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Zinc plays key structural and catalytic roles in biology. Structural zinc sites are often referred to as zinc
finger (ZF) sites, and the classical ZF contains a Cys,His, motif that is involved in coordinating Zn(i).
An optimized Cys,His, ZF, named consensus peptide 1 (CP-1), was identified more than 20 years ago
using a limited set of sequenced proteins. We have reexamined the CP-1 sequence, using our current,
much larger database of sequenced proteins that have been identified from high-throughput sequencing
methods, and found the sequence to be largely unchanged. The CCHH ligand set of CP-1 was then
altered to a CAHH motif to impart hydrolytic activity. This ligand set mimics the His,Cys ligand set of
peptide deformylase (PDF), a hydrolytically active M(i)-centered (M = Zn or Fe) protein. The resultant
peptide [CP-1(CAHH)] was evaluated for its ability to coordinate Zn(i) and Co(i) ions, adopt secondary
structure, and promote hydrolysis. CP-1(CAHH) was found to coordinate Co(i) and Zn(1) and a
pentacoordinate geometry for Co(i)—CP-1(CAHH) was implicated from UV-vis data. This suggests a
His,Cys(H,O), environment at the metal center. The Zn(i)-bound CP-1(CAHH) was shown to adopt
partial secondary structure by 1-D *H NMR spectroscopy. Both Zn(i)—CP-1(CAHH) and Co(i)—CP-1(CAHH)
show good hydrolytic activity toward the test substrate 4-nitrophenyl acetate, exhibiting faster rates than
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Introduction

It is estimated that one-third of all proteins are bound to metal
ions."™ One key metal ion for proteins is zinc, which can play
either a structural or a catalytic role.”™® The group of proteins
for which zinc plays a structural role are collectively called zinc
finger (ZF) proteins."'> These proteins are highly abundant
(e.g- 3-10% of the human genome encodes for ZF proteins) and
are identified in genomes based upon the presence of cysteine
and histidine rich domains.''*> ZF proteins utilize these
cysteine and/or histidine ligands to coordinate zinc(u) into a
tetrahedral geometry and fold into a three-dimensional struc-
ture. Once folded, the ZF can function - ie. bind to DNA,
RNA or another protein.**** 2! The best-studied class of ZFs are
the ‘classical’ ZFs. These ZFs bind zinc(u) using a Cys,His,
(CCHH) motif and adopt a Bpa fold upon zinc coordination
(Fig. 1).>*7132%23 gince the discovery of classical ZFs in the late
1980s, at least fourteen additional classes of (non-classical) ZFs
have been identified.""'* Each class is delineated by the ligands
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most active synthetic Zn(i) complexes.

that coordinate zinc and the structure that the peptide adopts
upon zinc(i) coordination,™**>!

In all ZF proteins, the zinc binding domains are well defined
and make up smaller domains of the larger protein,'*'?>22426
As a result, these ZF domains can be isolated independently of
the rest of the protein, and still bind zinc ions and fold.'"'*?®
This modular nature of ZF domains has led to many successful
efforts to mimic ZFs by preparing short peptides that match the
sequence of a specific zinc(n) binding domain of a particular
protein."®?”7*" In addition, shortly after the identification of
the classical ZF by Berg and co-workers in 1987, an optimal or
consensus sequence was defined for this class of ZF proteins by
aligning the sequences of the few known classical ZFs and
identifying a sequence based upon the most prevalent amino
acid within each position of the sequence alignment. This
sequence, named consensus peptide-1 (or CP-1),** was deter-
mined by manually aligning all of the sequences of classical
zinc finger proteins and identifying which residue occurs most
frequently at each position. CP-1 was subsequently prepared
and characterized and shown to exhibit maximal zinc(u) binding
affinity and optimal protein folding.**®

CP-1 was defined in 1991, before any major eukaryotic genomes
(e.g. Homo sapiens) had been published and before modern
methods of sequence analysis had become readily available,
yet continues to be the sequence utilized as the model classical
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Fig. 1 Consensus peptide-1 (CP-1) constructs (a) ExXPASy output of all known CCHH zinc sites. (b) The alignment of the amino acid sequences of CP-1
from 1991, CP-1 from 2015, and modified CP-1 [named CP-1(CAHH)I. (c) A cartoon figure showing the positions of the amino acids of CP-1(CCHH)-2015.
The zinc coordinating residues are colored pink and the highly conserved amino acids are colored teal. (d) The NMR structure of ZFP268, which is an
example of a classical CCHH ZF protein. The zinc coordinating residues are colored pink and the highly conserved amino acids are colored teal. This

figure was made in PyMol (v. 1.1), PDB ID: 2EMW.

ZF peptide. Here, we sought to determine whether this consensus
sequence remained the same in 2015, given the proliferation of
sequenced genomes since 1991. Remarkably, we found that there
are minimal changes to the CP-1 sequence, despite the explosion
of available protein sequence data.

We then sought to determine if CP-1 could be modified to
promote hydrolysis. There has long been an interest in utilizing
ZF peptides in protein design because their small size, ease of
synthesis, modular nature and metal-binding properties make
them attractive building blocks.>>” The conversion of a struc-
tural ZF site to a catalytic Zn site is one area of protein design of
particular interest for ZFs, because zinc can have a catalytic role in
biology. Proteins that utilize zinc sites for a catalytic role typically
coordinate zinc(u) using three amino acid ligands, usually histidine,
aspartate, glutamate and/or cysteine. Importantly, these catalytic
zinc centers usually contain one or more open coordination sites
that are absent in structural ZFs, and which allow for binding of
substrates and small molecule (e.g. H,0) co-factors to promote
reactivity.>”~*" Thus, one simple design approach to convert a
ZF domain into a catalytic zinc site involves the modification of
one of the four zinc coordinating ligands to allow for an open
coordination site for substrate binding. This approach was
previously attempted for CP-1, by Berg and co-workers,** who
truncated the last four amino acids of CP-1. This truncation
deleted one of the metal coordinating histidine ligands, which was
predicted to make the peptide hydrolytically active by providing an
open site for water coordination. Although zinc(i1) was shown to
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coordinate to this peptide, it was not catalytically active toward
a chromogenic substrate, 4-nitrophenyl acetate (4-NA), suggest-
ing that simple modification of a ZF was not enough to impart
activity.*> However, more recently, Sugiura and co-workers took
a different approach to convert a structural ZF peptide into a
hydrolytically active peptide. Their approach involved mutating
specific amino acids within a singular ZF domain of Sp1, rather
than truncating the C-terminus. Several of these modified Sp1
domains exhibited hydrolytic activity toward carboxylic ester
and circular DNA substrates when zinc was bound, providing
compelling evidence that a structural ZF domain can be con-
verted to a catalytic domain.?®**>°

The intriguing catalytic activity reported by Sugiura and
co-workers for the re-engineered Sp1 zinc finger peptide moti-
vated us to re-investigate CP-1 for possible conversion to a
hydrolytically active peptide, since such a result would demon-
strate that the most basic and general consensus sequence for a
structural ZF protein domain is capable of sustaining catalytic
activity. Instead of simply deleting a His ligand as done pre-
viously,*> we sought to impart hydrolytic activity to CP-1 by
modifying one of the zinc coordinating ligands. We chose
to modify the second cysteine of CP-1 to an alanine (named
CP-1(CAHH)), as this would result in a CP-1 variant that contains
a ligand set that matches that of a known, hydrolytically active
enzyme peptide deformylase (CHH).*">" We demonstrate that
this mutant, CP-1(CAHH), coordinates Zn(u) ion with high
affinity, and also coordinates cobalt(un) ion. The binding of
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these divalent metal ions is found to induce partial folding of
the peptide. It is shown that M(u)-CP-1(CAHH) (M = Zn, Co)
exhibits good hydrolytic activity toward 4-NA, and mechanistic
hypotheses for the observed hydrolytic reactivity are evaluated.

Results and discussion
Revisiting the consensus peptide

The ‘classical’ ZF proteins, which are the best studied, contain
domains with two cysteine and two histidine ligands. The overall
form is (Tyr,Phe)-X-Cys-X, 4-Cys-X;-Phe-Xs-Leu-X,-His-X; 4-His,
with X equaling any amino acid.*® These proteins were first
identified in the late-1980s, before any comprehensive genome
sequencing of whole organisms had been achieved.>*™* In 1991,
Berg and co-workers aligned all of the sequences of known ZFs,
131 sequences from 18 proteins, and identified a consensus
peptide sequence (CP-1) with the sequence ProTyrLysCysProGlu
CysGlyLysSerPheSerGlnLysSerAspLeuValLysHisGInArgThrHisThrGly
(Fig. 1a-d). This sequence was shown to bind cobalt(u) and
zinc(u) more tightly (lower K4) than any native ‘classical’ ZF.
Thus, CP-1 is considered the optimized ‘classical’ ZF.** CP-1
has subsequently been utilized for a variety of studies aimed at
understanding topics ranging from the thermodynamics and
kinetics of ZF protein folding, to the design of new ZF-based
complexes.*"**?%%357 A recent example is seen in the work of
Séneque and Latour, where CP-1 and a series of mutants were
utilized to systematically measure binding affinities for Zn(u)
and Co(u) ions by using competitive chelators, and to deter-
mine the kinetics of metal ion exchange and speciation.*® Thus,
the original CP-1, determined from a small subset of sequenced
proteins, is a canonical ZF sequence and remains relevant to
current work on ZF biochemistry.

An additional 13465 CCHH ZF sequences have been identi-
fied since the initial report of CP-1, as a result of the proliferation
of sequenced genomes from high-throughput proteomics efforts.
The original CP-1 sequence was investigated here to deter-
mine if the peptide that was designed in 1991 from only 131
sequences is still the most conserved sequence. Using the
ExPasy program, all of the CCHH type ZF domains that have
been sequenced and deposited in protein databases were
extracted and aligned, and a Prosite Sequence Logo was then
generated (Fig. 1a). A Sequence Logo is a visualization of the
sequence conservation between homologous proteins. The out-
put of a sequence logo shows a protein sequence with each
amino acid represented at a specific height, which corresponds
to units of ‘bits’ on the y-axis. The height of the amino acid
indicates the frequency with which it occurs in that specific
position throughout all of the sequences analyzed. When the
amino acid is conserved at the 100% level, the height of the
amino acid will be at its maximal level, which is 4 bits. When
the amino acid is not conserved 100% of the time, several
amino acids will be placed in a given column in the order
of their percent conservation, with the most conserved amino
acid appearing at the top.”® Remarkably, a comparison of the
new consensus sequence, CP-1(CCHH)-2015, with the original
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consensus sequence, CP-1(CCHH)-1991, shows a high degree of
sequence conservation (Fig. 1b). Despite the small number of
ZF sequences (less than 1% of those known today) analyzed by
Berg and co-workers over twenty years ago, their original CP-1
sequence remains an accurate representation of a classical ZF
domain. Thus the use of CP-1 was validated as a scaffold for the
work described herein.

Modifying CP-1 to promote hydrolytic activity

Previous work from Berg attempted to make a mutation at the
metal binding site of CP-1 to convert the structural zinc(u) site
into a site capable of mediating hydrolysis.*”> CP-1 was truncated
such that the last four amino acids were removed, including one
of the histidine ligands, with the goal of opening up a site on
the metal center for the binding and activation of H,O. The
activation of H,O at Zn(u) in hydrolytic zinc enzymes, in which
the pK, of the bound H,0 molecule is lowered, is a key part of
their function and provides access to a nucleophilic Zn-OH
species.***® No hydrolytic activity was observed in this earlier
study, despite the successful formation of the CCH (NS,) zinc
center and the generation of an open coordination site at the
zinc(u) ion in the CP-1(CCH) mutant.

Some of us have previously constructed hydrolytically active,
synthetic (small-molecule) analogs of the active site of peptide
deformylase (PDF).>*®' This enzyme catalyzes the hydrolytic
deformylation of the N-terminus of newly synthesized poly-
peptides. PDF is activated by the coordination of a divalent metal
ion [Zn(u), Fe(u), or Co(u)] to one cysteine and two histidine
residues (N,S donor set) in the active site.*"*"**> The activation of
H,O occurs at the metal center, ultimately leading to the hydro-
lysis of formylated substrates. We speculated that mutation of
one of the Cys ligands in CP-1 to a non-coordinating residue
would convert the metal site to an N,S-M" center and provide a
mimic of the PDF active site that would have a higher Lewis
acidity than the early CP-1(CCH) mutant. The Lewis acidities
will directly influence the extent of water activation and the
generation of the hydrolytically active zinc(u)-hydroxide species
for CP-1(CCH) and CP-1(CAHH) according to eqn (1) and (2),
respectively.

ozl —_— . ! + H (1)
SCyS“‘ \ N SCyS“ \ N
SCys His SCys His
oH, |* oH |°
____ I — Lzl + H (2
SCys“ \ N SCys“ \ N
NHis His NHi His

CP-1(CAHH) and coordination of Co(u)

CP-1 was modified to mimic the CHH metal binding motif
of the active site of PDF. The native protein, referred to as
CP-1(CCHH), was altered such that the second coordinating
cysteine residue was mutated to a non-coordinating alanine

Mol. BioSyst.


http://dx.doi.org/10.1039/c5mb00796h

Published on 24 February 2016. Downloaded by Western Michigan University on 08/03/2016 13:43:52.

Paper

residue [CP-1(CAHH)] (Fig. 1b). Initial attempts to synthesize
this peptide independently by using a Symphony Quartet peptide
synthesizer proved problematic. A significant portion of the
peptide was not synthesized to completion, and separation of
the incompletely synthesized peptide from the fully intact pep-
tide via HPLC proved prohibitive due to low yields. The incom-
plete synthesis observed may be due to incomplete coupling of
each amino acid or aggregation of the shorter peptides during
synthesis. The peptide was then purchased from Bio-synthesis
(Lewisville, TX) in the crude form and purified further in our
laboratory by HPLC. This peptide was not soluble in the presence
of metal ions. Pure, stable peptide was obtained from Biomatik
(Wilmington, DE). The purity of the peptide was independently
measured in our laboratory via analytical HPLC and found to be
>95% pure. This peptide was utilized without further purifica-
tion. We therefore note that the preparation of mutant CP-1 is not
straightforward. Interestingly, Sénéque and Latour report similar
difficulties in the preparation of CP-1 in their work.*®

Initial experiments focused on determining the influence of
the Cys-to-Ala mutation on the metal-binding properties of the
peptide. The ability of CP-1(CAHH) to coordinate Zn(u) was
determined indirectly by using Co(u) as a spectroscopic probe
for Zn(u). This approach takes advantage of the rich spectro-
scopic properties of Co(u) in a tetrahedral coordination environ-
ment with sulfur and nitrogen ligands. The Co(u) (d”) ion
exhibits distinct d-d transitions between 550-750 nm that can
be correlated with 4-coordinate, 5-coordinate, and 6-coordinate
ligand environments around the metal. In addition, when sulfur,
and to a lesser extent nitrogen, serve as ligands, ligand-to-metal
charge transfer (LMCT) bands are often observed in the near-Uv
region. 326364

Addition of CoCl, to CP-1(CAHH) at pH 7.5 leads to a
spectrum that exhibits bands with maxima at 320, 550, and
630 nm (Fig. 2b). For comparison, we measured the UV-visible
spectrum of Co(u) bound to a modified version of CP-1(CCHH)
(Fig. 2a). This modified version, CP-1(CCHH)QAW, which was
created to investigate metal ion binding using fluorescence

a CCHH
CAHH

LMCT

/ d-d transitions

v
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titrations in further experiments, contains a tryptophan residue
in place of a glutamine as well as two additional amino acids at
the C terminus (Fig. 2a). The Co(u)-CP-1(CCHH)QAW UV-visible
spectrum is identical to that of Co(u)-CP-1(CCHH)-1991.%° The
d-d bands for Co(i)-CP-1(CCHH)QAW and Co(u)-CP-1(CCHH)-
1991 are red shifted with maxima at 570 nm and 645 nm
compared to CP-1(CAHH) (Fig. 2b and c). The band at 320 nm
remains the same. The position of the d—d transitions in relation
to the coordination environment of the cobalt(u) ion has been
well studied. It is known that cobalt(n) in a 4-coordinate,
tetrahedral coordination geometry exhibits absorption maxima
at 625 + 50 nm, while cobalt(n) in a 6-coordinate, octahedral
geometry gives maxima at 525 + 50 nm. Cobalt(n) in a penta-
coordinate geometry has maxima between these values.®* While
both the CCHH and CAHH CP-1 constructs exhibit absorbance
maxima that best fit for tetrahedral coordination at cobalt(u),
the absorbance bands for CP-1(CAHH) are blue shifted when
compared to CP-1(CCHH), suggesting that the geometry may be
distorted from an ideal tetrahedral environment to a 5-coordinate
geometry. In addition, the extinction coefficient (&) at the absorp-
tion maxima provides information about coordination number.
Typically, tetrahedral complexes have an ¢ greater than
300 M~ " ecm ™', while octahedral complexes have an & below
30 M~ em ™, with the ¢ values for pentacoordinate complexes
again falling somewhere in between 4- and 6-coordinate com-
plexes (50 < & < 250 M~ em™').**® At its maxima, CP-1(CCHH)
has an extinction coefficient of 510 M~ cm™ ', suggestive of
tetrahedral coordination. CP-1(CAHH) has a significantly lower
extinction coefficient of 60 M~ em™*, which is more consistent
with a pentacoordinate (or even an octahedral) environment.
Thus, in addition to the cysteine and two histidine residues,
Co(u) [and, by inference, Zn(u)], is likely coordinated by one or
two water molecules.

There is precedence for water coordination to zinc ions in
re-engineered structural zinc sites. For example, when the second
coordinating cysteine from a de novo four-helix bundle peptide
called Za, that contained four pre-organized zinc binding ligands

PYKCPECGEKSFSQKSDLVEKHWRTHTGEK
PYKCPEAGEKSFSQKSDLVEKHQRTHTG
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Fig. 2 (a) A sequence alignment of CP-1(CCHH) with CP-1(CAHH). Differences between the peptides shown in purple (b) UV-visible spectra of

Co()-CP-1(CCHH) QAW. (c) UV-visible spectra of Co(i)-CP-1(CAHH).
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(Cys,His,) was mutated to an alanine, the Co(u) UV-visible
spectrum was altered: the A, for the cobalt(u) d-d bands was
blue-shifted to 592 nm from 617 nm observed for unmodified Za,
and the extinction coefficient was decreased to ¢ =213 M ' ecm™*
from ¢ = 390 M~' cm % These data are suggestive of
5-coordinate geometry at the metal site, with two exogenous
water molecules serving as ligands, in addition to the cysteine
and histidine residues from Za, ligand.®® Modification of the
first coordinating cysteine of Zo, to an alanine also altered the
absorption spectrum, with a measured extinction coefficient
for the Co(u) d-d bands of ¢ = 60 M~ " cm™ ' (the Aya. was
not reported). Similarly, Nomura and Sugiura found that when
they systematically mutated metal coordinating cysteine and
histidine ligands of the second ZF domain of Sp1l to non-
coordinating ligands (alanine or glycine), the resultant metal
site gave Co(u) UV-vis spectra consistent with a pentacoordinate
geometry. The ligand sets of the Sp1 peptides were CCHG,
CCAH, and CCGH respectively, and extinction coefficients ()
of 191 M *em ™, 165 M ' em ™Y, and 135 M~ ! cm™! at 655,
620 and 625 nm for Co(u) coordination were reported.****
There are also examples of these types of metal centers in
naturally occurring zinc enzymes. For example, when Co(u) is
bound to the zinc enzyme farnesyltransferase (FTase), the
UV-vis spectrum exhibits a Ap. at 560 nm, with an extinc-
tion coefficient of 140 M~! ecm™!, which is indicative of a
5-coordinate metal center with at least one water molecule bound
to the metal.®®

In addition to creating an open coordination site to which
water can bind, it is not surprising that mutations that alter the
metal binding site in ZFs have also been shown to affect the
ZF’s affinity for the metal ion. For instance, Klemba and Regan
demonstrated that mutagenesis of the peptide Za, to favor
pentacoordinate geometry at the metal site resulted in a 33-fold
decrease in Co(u) ion binding affinity when compared to the
Co(u) binding to the wild type Za, peptide.®

We thus performed spectroscopic titrations of CP-1(CAHH)
with cobalt(u) ions to determine the effect of the alanine mutation

Free Co(ll)
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on the affinity for metal ions (Fig. 3a). In this approach, the
apo-peptide was titrated with cobalt(n) dichloride at pH 7.5 in
100 mM HEPES (50 mM NaCl) buffer until saturation was
reached, as monitored by the appearance of the d-d transitions
in the visible region. The resulting titration curve (Absegznm versus
[Co(u)], Fig. 3b) was easily fit to a 1:1 binding equilibrium,
consistent with the formation of a 1:1 cobalt/peptide complex.
The best fit of the data led to the determination of an upper limit
for the dissociation constant (Kg) of 170 pM for cobalt(u) ion
binding to CP-1(CAHH). In comparison, a K4 of 50 nM has been
reported for CP-1(CCHH) when measured in the same manner
while a Kypparene Of 10°'° M is reported when a more rigorous,
competitive titration is performed.*® Thus, the single Ala muta-
tion in CP-1(CAHH) leads to a significant weakening of the
binding affinity for Co(u) ions, but this result is not surprising
given that one of the peptide-derived metal-binding ligands has
been removed. Despite the deletion of one of the metal-binding
Cys donors, the K4 for CP-1(CAHH) is still within the regime of
dissociation constants that have been reported for cobalt(u)
coordination to ZF proteins.*®7:%

Zn(u) coordination of CP-1(CAHH)

The cobalt(n) ion was next used as a spectroscopic probe for
measuring the binding of zinc(u) to CP-1(CAHH), which is
spectroscopically silent. This strategy is well established for
measuring zinc(u) binding affinities for ZF proteins.'®?*>8046871
A solution of fully loaded Co(u)-CP-1(CAHH) was prepared by
combining the peptide with excess Co(u) ions (20 equiv. of
CoCl,) at pH 7.5. Spectroscopic titrations were performed by
the addition of successive aliquots of ZnCl,, leading to the
progressive loss of cobalt(u) d-d transitions at 630 and 550 nm.
A plot of Agzonm versus [ZnCl,] is shown in Fig. 4a. The sharp
decrease in the absorbance for the Co(u) marker band at
630 nm is indicative of displacement of Co(u) by Zn(u), con-
firming the coordination of Zn(u) by CP-1(CAHH). The lack
of curvature in this plot indicates that the Zn(u) ion is binding
very tightly in this concentration range, and the K4 for Zn(u)

0.12

0.1

0.08{

0.06

0.04 -

0.024

Absorbance at 630 nm

0 ; ; ; T .
0 2000 4000 6000 8000 10000 12000
[CoClL,] (M)

Fig. 3 (a) Plot of the change in the absorption spectrum between 250-800 nm as 600 pM CP-1(CAHH) is titrated with CoCl,. All spectrophotometric
experiments were performed in 100 mM HEPES, 50 mM NaCl at pH 7.5. (b) Plot of absorbance at 630 nm versus the concentration of Co(i)Cl, added to
CP-1(CAHH). The data were fit to a 1: 1 binding equilibrium to yield an upper limit dissociation constant of 170 uM. The solid line represents a nonlinear

least-squares fit to the 1:1 binding model.
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is too small to be measured with these data. These results
for Zn(u) ion coordination to CP-1(CAHH) as compared to
the Co(u) ion fall in line with other ZF proteins, in which
the binding of Zn(u) is thermodynamically favored over that

of Co(u) and typically has Kgs in the nanomolar to picomolar
regime.19,28,33,34,36,56,63,67—69,72—77

Secondary structure of CP-1(CAHH) upon metal ion
coordination

The binding of zinc(u) ions to ZFs can be expected to induce a
structural change in the protein. ZF domains in the apo form are
usually unstructured, only adopting secondary structure upon the
coordination of a metal ion [e.g. Zn(u), Co(u)].**”® The chemical
shift dispersion of amide N-H resonances can be correlated with
the presence of secondary structural elements in small peptides
and proteins,”**° and the folding of CP-1(CAHH) was examined
by 1-D ("H) NMR spectroscopy in the presence and absence of
zinc(u) ions. The 1-D (*H) NMR spectrum for apo-CP-1(CAHH) is
shown in Fig. 4b. The amide N-H peaks are found in the region
6.5-8.2 ppm and are not well dispersed, as expected for an
unstructured peptide. The addition of one equivalent of ZnCl,
to apo-CP-1(CAHH) at pH 7.5 resulted in shifts in the aromatic
region, which are likely due to Zn(u) binding to the histidine
ligands and some amide proton dispersion (Fig. 4c). It is well
known that a slight lowering of the pH is often necessary to
induce good dispersion in the amide N-H region associated
with protein folding.®' Additional dispersion of the amide N-H
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resonances was observed between 7.2-8.2 ppm upon lowering
the pH to 6.0 and adding a slight excess of Zn(u) ions (4 equiv.),
as seen by comparison of the spectra for apo-CP-1(CAHH) and
Zn-CP-1(CAHH) at pH 6.0 (Fig. 4d and e). Similar experiments
have been performed with CP-1(CCHH) and the peaks corres-
ponding to the amide N-H protons were dispersed over a wider
range (6.5-9.4 ppm) upon metal ion coordination at pH 6.5.>%°*
The NMR data indicate that CP-1(CAHH) clearly coordinates
zinc(u) ions at pH 6.0 and exhibits some secondary structure
formation upon metal ion binding, but does not fold to the
same extent as CP-1(CCHH).

Hydrolysis of 4-nitrophenyl acetate (4-NA)

The ability of Zn(u)-CP-1(CAHH) and Co(u)-CP-1(CAHH) to mediate
hydrolysis was examined with the test substrate 4-nitrophenyl
acetate (4-NA). The 4-NA substrate has been commonly used
to measure the hydrolytic efficiency of both zinc complexes,
zinc peptides and proteins as well as other types of hydrolase
mimics,**”%%*79% allowing for a direct comparison of the reac-
tivity of CP-1(CAHH) against other hydrolytically active zinc
complexes. The M-CP-1(CAHH) [M = Zn(u) or Co(u)] peptide was
incubated with 4-NA at pH 7.5 in 100 mM HEPES (1% acetonitrile,
50 mM NacCl) buffer and the hydrolysis reaction was monitored
by UV-visible spectroscopy. All reactions were performed at
100 uM M-CP-1(CAHH). The desired reaction gives the expected
product, 4-nitrophenolate (4-NP), which exhibits a characteristic
absorbance at A, = 400 nm (¢ = 12800 M~ ' ecm™" at pH 7.5),

Apo-
CP-1(CAHH) pH

75
| ﬂ,J‘ |
A A

1.0 Zn-
CP-1(CAHH) pH {|

75

1
___,__/v\\_)’wk_)'& L_/I VN

Apo-CP-1(CAHH)
pHE

[ l - N\_J »\.__'InrJ1|v—/‘L\/q\,__

a

4.0 Zn-CP-1(CAHH)
pHE

J o

W I,
______*___/“/\/\JH\JI LJI (

M

~ 88 86 %4 82 80 78 7.6 74 T2 70 63 66 6.4 62

Fig. 4 (A) Plot of absorbance at 630 nm versus the concentration of ZnCl, added to a saturated solution of Co(i)—-CP-1(CAHH) [20:1
Coli) : CP-1(CAHH)I. All spectrophotometric experiments were performed in 100 mM HEPES, 50 mM NaCl at pH 7.5. (B) *H-NMR spectrum of apo-
CP-1(CAHH) at pH 7.5, (C) 'H-NMR spectrum of apo-CP-1(CAHH) with 1 equivalent of ZnCl, at pH 7.5, (D) *H-NMR spectrum of apo-CP-1(CAHH) at
pH 6, (E) *H-NMR spectrum of apo-CP-1(CAHH) with 4 equivalents of ZnCl, at pH 6. The peptides for all NMR experiments were at a concentration of

350 pM in 600 pL of 25 mM deuterated Tris with 5% D,O.
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Zn(I1)-CP-1(CAHH)

H,O/CH3CN 0
I + -
100 mM HEPES o)

50 mM NaCl
pH7.5 NO;

Absorbance

340 360 380 400 420 440
Wavelength (nm)

Fig. 5 A plot of the increase in the absorbance at 400 nm as 100 uM
Zn(1)—CP-1(CAHH) reacts with 100 uM 4-NA to yield the chromogenic
product 4-NP.

appearing over time (Fig. 5). An initial rate method was employed
to monitor the kinetics of hydrolysis of 4-NA. Initial rates ()
were obtained from the best-fit lines of [4-NP] versus time plots
(Fig. 6). An initial rate method was selected because of the relatively
slow rates observed for these reactions. The kinetics were measured
over a range of substrate concentrations (0.5-2 equiv. vs.
[M-CP-1(CAHH)]), and plots of 1;/[M-CP-1(CAHH)], versus
[4-NA] for both Zn(u)- and Co(u)-CP-1(CAHH) are shown in
Fig. 7. The best-fit lines in Fig. 7 yield the second-order rate
constants k” = 0.556 £ 0.072M s~ 'and 0.482 £ 0.034 M 's™!
for the Co(u) and Zn(u) peptides, respectively (eqn (7)). These
rate constants are on the high end of those reported for many
zinc complexes, which mostly range from 0.036-0.6 M~ s~*
(Table 1).°>®»%%%” The rates are comparable to those seen

610°
510°
410°
310°

210°

Concentration of 4-NP (M
3

o

260 400 600 800 1000

Time (sec)
Fig. 6 A plot of 4-NP concentration (A400/(e:l)) as a function of time
indicating the production of 4-NP in the reaction of 100 pM 4-NA with
Co(i)—CP-1(CAHH) (in blue), or Zn(i)-CP-1(CAHH) (in pink), all at 100 puM.
All data were collected at pH 7.5 in 100 mM HEPES, 50 mM NaCl at 25 °C.
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1x10™,

8x10°

6x10°

4x10°]

2x10°

v(initialY[CP-1(CAHH)]

0 3x10° 6x10° 9x10° 1.2x107 1.5x10"
[4-NA] (M)

Fig. 7 Plot of 14/[M-CP-1(CAHH)] as a function of [4-NA] for the reaction of
4-NA with Co(i)-CP-1(CAHH) (blue line) and Zn(i)—CP-1(CAHH) (pink line).
All data were collected at pH 7.5, 100 mM HEPES, 50 mM NaCl, 25 °C.

Table 1 Second order rate constants (k”) of the hydrolysis of 4-NA by
various complexes and peptides

MtsTh Ref.
Complex
(PATH)ZnOH 0.089 £ 0003 58
([12]aneN;)ZnOH 0.036 £ 0.003 83
(Cyclen)ZnOH 0.1 + 0.01 84
(CHj3cyclen)ZnOH 0.047 =+ 0.001 85
([15]aneN;0,)ZnOH 0.6 + 0.06 81
ZnL1 0.3908 £+ 0.1 86
ZnL3 0.2791 + 0.02 86
ZnL8 0.3863 + 0.02 86
Protein/peptide
(His94Cys)CAII 117 + 20 82
Zn(u)-Sp1(CCAH) 0.232 =+ 0.0051 43
Zn(n)-Sp1(CCHA) 0.568 + 0.0228 43
Zn(u)-Sp1(CGHH) 0.458 + 0.0021 43
Zn(u)-Sp1(AHHH) 0.478 =+ 0.0057 43
Zn(n)-Sp1(HHAH) 0.370 + 0.0289 43
Zn(u)-Sp1(HHHH) 0.966 =+ 0.0492 43
Zn(u)-CP-1(CAHH) 0.482 =+ 0.034 This work
Co(u)-CP-1(CAHH) 0.556 + 0.072 This work

for the hydrolytic activity of mutant peptides based on the ZF
domain of Sp1 reported by Nomura and Sugiura,** in which the
metal-binding ligands were systematically varied (Table 1) and
the hydrolytic cleavage of 4-NA was examined. Taken together,
these data show that CP-1 can be re-engineered into a hydro-
Iytically active peptide through ligand substitution at the
metal center.

Conclusions

We have shown that the consensus peptide for a classical ZF
domain, CP-1, can be modified by rational design to convert the
structural zinc site into a zinc site capable of efficiently mediating
the hydrolysis of an external substrate. The single mutation of
Cys-to-Ala at the metal-binding site was made to give a CHH
binding motif (CP-1(CAHH)), based on the known ligand set for
the hydrolytically active Zn(u)/Fe(n) enzyme peptide deformylase.
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Despite the removal of one of the key metal binding ligands,
CP-1(CAHH) is still capable of binding Co(u) and Zn(u) with
good affinity, and shows some secondary structure formation
upon binding metal ion, albeit less structurally ordered than
the native CP-1(CCHH) peptide. The hydrolytic cleavage of the
test substrate 4-NA mediated by M(u)-CP-1(CAHH) (M = Co, Zn)
is faster than many of the known zinc model complexes that
have been designed as catalytic mimics for zinc enzymes and
tracks with the rates reported by Sugiura and co-workers for
a modified Sp1 ZF peptide. We have thus shown that the CP-1
peptide represents a potential scaffold from which to create
efficient, catalytically active hydrolysis enzymes that utilize
biomimetic divalent metal ions. For high catalytic activity to
be achieved, the non-coordinating amino acids may need to be
optimized to promote hydrolysis at the zinc site as well as
provide the proper structure to the catalytic domain. A system-
atic tuning of the metal active site and peptide structure by
varying residues through a combinatorial and/or rational

View Article Online
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stored and manipulated under anaerobic conditions at all
times (Coy Anaerobic Box, (95% N,, 5% H,)).

UV-visible metal binding titrations

Metal binding titrations were performed on a PerkinElmer
Lambda 25 UV-visible spectrometer. In a typical experiment,
CoCl, was titrated into a solution of apo-CP-1(CAHH) (600 pM
in 1 mL) dissolved in HEPES (4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid) (100 mM) with NaCl (50 mM) at pH 7.5. The titration
included additions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0,
2.0, 5.0, 10, 15, and 20 molar equivalents of CoCl,. The shape of
the spectrum did not change during the course of the experi-
ment, suggesting that Co(u) binds to the same site throughout the
titration. A plot of Ag3( versus CoCl, was fit to a 1: 1 binding model
(eqn (5)) using non-linear least squares analysis (KaleidaGraph,
Synergy Software). An upper limit dissociation constant (Ky) for
cobalt(u) was determined.

approach may lead to such optimization. We have shown that P+ Co e PCo (3)
CP-1 may be an ideal system for this approach, given its high Ky = [P][Co] (4)
stability and its ability to tolerate mutations without loss of [PCo
structural integrity.

] - P+ (€0l + K =y (Pl + [Cola + Ka)” ~ 4Pl ol 5

Materials and methods

Identification of consensus sequence for CCHH ZFs
(CP-1 update)

To determine an updated consensus classical ZF sequence, a
search of “zinc finger” using PROSITE (prosite.expasy.org), which
is part of the ExPASy suite of programs, was performed.’**> From
this search, a document ‘PDOC00028,” which contains informa-
tion about all CCHH-type ZF domains for which sequence
information is available, was selected. The weblogo for the
updated consensus sequence, named CP-1(CCHH)-2015 was
generated via the ‘retrieve the sequence logo from the align-
ment’ link.>®°® This sequence logo was constructed from 13 465
true positive hits from the UniProtKB/Swiss-Prot databank and
is shown in Fig. 1a.”

Peptide preparation

The CP-1(CAHH) peptide (PYKCPEAGKSFSQKSDLVKHQRTHTG)
was purchased from Biomatik (Wilmington, DE) and stored in
the solid form at —20 °C until use. A small amount of the solid
peptide was resuspended in buffer prior to use and assayed for
purity. A single peak was observed at 20% acetonitrile: 80%
water via High Performance Liquid Chromatography (HPLC).
The identity of the isolated peak was confirmed by Matrix
Assisted Laser Desorption Ionization-Time of Flight Mass Spectro-
metry (MALDI-TOF MS); [observed: 2931.23 (M"); expected
2931.45]. The reduction state of the peptide was determined by
measuring the ratio of total peptide to Co(u)-peptide. Typically,
>95% of the peptide was reduced.”>®® The peptide was

Mol BioSyst.
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where P = Peptide, Co = Cobalt. The ability of Zn(u) to displace
Co(u) was determined by titrating Zn(u) into a solution of
Co(u)-peptide (20:1 Co(u): peptide stoichiometry). As Zn(u)
was titrated, the Co(u) d-d bands disappeared, indicating that
Zn(u) was replacing Co(u) at the coordination site.

Nuclear magnetic resonance (NMR) spectroscopy

All NMR experiments were recorded on a 600 MHz Bruker spectro-
meter with the temperature maintained at 25 °C. Apo-CP-
1(CAHH) and Zn(u)-CP-1(CAHH) (350 pM) were prepared in
25 mM deuterated tris (tris(hydroxymethyl)Jaminomethane)
containing 5% D,O at pH 7.5 and at pH 6.0. The Zn(u)-(CAHH)
samples included 1 and 4 equivalents of Zn(u) at pH values of
7.5 and 6.0, respectively. All of the NMR spectral data were
processed using Spinworks software (http://www.umanitoba.ca./
chemistry/nmr/spinworks).

Hydrolysis of 4-nitrophenyl acetate (4-NA)

The hydrolysis of 4-NA by the peptides was monitored using a
PerkinElmer Lambda 25 UV-visible spectrometer by following
the production of the reaction product, 4-nitrophenolate (4-NP),
at 400 nm. Each reaction was performed in 100 mM HEPES,
50 mM NaCl, pH 7.5 with 1% acetonitrile. 100 uM M-CP-
1(CAHH) [M = Zn(u) or Co(u)] (prepared at a 1:1 stoichiometry
of M(u): peptide) was incubated with various concentrations of
4-NA (dissolved in acetonitrile) and the absorbance at 400 nm
was recorded at 10 second intervals. The initial rate of hydro-
lysis was monitored up to a 5% yield of the product, 4-NP.
Background hydrolysis was measured by incubation of 4-NA

This journal is © The Royal Society of Chemistry 2016
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with either 100 uM ZnCl, or 100 uM CoCl, in the above buffer to
determine if the metal ions alone could promote hydrolysis. In
both instances, a low level of hydrolysis was recorded, and the
appropriate spectrum for this hydrolysis was subtracted from
the spectrum of the corresponding M-CP-1(CAHH) reaction
with 4-NA. The method of initial rates was employed to monitor
the reaction kinetics, and was then analyzed with the kinetic
model shown in eqn (6) and (7):

Vi = K[M-CP-1(CAHH)]o[4-NA], (6)

[M—CP-1(CAHH)],

= K'[4"-NA], )

where »; = the initial rate of the reaction up to 5% conversion;
[M-CP-1(CAHH)], = initial concentration of metal peptide
complex; [4-NA], = initial concentration of substrate; ¥’ = the
second-order rate constant. The initial rate v; was obtained from
linear fits of concentration vs. time plots for 4-nitrophenolate
(4-NP), where the concentration is given by [4-NP] = Aygo/e-l
(e=12800 M~ "' em™%; [ = 1 cm path length). Second-order rate
constants (k" values) were determined according to eqn (7) by
taking the slopes of the best-fit lines of v;/[M-CP-1(CAHH)], vs.
[4-NA].>%%% All experiments were performed in triplicate.
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