductases, transferases, hydrolases, lyases, isomerases, ligases (12). Most
artificial metalloenzymes are oxidoreductases (13–19), but hydrolases have been recently
engineered (10, 20). In addition to promoting catalysis, protein-protein interactions can also
be strengthened by metal ions. For example, the Tezcan group showed that a monomer
could be converted to a low-affinity tetramer by adding histidines to coordinate zinc at
points of contact in the monomer crystal lattice (21). Additionally, we recently designed a
homodimeric protein interface in which zinc improves the homodimer binding affinity by
>100-fold (4 µM to <30 nM) (22).

Combining these observations, metal-mediated protein interfaces should be an effective
recipe for natural evolution and de novo engineering of enzyme active sites (Figure 1A). The
formation of clefts at protein interfaces, the intrinsic catalytic power of metals, and the
ability of metals to promote protein interactions, formulate a hypothesis that mutations
favoring metal binding and/or protein dimerization have a high probability for gain of
catalytic function. Thus, we hypothesize that a metal-mediated protein interface has a high
probability of catalytic function.

In this work, we investigate this hypothesis by examining the catalytic properties of a
protein that we previously engineered to form a zinc-mediated homodimer (named MID1-
zinc, for metal interface design with zinc) (22). The starting monomeric scaffold for MID1-
zinc was a 5 kDa helical hairpin, and the computational model for the zinc-mediated
homodimer featured two zinc-binding sites at the protein interface, each with four
tetrahedrally-arranged histidines and no second-shell interactions (Figure 1B). The crystal
structure of MID1-zinc (PDB code 3V1C) shows two sites of tetrahedral zinc coordination
at the dimer interface, both zinc ions ligated by three histidine residues instead of four
(Figure 1C). The fourth coordination site is occupied by a tartrate molecule from the
crystallization buffer (Figure S1). The co-crystallization of tartrate with the protein revealed
a small molecule binding pocket and a Zn(His)3O zinc binding site, a common catalytic
motif. Thus, co-crystallization of tartrate suggested to us that the de novo protein interface
might display esterase activity.
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We investigated the ability of MID1-zinc to catalyze the hydrolysis of 4-nitrophenyl acetate
(4NPA) and 4-nitrophenyl phosphate (4NPP). Zinc enzymes often catalyze hydrolysis (12),
and the small cavity in MID1-zinc (~6 Å wide and ~4 Å deep) might provide a serviceable
binding pocket for these substrates. Furthermore, 4NPA has been frequently employed in
catalytic studies involving artificial enzymes and therefore allows for direct rate
comparisons (20, 23–30). Esterase activity was observed and characterized, and here we
report the serendipitous discovery of a de novo active site at a zinc-mediated protein
interface that catalyzes carboxyester and phosphoester hydrolysis. The serendipitous nature
of this de novo active site is a compelling illustration of evolutionary plausibility, as
evolution relies on selection of happenstance mutations. In addition to providing a plausible
path of natural enzyme evolution, high probability of catalysis by a metal-mediated interface
is an attractive feature for future efforts in rational enzyme engineering.

MATERIALS AND METHODS
Cloning and purification of the MID1-zinc enzyme

The computational design of MID1-zinc was derived from the Rab4-binding domain of
rabenosyn (PDB code 1YZM), a 46-residue helix-turn-helix. The gene for MID1-zinc was
ordered from GenScript, USA with an N-terminal BamHI restriction site, a C-terminal stop
codon, a C-terminal SalI restriction site, and codon-optimized for expression in E. coli. The
sequence of MID1-zinc is: GSPLAQQIKNIHSFIHQAKAAGRMDEVRTLQENLHQLMHEYFQQSD.

The expression vector (pQE-H6MBP) was derived from the pQE-80L vector, supplemented
with an N-terminal 6x-His tag and an MBP fusion with a TEV protease cleavage site.
Insertion of the gene into the pQE-H6MBP vector was confirmed by DNA sequencing
analysis. BL21(DE3) pLysS cells were transformed with the plasmid for gene expression.
Cells were grown to OD600 = 0.6–0.8 (37 °C, LB broth, 67 mg/L ampicillin) and expression
was induced with 0.3 mM IPTG and proceeded at 18 °C for 16 hours. Cells were pelleted by
centrifugation at 4000 rpm for 20 minutes (Sorvall RC-3B series). Cell pellets were
resuspended in lysis buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 10% glycerol, 0.5 mM
DTT, 0.5 mM PMSF, and 1 mM benzamidine). Cells were lysed by sonication, and the
lysate was treated with 2 units of RNase and DNase. Centrifugation at 15 000 rpm for 20
minutes (Sorvall RC-5B Plus series) cleared the lysate, which was then subjected to
immobilized-metal affinity chromatography (IMAC) using a Ni-NTA HisTrap HP column
(GE Healthcare). The His-column loading buffer contained 20 mM Tris, pH 8.0, 100 mM
NaCl, 25 mM imidazole, and His-column elution buffer was similar except for having 500
mM imidazole. DTT and EDTA (1 mM) were added to the eluted protein, and TEV
proteolysis (0.05 mg/ml TEV) occurred overnight at 4°C. The cleaved protein was
concentrated for size exclusion chromatography on a Superdex-75 column (GE Healthcare,
HiLoad 16/60 prep grade). Appropriate fractions were combined and concentrated (Amicon
Ultra, Millipore). The column buffer contained 40 mM HEPES pH 7.5 and 50 mM NaCl,
and the enzyme was stored in this buffer at 4°C. Purity near 100% was estimated using
SDS-PAGE, and protein concentrations were estimated by absorbance at 280 nm using the
theoretical molar extinction coefficient 2980 M−1cm−1 for the dimer. A 277 µM aqueous
stock solution of MID1 was prepared containing 50 mM NaCl and 40 mM HEPES buffer at
pH 7.5, and zinc sulfate was added in equimolar concentration to generate MID1-zinc for
use in kinetic experiments.

Kinetics of 4NPA hydrolysis
Kinetic experiments were initiated by the addition of an aliquot of 4NPA (100 mM in
CH3CN) to an aqueous solution containing 50 mM NaCl, 40 mM buffer and 2.5 µM MID1-
zinc in a standard 1 cm pathlength quartz cuvette at 25°C. The buffer system for reactions
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run from pH 7 to 9 was HEPES, whereas potassium hydrogen carbonate was used for
reactions at higher pH values. 4-nitrophenyl acetate (4NPA) hydrolysis was monitored by
UV-Vis spectrophotometry at 400 nm for the production of 4-nitrophenoxide. Initial rates
were determined from linear fits of the absorbance versus time data (<5% conversion)
corrected for the rate of uncatalyzed hydrolysis under otherwise identical conditions.
Observed rate constants were calculated from Equation 1 where the extinction coefficient of
4-nitrophenoxide was corrected for incomplete ionization under the pH conditions where
appropriate. Similar methods were used to measure the kinetics of MID1-zinc catalyzed
hydrolysis of 4-nitrophenyl phosphate (4NPP). pH-dependent profiles of catalytic activity
for 4NPA and 4NPP hydrolysis were fit to Equation 2, giving values for a pH-independent
kmax and a pKa.

(Equation 1)

(Equation 2)

RESULTS
The kinetic parameters of MID1-zinc hydrolysis of 4NPA were determined
spectrophotometrically by the method of initial rates (Equations 1 and S1) following 4-
nitrophenoxide production at 400 nm (Figure S2). Notably, MID1-zinc is capable of
multiple turnovers as indicated by 4-nitrophenoxide production to a turnover number >50
(Figure S2). Control experiments demonstrate a lack of observable buffer effects throughout
this series of experiments. Shown in Figure 2 is a plot of kobs versus [4NPA] determined at
2.5 µM MID1-zinc dimer, which is fully formed at this concentration (Figures S3 and S4). A
fit of the data at pH 8.5 to the Michaelis-Menten equation yielded the kinetic parameters kcat
= 0.22 s−1 and KM = 0.47 mM.

The MID1-zinc catalyzed hydrolysis of 4NPA was investigated as a function of pH. The
plots of kobs versus [4NPA] determined from pH 7 – 9 showed saturation binding. At each
pH, the first-order rates (s−1) were computed by converting units of Abs/second to
concentration/second, then dividing by enzyme concentration (2.5 µM). Catalytic rate
constants are compared to the observed uncatalyzed rate constants (s−1) in identical buffer
conditions, giving values of kcat/kbuffer of up to 104 (Table 1). Also at each pH, the second-
order rate constants were calculated as k2 = kcat/KM. Reactions run at pH > 9 did not show
evidence of saturation, and accordingly, the k2 values for these reactions were determined as
the gradients of the plots of kobs versus [4NPA]. Shown in Figure 3 is the plot of log(k2)
versus pH, which when fit to Equation 2 provides a kinetic pKa of 8.2 and a maximum rate
constant of kmax = 630 M−1s−1 along the high pH plateau. The high pH plateau represents
the pH-independent regime, where the catalytic species (MID1-zinc-OH) is fully formed. To
calculate rate acceleration (31), pH-independent rate was compared to the kneutral rate
(neither acid nor base catalyzed) of 4NPA hydrolysis, 4.3 × 10−7 s−1 (32). Thus, we
calculate a rate acceleration of 7 × 105 for 4NPA hydrolysis.

A number of control experiments were performed to support our assertion that MID1-zinc is
responsible for the observed catalysis. First, MID1-zinc was subjected to size-exclusion
chromatography and the collected fractions were tested for catalytic activity against 4NPA
(Figure S5). The catalytic activity of the collected fractions co-eluted with a UV-visible
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peak at 280 nm corresponding to the expected molecular weight for MID1-zinc (11 kDa),
supporting that MID1 is the catalytic entity.

Secondly, to confirm that the zinc site at the designed protein interface was responsible for
4NPA hydrolysis rather than another unforeseen mechanism, several MID1 mutants were
prepared and tested for catalytic activity (Figure 4). We tested MID1 in the absence of zinc
(MID1-apo), a version of MID1 where each histidine was mutated to alanine (MID1-noHis),
the wild-type scaffold with each MID1 histidine included (1YZM-4His), and free zinc. None
of these variants showed activity significantly above background levels, indicating that the
interface pocket and zinc-binding site are both required for catalysis (Figure 4a).
Furthermore, four different single point mutants (H12E, H16E, H35E, H39E) were
hypothesized to either complete four-ligand coordination of zinc or inactivate zinc by a zinc-
carboxylate interaction. By solving crystal structures, we observed that the open
coordination site and cleft in MID1-zinc (Figure 5a) is closed by the H12E mutation (Figure
5b) as well as the H35E mutation (Figure 5c) (22). Loss of activity in each of these
histidine-to-glutamate mutants (Figure 4b) structurally supports the proposed structural
mechanism of a protein interface cleft containing 3-histidine-coordinated zinc with an open
zinc coordination site. Lastly, our data suggests that the MID1-zinc homodimer, which is
slightly asymmetric (22), has only one active site: only one tartrate molecule was observed
in the crystal structure (Figure S1), dimer is fully formed at 5 µM protein and 2.5 µM zinc
(Figure S3a), and rates of catalysis do not differ when zinc is present in 1:2 molar ratio
instead of 1:1 molar ratio (Figure S6).

In addition to 4NPA, MID1-zinc also catalyses the hydrolysis of 4-nitrophenyl phosphate
(4NPP). 4NPP is intrinsically less reactive than 4NPA by several orders of magnitude, and
reactions catalyzed by MID1-zinc were performed to measure phosphoester hydrolysis. The
rate increases from pH 6.5 to 8.0 but becomes pH-independent from pH 8.0 to 9.5 (Figure
6a). At pH 10.0 and higher, the catalyst is degraded as observed by a very steep drop-off in
rate. The kinetic parameters of MID1-zinc for 4NPP hydrolysis were determined as the
following: kcat = 2 × 10−4 s−1, KM = 12 µM, and kcat/KM = 14 M−1s−1, rate acceleration = 1
× 104 (Figure 6b). The 4NPP KM is 50-times lower than 4NPA, likely due to a favorable
electrostatic interaction between the negatively-charged phophspate group in 4NPP and the
positively-charged active site zinc.

Given the minimalist characteristics of this enzyme, it is useful to consider the MID1-zinc
hydrolytic mechanism. Shown in Scheme 1 is a mechanism for the catalytic hydrolysis of
4NPA consistent with the available data. In the first mechanism, upon formation of the
Michaelis complex, there is intramolecular delivery of a zinc-hydroxide nucleophile (33,
34). A kinetically equivalent process posits that upon Michaelis complex formation,
nucleophilic attack occurs by an external hydroxide.

To discern which mechanism is more likely, we performed a limited Brønsted analysis using
three substrates to investigate accumulation of charge on the aryloxide leaving group in the
transition state. The Brønsted equilibrium coefficient (Beq) for hydrolysis of aryl acetates is
estimated to be −1.7 (35). In the uncatalyzed mechanism of aryl acetate cleavage in aqueous
conditions where hydroxide addition is the rate-limiting step, the Brønsted coefficient (β) is
−0.45 (32), corresponding to a Leffler parameter α = β/βeq = 25%. In our limited Brønsted
analysis plotting log(kcat) versus pKa, we observe a Brønsted coefficient of βLG = −1.2 ±
0.07 (Figure S7), corresponding to a Leffler parameter α = βLG/βeq = 70%, indicating that
bond cleavage in the enzymatic transition state has progressed ~3-times further than that of
the uncatalyzed transition state. Thus, while hydroxide addition is the rate-limiting step in
the uncatalyzed mechanism, the large negative βLG indicates that bond cleavage and
breakdown of the tetrahedral intermediate is rate-limiting in the enzymatic reaction (Figure
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S8). This Brønsted analysis suggests that the mechanism of carboxyester hydrolysis by
MID1-zinc likely proceeds as depicted in Scheme 1a rather than Scheme 1b: in order for the
tetrahedral intermediate to preferentially partition backwards such that aryloxy bond
cleavage is rate limiting, the zinc ion must directly interact with the hydroxide to promote
the rapid dissociation of hydroxide from the tetrhadetral intermediate.

DISCUSSION
Protein engineering is a valuable approach to uncover minimal requirements for protein
structure/function. MID1-zinc is a minimalist engineered protein – it was derived from a 5
kDa helical hairpin monomer, and the zinc coordination features no second-shell
interactions (hydrogen bonds to backside histidine nitrogens). It offers a compelling
example for the evolutionary benefits of metal coordination in protein structure/function:
requiring only a limited number of mutations, zinc binding confers significant stability (Tm
increase of 24°C), homodimer binding affinity (>100-fold increase), and catalytic function
(hydrolytic rate acceleration of 105). The gains in stability and homodimer affinity were
contrived goals of this computational zinc-based design, though the discovery of
carboxyester and phosphoester hydrolysis was serendipitous. Although the catalytic activity
was serendipitous, this actually strengthens our assertion of the evolutionary plausibility of a
primordial enzyme featuring a zinc-mediated homodimeric interface; the arrangment of a
zinc binding site at a homodimeric protein interface embodies what we consider to be a
minimalist evolutionary path to a cleft containing a catalytic motif. First, clefts are larger
and more common at protein interfaces than monomer surfaces. Secondly, the easiest way to
form a primordial interface is through a symmetric homodimer – symmetry is energetically
favorable in primordial complexes (36), and co-evolution of two genes for a heterodimer is
not required. Third and fourthly, metal binding sites effectively mediate both protein
interactions and catalytic function.

Previously reported activities by artificial enzymes allow us to investigate a correlation
between minimialist active site properties and catalytic rates. First we investigate zinc-
containing artificial hydrolases to assess the impact of the binding cleft (Table 2).
Macrocyclic amine Zn(II) complexes contain an activated zinc but no binding cleft, and
these catalysts have weak activity for 4NPA (second-order rate constants <1 M−1s−1). Rates
significantly improve when these catalysts are used in apolar solvents, simulating the
apolarity of an active site cleft (37). A zinc hydrolase was created by building a Zn(His)3O
zinc binding site at the center of a 3-helix coiled-coil trimer – in our assessment, the zinc
within the trimer is not very accessible to a substrate (the catalytic form is likely to be
partially dissociated), and this artificial enzyme has a kcat of 0.04 s−1 and a kcat/KM of 23
M−1s−1. MID1-zinc has a shallow but easily accessible cleft, and the pH-independent values
are kcat = 0.3 s−1 and kcat/KM = 630 M−1s−1. The kcat/KM of MID1-zinc surpasses by 66-
fold the base-catalyzed rate of 9.5 M−1s−1 (32), which is further evidence (in addition to
saturable kinetics) for an actual substrate binding event rather than simply providing a
hydroxide nucleophile. The naturally occurring enzyme carbonic anhydrase II contains a
Zn(His)3O site and features a buried tunnel-like active site, and hydrolysis of 4NPA, a
nonnatural substrate, proceeds with a kcat of 53 s−1 and kcat/KM of 2,550 M−1s−1. The
difference in rates is likely explained by more than just the structure of the cleft – for
example, the three active-site histidines in CAII each have a backside hydrogen bond
(second shell interaction), and other sidechains in the active site cleft may also play a
functional role in mediated binding/catalysis/release. Nevertheless, in primordial zinc-based
enzyme models, we make an overall observation that cleft formation is a major determinant
of catalytic rates.
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Comparing MID1-zinc to metal-free artificial hydrolases provides only a crude persepective
on the catalytic power of zinc given the unique features of each enzyme. However, given
that MID1-zinc is an unoptimized primitive active site, we can use MID1-zinc as a metric
for sophistication in other examples of artificial esterases (Table 2). The catalytic peptides
KO-42 (26) and JNIIRO (38) do not show saturable kinetics and have slow second-order
rate constants (0.29 M−1s−1 and 0.056 M−1s−1, respectively). A catalytic antibody S-824
from an unselected library (kcat = 0.005 s−1) (25) and a computationally designed metal-free
esterase ECH13 (kcat = 0.018 s−1, Richter et al., Baker lab, personal communication) do
show saturable kinetics but are only moderately active. The 43C9 catalytic antibody (39)
hydrolyses 4NPA with an impressive kcat = 25 s−1 and kcat/KM = 4.7 × 105 M−1s−1;
however, as with many catalytic antibodies, 43C9 experiences product inhibition, Ki = 1 µM
(28).

To compare rates of 4NPP hydrolysis, a recent work describes a large supramolecular cyclen
complex containing eight zinc and two copper ions that mimicks a protein nanostructure –
this complex is less efficient than MID1-zinc in hydrolysis of 4NPP: kcat = 1.5 × 10−5 s−1,
KM = 470 µM, kcat/KM = 0.03 M−1s−1 (40). Additionally, a histidine-containing
pseudopeptide hydrolyses 4NPP with a similar rate constant, kcat = 2.1 × 10−5 s−1 (41). A
natural and highly proficient (often diffusion-limited) enzyme, alkaline phosphatase, is
much more efficient than MID1-zinc in hydrolysis of 4NPP: kcat = 40 s−1, KM = 7 µM, kcat/
KM = 5 × 106 M−1s−1 (40).

The above same-substrate comparisons with 4NPA and 4NPP used kcat and kcat/KM as the
metric for comparison. The catalytic rate acceleration, defined as kcat/kneutral, has been
instrumental in measuring the power of a large number of enzymes that catalyze a variety of
reactions (42, 43). The pH-neutral uncatalyzed hydrolysis (31) of 4NPA has a reported
kneutral of 4.3 × 10−7 s−1 at 25°C (32), so we calculate a MID1-zinc rate acceleration of 7 ×
105. A 105 rate acceleration is better or comparable to previously reported de novo enzymes
(7, 8, 10, 11, 16, 18, 26, 27, 30, 38, 44–46) and many catalytic antibodies (47). However,
MID1-zinc achieves only a modest fraction of the rate accelerations observed in natural
hydrolases (31, 48).

In conclusion, a metal-mediated protein interface has a high probability of having catalytic
function given the requirements of a cleft and a catalytic motif, which is supported by our
serendipitous discovery of hydrolysis by our computationally designed zinc-mediated
protein homodimer. This recipe for catalysis may have been a critical route for evolution of
natural enzymes and may provide an effective strategy for rational engineering of new
catalytic activities.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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4NPA 4-nitrophenyl acetate

4NPP 4-nitrophenyl phosphate
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MID1-zinc metal interface design 1 with zinc
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Figure 1.
A metal-mediated protein interface as a minimalist route to a new active site. A) A zinc-
mediated protein homodimer is a simple recipe for an active site: dimer interfaces naturally
contain peripheral clefts (red dashes), metal binding can promote protein interactions, and
metal is an effective catalytic motif. Black lines represent histidines, and gray spheres
represent zinc ions. B) The computational predictive model of MID1-zinc. Design of MID1-
zinc was structurally motivated, the goal was to engineer a de novo zinc-mediated protein-
protein interaction. C) Crystallographyically, we observed only three of the four histidines
actually participated in zinc coordination. D) Because we observed a cleft (red mesh) and an
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open zinc coordination site at the MID1-zinc interface, we investigated MID1-zinc as a
primitive enzyme.
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Figure 2.
Michaelis-Menten kinetics of MID1-zinc hydrolysis of 4NPA. A fit of kobs versus [4NPA]
to a standard binding equation indicates a kcat of 0.22 ± 0.01 s−1 and a KM of 0.47 ± 0.07
mM. Rates were determined at 25°C in the presence of 2.5 µM MID1-zinc buffered with 40
mM HEPES pH 8.5 and 50 mM NaCl.
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Figure 3.
Enzymatic hydrolysis of 4NPA by MID1-zinc becomes pH-independent at high pH. NLLSQ
fitting of log(k2) versus pH gives a pKa of 8.2 ± 0.1 and a kmax of 630 ± 90 M−1s−1.
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Figure 4.
Enzymatic hydrolysis of 4NPA by MID1-zinc requires three-histidine-coordinated zinc with
an open zinc coordination site. Shown are plots of Abs400 nm versus time for the hydrolysis
of 1 mM 4NPA at pH 8.0 and 25°C in the presence of 2.5 µM of the indicated protein.
MID1-zinc catalyses 4NPA hydrolysis (red squares), while the following variants are not
catalytic: a) MID1-apo (without metal), MID1 with all four histidines mutated to alanine
(MID1-noHis) with zinc, the wild-type scaffold (1YZM) with the four histidine mutations
(1YZM-4His) with zinc, and free zinc. b) Four histidine-to-glutamate point mutants lead to
significant decrease in activity. Note: relative slopes of catalyzed v. uncatalyzed timecourses
do not indicate the magnitude of rate acceleration because catalyzed hydrolysis must be
divided by catalyst concentration for comparison of kcat to kuncat (Equation S1). Thus, the
reported 10,000-fold increase in rate is not apparent in the slopes of these raw data plots.
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Figure 5.
Crystallographic evidence for the catalytic mechanism. A) The MID1-zinc crystal structure
(PDB code 3V1C) reveals a cleft and open zinc coordination site. B) The H12E mutation
(PDB code 3V1E) and C) the H35E point mutation (PDB code 3V1F) close the cleft and
complete the four-coordination of zinc, and these mutants demonstrate loss of catalytic
activity.
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Figure 6.
MID1-zinc catalyses 4NPP hydrolysis. a) pH rate profile for the MID1-zinc catalyzed
hydrolysis of 4-nitrophenyl phosphate determined by monitoring product formation at 400
nm. The data from pH 6.5 to 9.5 (squares) were fit to Equation 2, giving a kcat = (3.5 ± 0.09)
× 10−6 s−1 and a pKa = 7.1 ± 0.03. The data obtained at pH > 9.5 (inverted triangles)
indicate a slope of < −1 suggesting catalyst instability at high pH. The high pH points were
excluded from the NLLSQ fit of the data. Reaction conditions were: 2.5 µM MID1-zinc, 40
µM 4NPP, 40 mM buffer (HEPES for pH 6.5 – 8.5, or potassium hydrogen carbonate for pH
> 8.5), 50 mM NaCl, and 37°C. b) Plot of kobs versus [4NPP] for MID1-zinc catalyzed
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hydrolysis at pH 8.5 and 37°C. A fit of the data to a standard binding equation gives kcat =
(1.8 ± 0.05) × 10−4 s−1 and KM = (12 ± 2) µM.
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Scheme 1.
Proposed reaction mechanisms for the MID1-zinc catalyzed hydrolysis of 4NPA
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Table 1

Parameters of MID1-zinc hydrolysis of 4NPA

pH KM (mM) kcat (s−1) k2 (M−1s−1) kcat/kbuffer
1

7.0 1.18 ± 0.10 0.042 ± 0.001 35 1.2×104

7.5 0.90 ± 0.10 0.081 ± 0.003 90 1.1×104

8.0 0.82 ± 0.16 0.15 ± 0.009 190 9.3×103

8.5 0.47 ± 0.07 0.22 ± 0.009 470 5.4×103

9.0 0.42 ± 0.10 0.28 ± 0.017 660 2.6×103

10.0 no data no data 500 no data

1
The catalyzed rate of 4NPA hydrolysis (kcat) divided by the observed rate under identical conditions in the absence of catalyst (kbuffer). The rate

acceleration (7 × 105) was determined using kcat at the high pH plateau (0.3 s−1) and the pH-neutral uncatalyzed rate constant (kneutral) at 25°C

(4.3 × 10−7 s−1) (32).
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