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Abstract
While metalloprotein design has now yielded a number of successful metal-bound and even
catalytically active constructs, the question of where to put a metal site along a linear, repetitive
sequence has not been thoroughly addressed. Often several possibilities in a given sequence may
exist that would appear equivalent, but may in fact differ for metal affinity, substrate access or
protein dynamics. We present a systematic variation of active site location for a hydrolytically
active ZnHis3O site contained within a de novo designed three-stranded coiled coil. We find that
the maximal rate, substrate access, and metal-binding affinity is dependent on the selected
position, while catalytic efficiency for p-nitrophenyl acetate hydrolysis can be retained regardless
of the location of the active site. This achievement demonstrates how efficient tailor-made
enzymes which control rate, pKa, substrate and solvent access (and selectivity), and metal-binding
affinity may be realized. These findings may be applied to the more advanced de novo design of
constructs containing secondary interactions, such as hydrogen bonding channels. We are now
confident that changes to location for accommodating such channels can be achieved without
location-dependent loss of catalytic efficiency. These findings bring us closer to our ultimate goal
of incorporating the secondary interactions we believe will be necessary in order to improve both
active site properties and the catalytic efficiency to be competitive with the native enzyme,
carbonic anhydrase.

INTRODUCTION
Metal ions are an essential component of more than one-third of characterized proteins, with
varied functions from hydrolytic to redox chemistry. Protein design is a powerful strategy
for understanding how metal ions are incorporated into and function within these
proteins.1–3 De novo or “from scratch” protein design is one approach, involving both
incorporating a new metal-binding site and applying first principles of protein structure to
preparing a well-folded protein scaffold with a unique primary amino acid sequence.
Although there are many examples of de novo designed metal sites4–8 (some catalyti-cally
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active), no study thoroughly examines protein matrix effects on the primary metal site. The
question of whether the specific location of a metal site along the primary sequence matters,
while important, has not been addressed. Insights into how the placement of an active site in
differing environments around a protein affects active site properties (rate, substrate access,
binding affinity) should greatly assist design efforts. Understanding these effects is
important for deciding whether the location of a metal site matters for the properties one is
interested in optimizing in a given system and, if so, where to engineer the desired activity
within a protein.

Studies in our research group focus on de novo designed metallopeptides that aggregate to
form α-helical three-stranded coiled coils (3SCC’s) above pH 5.5.9 Previously, we reported
the structure and hydrolytic activity of [Hg(II)]S[Zn(II)(H2O/OH−)]N(TRIL9CL23H)3

n+

towards p-nitrophenyl acetate (pNPA, 23.3 M−1 s−1 at pH 9.5) and CO2 (1.8 × 105 M−1 s−1

at pH 9.5).10 Our goal was to prepare a hydrophobic protein microenvironment containing a
metal catalyst in order to carry out reactions in water, which are not limited by unwanted
dimerization or product inhibition. Other de novo designed Zn(II)His3 proteins have been
reported4,10–15, but few with structures and catalytic activities.10,11 There are also examples
of Zn(II)His3 sites (analogous to the active site of the zinc metalloenzyme carbonic
anhydrase (CA)) resulting from the redesign of natural scaffolds, but no activity has been
reported.16,17 There is one related redesigned protein with a Zn(II)His3Asp center that
supports organophosphate hydrolysis.18 Another designed metallohydrolase consists of a de
novo designed Zn(II)His3 site at the interface of a dimer protein (MID1-Zn), which
catalyzes pNPA hydrolysis (630 M−1 s−1).11 No other designed proteins have reported CO2
hydration activity. Our model is the fastest de novo designed metalloenzyme for a
physiological reaction relative to a native enzyme (within a factor of 500 of the fastest
CA19). The efficiency of our model is even more competitive with mutant CA’s, where
important secondary interactions such as hydrogen bonding to the coordinated solvent
molecule of the active site Zn(II) have been removed (this T199A mutant suffers from a loss
of ~100-fold catalytic efficiency for both pNPA hydrolysis and CO2 hydration20,21). Given
that these interactions are not currently included in our well-defined minimal model, the
most important next step is to begin incorporating hydrogen bonding networks with the goal
of improving reactivity. However, the design of hydrogen bonding channels could be
strongly dependent on location of the metal site in the 3SCC and factors such as solvent and
substrate access and metal-binding affinities. The effects of changing the location to
accommodate such a channel in an α-helical system on the catalytic efficiency are not
known. The aim of this study is to address how catalytic efficiency may be affected when
moving the active site to different locations to control rate, substrate access, and binding
affinity, depending on the desired secondary interactions.

The general sequences for the peptides used in the present work (Table 1) retains the Hg(II)-
bound tris-thiolate site and the Zn(II)(His)3(Solvent) site but alters the structures in a
systematic way. We have previously reported that there are differences in selectivity for
heavy metal binding to thiols in a versus d sites in each heptad.22–24 We have also
demonstrated how the position of a metal site along the sequence of a peptide that folds into
a 3SCC can define the physical properties of Cd(II) binding.25 One might imagine that
factors such as catalyst proximity to the frayed ends of the helix, orientation of the active
site with respect to the helical dipole or the location near the center versus the end of the
coiled coil might influence catalytic efficiency, rate, substrate access, and/or binding affinity
in these systems. In addition, the presence of a second, non-reactive metal site (i.e., Hg(II)),
could influence the kinetic parameters either directly through an electrostatic influence or by
impacting the breathing motions/fraying of the coiled coil. A major benefit of our
architecture is that it is very straightforward to move the metal site along the primary
sequence in order to interrogate the chemistry in alternative positions.
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There is one example of a redesigned system in which a mononuclear non-heme iron site
was incorporated into six different positions of thioredoxin (within three different types of
surface locations: groove, shallow pocket, and deep pocket) for superoxide dismutase
function.26 This study demonstrated that one could see significant functional differences in
the metal center without “prior adaptations” for the protein structure. Since systematic
variation of a catalytic center has never been examined within a helical (or any de novo
designed) structure this allows us, for the first time, to be able to address how orientation
and distance relative to the helical dipole and frayed termini matter, specifically with respect
to metal-binding affinities, catalytic activity, and kinetic pKa’s. The results will have
significant implications for the selection of active site location in future de novo design
studies, particularly since to date the majority of systems incorporate metal sites into α-
helical scaffolds.

METHODS
Peptide Synthesis and Purification

Peptides were synthesized on an Applied Biosystems 433A peptide synthesizer using
standard protocols27 and purified and characterized as described previously.28 The
concentrations for peptides containing Cys sites were determined as previously reported28,
and those of TRIL2WL23H solutions were based on the tryptophan absorbance at 280 nm
using ε = 5500 cm−1 M−1.

Ultraviolet-Visible (UV-Vis) and Circular Dichroism (CD) Spectroscopy
CD and UV-Vis spectra were recorded in quartz cuvettes at 25°C on an Aviv 62DS
spectrometer and Cary 100 Bio UV-Vis spectrometer, respectively. Guanidine hydrochloride
CD titrations were performed at pH 8.5 as described previously.9 The UV-Vis spectra of
Hg(II) binding to the Cys sites in each peptide were obtained as previously described at pH
8.5.10,29,30 All solutions were purged with argon prior to use in order to minimize oxidation
of peptides and formation of disulfide bonds.

Competitive Zn(II)-Binding Titrations
The apparent binding constants were determined by competition assay with the colorimetric
Zn(II) chelator, Zincon (2-carboxy-2’-hydroxy-5’-(sulfoformazyl)benzene).31,32 Zn(II)
forms a 1:1 complex with Zincon (Zi) with a distinct absorption band at 620 nm (ε ~16000
cm−1 M−1) at pH 7.5 and apparent dissociation constant (Kd,app) 2.80 × 10−6 M (consistent
with the range of reported values).31,33–37 These parameters were evaluated for each pH and
each buffer used in our experiments (pH 7.5 in 50 mM HEPES, 0.1 M Na2SO4 and pH 9.0
in 50 mM CHES, 0.1 M Na2SO4) by titrating Zn(II) into a solution of 10 µM Zi. For pH 9.0,
ε620 ~27500 cm−1 M−1 and Kd,app = 5 × 10−8 M (a 5 cm pathlength cell was used for the
calibration titration at this pH). For experiments involving peptide, an excess of Zi over
ZnSO4 (10 µM Zi and 5 µM Zn(II) to ensure most Zn(II) is bound to ligand) was used as the
starting point of the titration. Analogously, Zn(II) was bound to an excess of peptide (20 µM
pep3 and 10 µM Zn(II)) for the reverse titration (in the case for [Hg(II)]S(TRIL9HL23C)3

−,
5 µM Zi/2.5 µM Zn(II)and 30 µM pep3/15 µM Zn(II)were used for the forward and reverse
titrations, respectively, because this peptide had a weaker Kd,app compared to the others).
Both approaches should give similar apparent binding constants for Znpep3, indicating
equilibrium had been reached.

The binding equilibrium for this competition experiment can be expressed by eq 1.

(1)
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The apparent dissociation constant of Znpep3 can be calculated using eq 2.

(2)

For the forward titration, where a solution of Zi is titrated into Znpep3, the absorption band
at 620 nm is due to the ZnZi complex, and increases as Zi is added to Znpep3, reflecting
transfer of Zn(II) from pep3 to Zi and therefore yielding [ZnZi] and [Znpep3] for eq 2.
[Znpep3] can be defined as the total amount of Zn(II) present ([Zn]T) minus the Zn(II)-
bound fraction ([ZnZi]), under the conditions of this experiment. The amount of unbound
peptide can then be defined as the total peptide minus the Zn(II)-bound fraction, [pep3] =
[pep3]T – [Znpep3] = [pep3]T – ([Zn]T – [ZnZi]). The amount of free Zi is then related to the
total amount of Zi minus the Zn(II)-bound fraction, [Zi] = [Zi]T - [ZnZi]. Substituting all of
the above into eq 2 yields a quadratic expression, eq 3, which can be solved for [ZnZi].
Since this quantity is directly related to the absorbance at 620 nm by the Beer-Lambert law,
the real solution to eq 3 can be inserted into eq 4 to give an equation which can be fitted in
Prism 5 (GraphPad Software) to yield the dissociation constant for Znpep3.

(3)

(4)

An analogous approach was used for the reverse titration, in which pep3 is added to ZnZi.
Representative titrations and fitted data are shown in Figure 2 and S4–6.

Esterase Activity Assays
The esterase activities of Zn(II)-bound peptides were determined spectrophotometrically
with p-nitrophenyl acetate (pNPA, 200–1400 µM) substrate at 25°C. Measurements were
made at 348 nm (ε = 5000 cm−1 M−1).38 The procedure is similar to that which was
previously described10, with some modifications. The substrate solution was prepared by
quickly diluting a 0.1 M pNPA acetone solution into doubly-distilled water (ddH2O) to a
concentration of 3 mM. The procedure for measuring esterase activity is as follows: in a 1
mm pathlength quartz cuvette, buffer (50 mM, HEPES if pH 7.5 or 8, CHES for pH 8.5–
9.65), ddH2O, and metal-peptide solution were mixed. pNPA was added, mixed, and the
absorbance increase recorded every 25 seconds for 7–20 minutes. Metal-peptide solutions
contained either excess peptide or excess ZnSO4 in order to ensure all Zn(II) was bound to
the peptide. Controls then contained either apo-peptide or ZnSO4, respectively, and their
initial rates were subtracted from those of Zn(II)-bound peptide samples. The controls
containing ZnSO4 do not exhibit any activity over blank controls, but there is some activity
from the free peptide, due to unbound His residues.10 Initial rates determined from linear fits
of the first 2–10% of the reaction were plotted as a function of pNPA concentration and
fitted to the Michaelis-Menten equation in Prism 5 (GraphPad Software). The concentration
of enzyme is 10 or 20 µM and is accounted for in all reported values.

Acetate Inhibition Assays
Inhibition experiments were performed under the same buffer conditions and with the same
general procedure as above. Potassium acetate (KOAc) stock solutions (~7–10 M) were
prepared by dissolving KOAc in a small amount of water, adjusting pH to 8.5 with glacial
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acetic acid (and vigorous stirring), followed by dilution to the final volume with ddH2O. The
acetate concentration is determined by combining the concentration from the amount of
solid and from the acetic acid added. For running the assays, buffer, ddH2O, KOAc, and
enzyme were mixed together, then pNPA added and the absorbance monitored as above.
Metal-peptide solutions were either 20 or 50 µM Znpep3 with 4× excess ZnSO4 present.
Controls contained all components except peptide and the difference between initial rates
was taken. Initial rates were plotted and fitted as described above. For each peptide, at least
three different concentrations of KOAc were tested, and plots of initial rates vs. [pNPA]
were prepared and fitted to competitive, non-competitive, and mixed inhibition equations in
Prism 5 (GraphPad Software). The individual kinetic parameters for each concentration of
acetate were examined in order to estimate the applicable inhibition model (all peptides had
increasing KM and decreasing kcat values as a function of increasing substrate concentration
supporting a competitive inhibition model).39 Lineweaver-Burke plots, in addition to
examination of the α value from a mixed model fit for each complex, were also used to
conclude that the inhibition observed was competitive for all peptide complexes containing a
ZnHis3 site (Lineweaver-Burke plots intersect on the y-axis and α > 1). Figures 4 and S8–10
show the non-linear competitive fits and Lineweaver-Burke analysis for each complex.

The apo-peptides can also catalyze pNPA hydrolysis due to the presence of free histidine
residues.10 A control experiment in which we attempted to inhibit this activity using 0.5 M
acetate showed some inhibition (it is possible that acetate may block pNPA from entering
the 3SCC to some extent), but it was less than half of that observed in the presence of Zn(II)
and did not strictly fit any inhibition model. Therefore, we conclude that the observed
competitive inhibition is due to acetate competing for the ZnN3O site.

RESULTS AND DISCUSSION
Our first example of catalyst modification was to remove the heavy metal-binding site at the
9 position of the peptide (Figure 1). The site had been developed in order to stabilize the
peptide, especially at high pH, since the addition of three histidines in the same layer of the
3SCC potentially could lead to increased fraying or even dissociation of the third α-helix.
However, by incorporating an Hg(II)(SR)3

− center into the peptide, we have introduced both
an additional divalent cation into the construct and the presence of a negatively charged
center in relatively close proximity to the catalytic site. By removing the cysteines in
TRIL2WL23H, we may assess whether this mercury-based stabilizing site influences Zn(II)
binding affinity or the kinetic parameters for the pNPA hydrolysis reaction. We previously
assessed the stabilities of (TRIL23H)3 and (TRIL9CL23H)3

3− through their guanidine
hydrochloride-induced unfolding titrations.10 We concluded that the Hg(II) binding had the
desired stabilization effect, which was particularly important at higher pH values (>9).

The colorimetric chelator Zincon was used in competitive binding titrations to determine the
binding affinity of Zn(II) to the His3 sites. The reaction of (TRIL2WL23H)3 with Zn(II) to
form [Zn(II)(H2O/OH−)]N(TRIL2WL23H)3

n+ yielded dissociation constants of 0.6 ± 0.1
µM and 0.24 ± 0.02 µM at pH 7.5 and 9.0, respectively (Table 2, Figure 2) and are
consistent with designed Zn(II) binding sites with three protein ligands.12,13,15–17,40–42 This
compares with the corresponding Kd = 0.8 ± 0.1 µM and 0.22 ± 0.06 µM at pH 7.5 and 9.0,
respectively, for Zn(II) binding to [Hg(II)]S(TRIL9CL23H)3

−. Clearly, there are no
significant differences between these values, indicating that while the overall peptide
association is stabilized by Hg(II), the affinity of the protein for Zn(II) is unaffected. This
observation does not follow the previous report that the binding of Cd(II) to trigonal thiolate
sites in this class of designed proteins exhibited a linear free energy correlation between
peptide self-association and Cd(II) dissociation constants.43
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We next compared the hydrolytic activity of [Zn(II)(H2O/OH−)]N(TRIL2WL23H)3
n+

towards pNPA to that of [Hg(II)]S([Zn(II)(H2O/OH−)]N(TRIL9CL23H)3
n+. The data

provided in Table 3 demonstrate that with respect to kcat, Km and kcat/Km there are no
significant differences between the two constructs, except possibly at pH 9.5 where [Zn(II)
(H2O/OH−)]N(TRIL2WL23H)3

n+ has a slightly decreased catalytic efficiency which may be
attributed to the decreased stability of this construct in basic media. Moreover, to analyze
the kinetics of these complexes, plots of catalytic efficiencies vs. pH have been prepared and
fitted to eq 5 in Prism 5 (GraphPad Software) to determine a kinetic pKa (Table 4, Figure 3).

(5)

The pH profiles for both peptides are essentially identical.

In addition to direct hydrolysis measurements, we also investigated product inhibition using
acetate at pH 8.5. Both peptides exhibited competitive inhibition profiles with KI values of
0.34 ± 0.01 M and 0.32 ± 0.01 M for [Zn(II)(H2O/OH−)]N(TRIL2WL23H)3

n+ and
[Hg(II)]S([Zn(H2O/OH−)]N(TRIL9CL23H)3 n+, respectively (Table 5, Figure 4). These data
taken together indicate that the presence of the Hg(II) has minimal impact on Zn(II)-binding
affinity, or any of the kinetic parameters for substrate hydrolysis or product inhibition. Thus,
we can conclude that while the Hg(II) ion serves to stabilize the system, it does not appear to
diminish the kinetic parameters or metal-binding affinities. Because Hg(II) stabilizes the
peptide at higher pH where activity is greatest and since Hg(II) allows us to use UV-Vis
spectroscopy to monitor whether the peptide remains associated as a 3SCC,30 we
subsequently carried out the remainder of the studies with Hg(II) present.

We next turned our attention to TRIL9HL23C, which inverts the sequence positions of the
structural and catalytic sites. Provided that Zn(II) and coordinated solvent are oriented
similarly toward the N-terminus of the coiled coil, as found in the structure of the previously
reported10 [Hg(II)]S[Zn(II)(H2O/OH−)]N(CSL9PenL23H)3

n+, the bound water/hydroxide
should now be more exposed to bulk solvent and the site may better accommodate the
substrate (Figure 5). The trimer containing a Cys3 site was evaluated both in the presence
and absence of one equivalent of HgCl2 per trimer. The peptide has CD spectra
characteristic of well-folded α-helical coiled coils at pH 8.5 with molar ellipticity values [Θ]
obtained at 222 nm from –24000° dmol−1 cm2 to –27000° dmol−1 cm2 (Figure S1 and as
previously reported10). As reported for (TRIL9CL23H)3−, the addition of Hg(II) to the Cys3
site further stabilizes (TRIL9HL23C)3

3− (Figure S1, S2). Hg(II) binding was evaluated
using UV-Vis spectroscopy and confirms 1:1 binding in a trigonal geometry to the Cys3 site
in (TRIL9HL23C)3

3− 10,29,30 Competitive binding titrations with Zincon yielded apparent
dissociation constants in the µM range indicating that Zn(II) remains bound well, although
still weak compared to native Zn(II) enzymes (often Kd = ~nM-pM).19,44–46 These values
(Table 2, Figure S4, S6) are an order of magnitude weaker than determined for
[Hg(II)]S[Zn(II)(H2O/OH− )]N(TRIL9CL23H)3

n+ and [Zn(II)(H2O/
OH−)]N(TRIL2WL23H)3

n+ at pH 7.5 and a factor of four weaker at pH 9.0. Thus, while
removal of Hg(II) does not alter Zn(II) affinity, reorientation of the Zn(II) site between the 9
and 23 positions (two a sites) leads to a ten-fold weaker binding to
[Hg(II)]S(TRIL9HL23C)3

− (Kd = ~8 µM) demonstrating that sequence position is important
for metal affinity.

We had previously shown that the pKa for thiolate binding to Cd(II) was critically dependent
on whether cysteines were incorporated into a or d sites and subsequent X-ray
crystallographic analysis indicated that the thiolate conformations were varied between the
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two types of positions.23,47 Reasoning that similar behavior might occur with Zn(II)
imidazoles in a versus d sites along the sequence, we prepared TRIL9CL19H. Here, the
structural site was held constant relative to the original model, but the catalytic site was
moved one Leu layer closer to the N-terminus into a d site. Assessment of the stability of
this complex in the presence and absence of Hg(II) revealed similar behavior to
(TRIL9CL23H)3

3− and (TRIL9HL23C)3
3− (Figure S1, S2). Zn(II) binding to

[Hg(II)]S(TRIL9CL19H)3
− is about five-fold weaker (Kd = 3.7 ± 1.3 µM) than the L23H

derivatives. This could be due to different orientation of the histidines in a vs. d sites or
because the site is more constrained when located in the center of the coiled coil. All four
peptides have stronger Kd’s (by three- to ten-fold) at pH 9.0 (Table 2), but follow the same
trend with sequence position. All binding affinities are sufficiently strong to ensure Zn(II) is
fully bound under the catalytic conditions described below. To our knowledge, this is the
first systematic evaluation of changes in binding affinities of a catalytic site as it is varied
along a helical structure.

We next evaluated the catalytic activities of these two designs. Hydrolysis of pNPA by
[Zn(II)(H2O/OH− )]N[Hg(II)]S(TRIL9HL23C)3

n+ and [Hg(II)]S[Zn(II)(H2O/
OH− )]N(TRIL9CL19H)3

n+ was monitored as a function of pH. Both of these peptide
complexes show diminished catalytic efficiency (none more than two-fold) relative to our
original model at pH 9.5 (Table 3).

The pKa’s of [Zn(II)(H2O/OH−)]N(TRIL2WL23H)3
n+, [Hg(II)]S [Zn(II)(H2O/

OH−)]N(TRIL9CL23H)3
n+, and [Zn(II)(H2O/OH− )]N[Hg(II)]S(TRIL9HL23C)3

n+ are
similar (9.0–9.2 ± 0.1); however, that of [Hg(II)]S[Zn(II)(H2O/OH−)]N(TRIL9CL19H)3

n+

increases to 9.6 ± 0.2 (Figure 3, Table 4). This increase might be due to the location of the
metal site further within the core of the 3SCC relative to the other designs or simply because
it is a d site and the His ligands may be oriented differently. Presumably, the pKa represents
deprotonation of Zn(II)-bound water to form coordinated hydroxide, which is proposed to be
the hydrolytically active species. It appears that the position of the catalytic site along the
sequence of the peptide has a modest role in tuning this pKa, with the highest value for the
least solvent accessible site. The pKa’s for the complexes remain ~2 units higher than that
for CAII (6.8). This suggests that more drastic modification to the second sphere
environment and beyond (probably through incorporation of hydrogen bonding) will be
required to reduce the pKa to a more desirable value.

Regardless, since the pKa’s for these complexes are not identical, comparing their rates at
pH 9.5 may not provide a complete picture. The nature of the designed peptide does not
allow for the rates to be measured at pH’s much higher than 9.5 because salt bridge
interactions (Glu-Lys) that stabilize the coiled coil will be interrupted. However, in addition
to pKa’s, eq 5 also yields a value for the maximal catalytic efficiency (theoretical maximal
efficiency if 100% of the Zn(II)-hydroxide complex were present). Although individual
catalytic efficiencies are obviously different from one peptide to the next at pH 9.5, these
extrapolated maximal values are not very different, within error (Table 4) suggesting that
ester hydrolysis is independent of the Zn(II) position. However, significant differences are
observed when the individual kcat and KM values are analyzed. For all peptides, the KM
values are generally pH-independent (Figure S7), but differ relative to each other. The KM’s
of [Hg(II)]S[Zn(II)(H2O/OH−)]N(TRIL9CL23H)3

n+ and [Zn(II)(H2O/
OH−)]N(TRIL2WL23H)3

n+ are the same (~2 mM) but those of [Zn(II)(H2O/
OH−)]N[Hg(II)]S(TRIL9HL23C)3

n+ are ~1 mM. This result supports the notion that when
the catalytic site is moved to the N-terminal end of the sequence, the substrate can more
easily access the active site since it is expected to point towards the solvent. When the
catalytic site is moved to the 19th position, there seems to be a modest increase in the KM
(2.8 ± 0.4 mM, pH 9.5). As with catalytic efficiency, we can plot kcat vs. pH to fit for kinetic
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pKa’s and maximal kcat values, but given the larger errors in kcat due to poor solubility of
the substrate, the extrapolated values obtained from these fits are not reliable (Figure S7).
Therefore, we estimate maximal kcat by using maximal kcat/KM and the KM for that
particular peptide. Based on analysis of these values (Table 4), it is apparent that the most
solvent-exposed site in [Zn(II)(OH− )]N[Hg(II)]S(TRIL9HL23C)3 has the lowest rate, while
that furthest in the interior of the 3SCC, [Hg(II)]S[Zn(II)(OH− )]N(TRIL9CL19H)3, has the
highest. There is no significant difference in these values between [Hg(II)]S[Zn(II)
(OH− )]N(TRIL9CL23H)3 and the peptide lacking the Hg(II)S3 site.

Another method was needed to validate these conclusions on substrate binding access.
Therefore, we evaluated product inhibition, which should follow a similar dependence to
substrate binding. The products resulting from hydrolysis of pNPA are p-nitrophenol/p-
nitrophenolate (pNP/pNP−) and acetate. No inhibition with either of these is observed under
the conditions of the experiment (which only produces up to 1.4 mM product),
demonstrating that product inhibition is not a concern during the course of our assays. This
is an important benefit of our system since small molecule model complexes typically have
extensive problems with-product inhibition. Further analysis was undertaken using
potassium acetate as we reasoned that a smaller anion would have a better chance of binding
in our complex (likely to Zn(II)) than pNP/pNP−. We found that higher concentrations of
acetate (>0.1 M) can competitively inhibit pNPA hydrolysis by these complexes at pH 8.5
(Figure 4 and S8–10). No inhibition of the reaction was observed at pH 9.5, consistent with
the trend for CA, where less inhibition by chloride is observed with increasing pH.50–52 This
is presumably due to increasing competition with hydroxide for the Zn(II) center. Analogous
to what was observed for the kinetic parameter KM, we found that the KI’s for all peptides
were similar (~0.32–0.36 M, Table 5) except that for [Zn(II)(H2O/
OH−)]N[Hg(II)]S(TRIL9HL23C)3

n+ (0.20 M). This finding further supports the notion that
moving the active site to the N-terminal end of the trimer leads to increased substrate and
solvent access. This is an important finding for future design endeavors in which one may
wish to control substrate access and selectivity or the level of product inhibition in a helical
structure.

CONCLUSIONS
Herein we have presented the first detailed study of systematic movement of an active site
along the sequence of an α-helical coiled coil in order to examine how changes in location
of a metal site affect its properties. This work, combined with that for other
designs12,13,15–17,40–42, suggests there may be a limit to the affinity that can be achieved
solely with three protein ligands. Only a ~ten-fold variation in binding affinity is observed
when the active site is moved along the 3SCC. Additionally, location of the active site at
either end of a helical bundle does not appear to play a large role in tuning the Zn-OH2 pKa,
thus allowing the desired metal site to be placed into the structure based on where it may be
easiest to implement further secondary interactions to tune the pKa and catalytic activity,
such as hydrogen bonding networks. However, because a change in pKa is observed upon
going further into the interior of the coiled coil to a d site, one may exploit this to achieve
effectively different catalytic efficiencies when designing models for specific pH conditions.

By moving the site from the C-terminus of the coiled coil to the N-terminus, solvent,
substrate, and inhibitor accessibilities are significantly increased, whereas when the metal
center is moved further into the core of the structure (and to a d site), access decreases
modestly. As a consequence, the estimated maximal rate of the 19 site increases by a factor
of 2.5 relative to the 9 site. Nevertheless, the fact that the catalytic efficiency (kcat/KM) is
retained in all of these models implies that this minimal first-coordination-sphere only Zn(II)
site is alone enough to confer significant hydrolytic activity. This finding means that, at least
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in these systems, the location of the minimal active site can be chosen to optimize substrate
access and metal binding and for proximity to ideal positions for secondary interactions, all
while retaining catalytic efficiency. The two complexes with Zn(II)His3 sites in the same
sequence position (one with and one without the structural site) give similar results for
almost all of the measured parameters. Thus, a separate stabilizing site is not detrimental to
the properties of the catalytic site, demonstrating that future designs incorporating two
separate metal centers with different or complementary functions can be realized.

The lack of any significant change in catalytic efficiency for the hydrolysis reactions in
these coiled coils implies that future work will focus on refining the second coordination
sphere environment around the metal center and defining solvent channels, but not be overly
concerned about the effect of location on catalytic activity. This is contrary to the previous
observation that location of an FeHis3 site in thioredoxin plays an important role in oxygen
reactivity. Certainly, with coiled coils sequence position does not account for the orders-of-
magnitude differences between designed metalloproteins and native enzymes. Overall, this
work provides an excellent foundation for the engineering of a hydrolytically active minimal
Zn(II) site into an α-helical coiled coil.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the X-ray crystal structure of [Hg(II)]S[Zn(II)(H2O/
OH−)]N(CSL9PenL23H)3

n+ (3PBJ)10on left with a Pymol model of [Zn(II)(H2O/
OH−)]N(TRIL2WL23H)3

n+ lacking the Hg(II)S3 structural site (right, based on 3PBJ).
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Figure 2.
Competitive Zincon binding titrations at pH 7.5 for [Hg(II)]S(TRIL9CL23H)3

− in the
forward (Zn(II)pep3 + Zincon) and reverse (Zn(II)Zi + pep3) directions. a) Representative
UV-Vis spectra for the titration in the forward direction and b) in the reverse direction. c)
Plot of absorbance at 620 nm as a function of increasing [Zincon] for the forward titration
and d) as a function of increasing [pep3] for the reverse titration.
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Figure 3.
pH-dependency of the catalytic efficiency for pNPA hydrolysis by Zn(II)-bound TRI
peptides: [Hg(II)]S[Zn(II)(H2O/OH−)]N(TRIL9CL23H)3

n+ (•), [Zn(II)(H2O/
OH−)]N(TRIL2WL23H)3

n+ (■), [Zn(II)(H2O/OH− )]N[Hg(II)]S(TRIL9HL23C)3
n+ (▲),

[Hg(II)]S[Zn(II)(H2O/OH−)]N(TRIL9CL19H)3
n+ (▼).
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Figure 4.
Inhibition of 20 µM [Zn(II)(H2O/OH)]N(TRIL2WL23H)3

n+-catalyzed pNPA hydrolysis by
acetate. a) Initial rates as a function of substrate concentration in the presence of 0 M (•), 0.1
M (■), 0.25 M (▲), and 0.435 M (▼) potassium acetate fitted to a competitive inhibition
model in Prism 5 (GraphPad Software). The global data yields the reported KI and
corresponding error. Data shown consists of each individual measured initial rate and does
not represent averages. Fitting the same data to a mixed inhibition model yielded α ≈ 6 ×
1019 supporting the assignment of a competitive inhibition model39 b) Lineweaver-Burke
(double-reciprocal) plots corresponding to the data in a). Visual inspection of the
intersection of linear fits to each dataset (at the y-axis) also supports a competitive inhibition
model.
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Figure 5.
Comparison of the X-ray crystal structure of a) [Hg(II)]S[Zn(II)(H2O/
OH−)]N(CSL9PenL23H)3

n+ (3PBJ)10with Pymol models of b) [Zn(II)(H2O/
OH−)]N[Hg(II)]S(TRIL9HL23C)3

n+ based on the coordinates of 2JGO48and c)
[Hg(II)]S[Zn(II)(H2O/OH−)]N(TRIL9CL19H)3

n+ based on the coordinates of 3PBJ. Models
were prepared in Pymol using the mutagenesis option and Pymol’s rotamer library.49
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Table 1

Peptide Sequences Used in This Study

Peptidea Sequence

TRIL2W Ac-G WKALEEK LKALEEK LKALEEK LKALEEK G-NH2

TRIL2WL23H Ac-G WKALEEK LKALEEK LKALEEK HKALEEK G- NH2

TRIL9CL23H Ac-G LKALEEK CKALEEK LKALEEK HKALEEK G- NH2

TRIL9HL23C Ac-G LKALEEK HKALEEK LKALEEK CKALEEK G- NH2

TRIL9CL19H Ac-G LKALEEK CKALEEK LKAHEEK LKALEEK G- NH2

a
C- and N-termini are capped by acetyl (Ac) and NH2 groups, respectively.
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Table 2

Apparent Dissociation Constants for Zn(II) Binding to His3 Sites in the TRI Peptides

Peptide complex Kd,app at pH

7.5 [µM]a
Kd,app at Ph

9.0 [µM]b

[ZnII(H2O/OH−)]N(TRIL2WL23H)3
n+ 0.6 ± 0.1 0.24 ± 0.02

[HgII]S[ZnII(H2O/OH−)]N(TRIL9CL23H)3
n+ 0.8 ± 0.1 0.22 ± 0.06

[ZnII(H2O/OH−)]N[HgII]S(TRIL9HL23C)3
n+ ~8 0.8 ± 0.3

[HgII]S[ZnII(H2O/OH−)]N(TRIL9CL19H)3
n+ 3.7 ± 1.3 0.4 ± 0.2

a
pH 7.5 measured in 50 mM HEPES buffer.

b
pH 9.0 measured in 50 mM CHES buffer.
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Table 3

pH-Dependent Kinetic Parameters for pNPA hydrolysis by Zn(II)-Bound TRI Peptidesa

Peptide complexb pHc kcat/KM

[M−1 s−1]
kcat [s−1] KM [mM]

[Zn(II)(H2O/OH−)]N 7.5 0.41 ± 0.03 0.0011 ± 0.0002 2.7 ± 0.8

(TRIL2WL23H)3
n+ 8.0 1.07 ± 0.06 0.0029 ± 0.0005 2.7 ± 0.6

8.5 3.3 ± 0.2 0.0060 ± 0.0007 1.8 ± 0.3

9.0 8.9 ± 0.4 0.016 ± 0.001 1.8 ± 0.2

9.25 12.9 ± 0.4 0.022 ± 0.001 1.7 ± 0.2

9.5 15.5 ± 0.4 0.033 ± 0.002 2.1 ± 0.2

[Hg(II)]S 7.5 1.38 ± 0.04 0.0022 ± 0.0005 1.6 ± 0.4

[Zn(II)(H2O/OH−)]N 8.0 3.1 ± 0.1 0.0054 ± 0.0015 1.7 ± 0.5

(TRIL9CL23H)3
n+(d) 8.5 6.0 ± 0.1 0.012 ± 0.004 1.9 ± 0.6

8.75 10.8 ± 0.3 0.021 ± 0.010 2.0 ± 0.9

9.0 17.6 ± 0.3 0.038 ± 0.010 2.1 ± 0.6

9.5 23.3 ± 0.3 0.040 ± 0.012 1.7 ± 0.5

[Zn(II)(H2O/OH−)]N 7.5 0.6 ± 0.1 0.0005 ± 0.0001 0.9 ± 0.4

[Hg(II)]S 8.0 1.2 ± 0.2 0.0009 ± 0.0002 0.7 ± 0.3

(TRIL9HL23C)3
n+ 8.5 1.9 ± 0.2 0.0027 ± 0.0007 1.4 ± 0.5

8.75 6.1 ± 0.2 0.0062 ± 0.0003 1.0 ± 0.1

9.0 9.7 ± 0.6 0.011 ± 0.001 1.1 ± 0.1

9.3 12.3 ± 0.4 0.016 ± 0.001 1.3 ± 0.1

9.5 15.8 ± 1.1 0.020 ± 0.002 1.2 ± 0.2

[Hg(II)]S 7.5 0.33 ± 0.01 0.0014 ± 0.0002 4.2 ± 0.9

[Zn(II)(H2O/OH−)]N 8.0 0.86 ± 0.02 0.0034 ± 0.0004 3.9 ± 0.5

(TRIL9CL19H)3
n+ 8.5 2.35 ± 0.08 0.0062 ± 0.0007 2.5 ± 0.4

9.0 4.5 ± 0.2 0.010 ± 0.001 2.3 ± 0.4

9.3 9.5 ± 0.3 0.022 ± 0.002 2.4 ± 0.3

9.5 12.4 ± 0.4 0.035 ± 0.004 2.8 ± 0.4

9.65 13.9 ± 1.1 0.04 ± 0.01 2.9 ± 1.0

a
Error bars result from fitting all individual initial rates measured (three per concentration of substrate, without averaging) to the Michaelis Menten

equation in Prism 5 (GraphPad Software).

b
10–20 µM active Zn(II)-bound peptide complex.

c
pH 7.5–8.0 measured in 50 mM HEPES, pH 8.5–9.65 measured in 50 mM CHES.

d
Previously reported data included for comparison.10
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Table 4

Kinetic p Ka, Maximal Efficiency, and Maximal Rate Values forpNPA Hydrolysis by Zn(II)-Bound TRI
Peptides

Peptide complex pKa
a kcat/KM(max)

[M−1S−1]b
kcat(max)

[s−1]c

[ZnII(H2O/OH−)]N(TRIL2WL23H)3
n+ 9.2 ± 0.1 25 ± 2 ~0.055

[HgII]S[ZnII(H2O/OH−)]N(TRIL9CL23H)3
n+ 9.0 ± 0.1 31 ± 4 ~0.053

[ZnII(H2O/OH−)]N[HgII]S(TRIL9HL23C)3
n+ 9.2 ± 0.1 24 ± 3 ~0.030

[HgII]S[ZnII(H2O/OH−)]N(TRIL9CL19H)3
n+ 9.6 ± 0.1 27 ± 5 ~0.076

a
Determined by fitting individual kcat/KM values versus pH.

b
Maximal catalytic efficiency from the fitting of kcat/KM values versus pH (assuming that 100% active enzyme complex is present).

c
Estimated maximal rate determined as described in the text.
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Table 5

Kinetic Parameters for the Inhibition of pNPA Hydrolysis by Zn(II)-bound TRI Peptides at pH 8.5a

Peptide
complexb& KI (M)

[OAc−]
[M]

kcat/KM

[M−1 s−1]
kcat [s−1] KM [mM]

[Zn(II)(H2O/OH−)]N 0 3.2 ± 0.1 0.0065 ± 0.0006 2.0 ± 0.3

(TRIL2WL23H)3
n+ 0.1 2.51 ± 0.05 0.0068 ± 0.0004 2.7 ± 0.2

   KI (M) = 0.34 ±

0.01 0.25 2.01 ± 0.07 0.0058 ± 0.0006 2.9 ± 0.4

0.435 1.32 ± 0.07 0.0067 ± 0.0021 5.1 ± 1.9

[Hg(II)]S 0 5.4 ± 0.1 0.011 ± 0.001 2.0 ± 0.2

[Zn(II)(H2O/OH−)]N 0.1 4.5 ± 0.2 0.012 ± 0.001 2.6 ± 0.4

(TRIL9CL23H)3
n+

   KI (M) = 0.32 ± 0.2 3.6 ± 0.2 0.010 ± 0.002 2.6 ± 0.6

0.01 0.4 2.5 ± 0.1 0.012 ± 0.003 5.0 ± 1.2

0.6 1.8 ± 0.1 0.010 ± 0.003 5.7 ± 1.8

[Zn(II)(H2O/OH−)]N 0 2.54 ± 0.07 0.0039 ± 0.0002 1.5 ± 0.1

[Hg(II)]S 0.1 1.65 ± 0.02 0.0047 ± 0.0002 2.9 ± 0.2

(TRIL9HL23C)3
n+ 0.25 1.09 ± 0.06 0.0036 ± 0.0008 3.3 ± 0.9

   KI (M) = 0.20 ±

0.01 0.5 0.72 ± 0.03 0.0042 ± 0.0012 5.8 ± 1.9

[Hg(II)]S 0 2.06 ± 0.06 0.0058 ± 0.0006 2.8 ± 0.4

[Zn(II)(H2O/OH−)]N 0.2 1.42 ± 0.04 0.0078 ± 0.0014 5.5 ± 1.1

(TRIL9CL19H)3
n+ 0.4 0.94 ± 0.06 0.006 ± 0.003 6.5 ± 3.3

   KI (M) = 0.36 ±

0.01 0.6 0.73 ± 0.03 0.007 ± 0.003 9.1 ± 47

a
Error bars result from fitting all individual initial rates measured (three per concentration of substrate, without averaging) to the Michaelis Menten

equation in Prism 5 (GraphPad Software).

b
20–50 µM active Zn(II)-bound peptide complex.
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