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THE HELIX-TURN-HELIX AS A SCAFFOLD

FOR CHIMERIC NUCLEASE DESIGN

SONYA J. FRANKLIN
JOEL T. WELCHy

Department of Chemistry, University of Iowa,
Iowa City, Iowa, USA

De novo design is a powerful tool to investigate the active site of

enzymatic metalloproteins, in a smaller, defined model system. It

is also a way to build or combine activity and selectivity in unique

ways, not seen biologically. We are utilizing protein design to build

artificial endonucleases, and to investigate fundamental questions

of metallonuclease structure and function. We have focused on

designing peptide constructs comprising geometrically similar turns

from unrelated proteins, in particular the Ca-binding EF-hand motif

of calmodulin and the helix-turn-helix motif (HTH) of engrailed

homeodomain. By substituting the calcium-binding (and thus lan-

thanide-binding) loop in place of the ‘‘turn’’ of engrailed HTH,

hydrolytically active, DNA-binding constructs were created. The

NMR solution structure of one La-binding chimera (P3W), calculated

based on NOE volume integrals, demonstrated that the 33-mer

peptide retains the parental helix-turn-helix structure when bound

to lanthanide ions. The binding affinities of the chimeras for Ln(III)

ions are in the low mM regime, typical for EF-hand sequences,

despite the significant changes in flanking sequence. Importantly,

the Ln(III) chimeras are catalytically competent, able to hydrolyze

phosphate esters including DNA, and were found to bind and

cleave DNA with sequence preference. Thus, these designed

HTH=EF-hand chimeras represent the first examples of small

peptidic artificial nuclease with sequence discrimination, and show
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that the HTH is a robust scaffold on which to build novel

metallopeptide constructs. This review describes the design and

characterization of Ln-binding HTH=EF-hand chimeras.

A long-standing interest in the biochemistry of lanthanides, which often

mimic calcium coordination, and a growing appreciation for the com-

plexities of protein-DNA recognition led one author (SJF) to a surpris-

ing crossroad during the lecture of renowned Ca-protein expert Sture

Forsén: the realization that the super-secondary ‘‘turn’’ structures of

the ubiquitous Ca-binding EF-hand motif and the helix-turn-helix motif

common to many DNA-binding regulatory proteins are essentially

identical 90� helical turns. Why then doesn’t calmodulin bind DNA?

We set out to address this question, and to test the premise that the

turn of these two motifs is modularly substitutable. Our goal is to

develop tools to investigate fundamental principles of protein-DNA rec-

ognition, tuning of nuclease activity, and ultimately, to design selective

nucleases for gene manipulation in vivo and on the benchtop. This

review describes the design and characterization of lanthanide-binding,

hydrolytically active peptides in our lab, based on EF-hand and helix-

turn-helix motifs.

PROTEIN DESIGN AS A TOOL FOR BIOINORGANIC CHEMISTRY

Since proteins were first understood to be a fundamental molecular

building block for life, the relationship of protein sequence and func-

tion has excited our imagination and curiosity. An implicit assumption

of the study of protein function has been that these complex molecules

assume well-defined structures, which allow them to perform and regu-

late crucial biological reactions.[1] Yet protein folding, dynamics, and

tuning of enzyme activity involve many subtle, weak interactions, whose

intricacies are only slowly coming into focus. The rich inorganic chem-

istry exploited by metalloproteins further expands the complexity of

the reaction-space to be explored. As mimicry is the greatest compli-

ment, an appreciation for the effortless and beautiful structures in

nature leads to the desire to build and manipulate proteins for our

own ends. In so doing, creating novel proteins that share both the func-

tion and the reactivities of the native Forms which they shadow repre-

sents a benchmark for our current level of understanding of protein

behavior.
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The incorporation of novel metal binding sites into proteins has long

been a goal of de novo design, particularly focusing on the creation of

minimalist active-site models for enzymes. Metal ions represent a versa-

tile and tunable way for proteins to catalyze difficult yet biologically

imperative reactions. Metal binding sites have been found in at least

one–third of all structurally characterized proteins and are estimated

to occur in half of all proteins as a whole.[2] The same metal cofactor

can perform vastly different chemistry depending on context, and thus

the creation of novel metal ion sites in proteins could potentially confer

useful and unexplored new combinations of activities.

Much of the pioneering work in metalloprotein design has relied on

robust scaffolds such as 3- and 4-helix bundles.[3–12] These alpha-helical

bundle proteins have been the standard for understanding protein folding

and for the rational incorporation of metal-cofactors promoting diverse

chemistries. In addition, a number of computer–based algorithms

(Dezymer;[13] Metal Search[14]) have been used to build organized

metal-binding sites into a variety of protein scaffolds.[15–17] These studies

have sought to explore what DeGrado has called the ‘‘molecular middle

ground’’ between small synthetic analogs of active sites, a mainstay of

bioinorganic chemistry, and native enzymes.[7] For example, Fe-heme

proteins catalyze a range of fundamental biological reactions, including

electron transfer and oxygen activation. Small-molecule porphryn com-

plexes provide well-defined models of inner-sphere coordination for

comparison with heme proteins, but much of the subtlety defining redox

potentials, electron transfer, ligand exchange, and selectivity is imparted

by the protein matrix. By rationally incorporating heme sites into known

protein scaffolds, these synergistic, environmental influences on the

metal active site are now being systematically defined. The redesign of

heme proteins and construction of tunable heme sites in a-helical bun-

dles have been among the most extensive and successful applications

of metalloprotein design to date.[5,12,18–23]

Many other metalloprotein active sites besides iron-hemes have been

explored with a number of elegant designed systems (for a recent review,

see reference 18). Peptide and protein models of ‘‘blue copper’’ proteins

(Type 1)[24,25] have been engineered to elucidate the role of the protein

matrix in directing the coordination geometry of Type 1 or Type 2 Cu

sites as well as their redox potentials.[26,27] Gray and Malmström postu-

lated that not only the inner sphere coordination set, but also the struc-

tural constraints and H-bonding networks stabilizing these ligands
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dictated blue-copper proteins’ redox potentials.[28] Lu and Valentine’s

elegant demonstration of this principle by engineering the Cu-site

of astacin into a blue-copper site tested and confirmed the generality

of the effect.[26] More recently, Lu and coworkers have engineered a

Cu-heme site into myoglobin, thereby mimicking the reactivity of

heme-copper oxidase within a completely different framework.[29]

Tuning the same ligand set to prefer specific divalent ions or to use

the same ion in divergent ways is a significant goal of protein design. For

example, Sugiura and coworkers recently redesigned a structural zinc

finger motif into a hydrolytically active site by varying ligand set (Cys,

His, Asp) or by modifying the sequence to leave an open coordination

site for water or substrate binding.[30] The modified zinc fingers hydroly-

tically cleaved amino acid esters[30] and DNA oligonucleotides.[31] The

power of the protein matrix to deliver, orient, constrain, and electroni-

cally tune a set of donor groups is remarkable, and is now being exploited

by chemists through protein design.

CHIMERIC DESIGN BASED ON MODULAR TURN

SUBSTITUTIONS

We have taken a chimeric approach to protein design, which allows us to

combine or create new functions by using known protein folds in novel

contexts. As with the mythological Chimera of Greek mythology, the

synergistic incorporation of seemingly unrelated parts generates a com-

plex with function both derived from and unique relative to its parental

components. This is reminiscent of genetic domain swapping, known to

be a common occurrence in the evolution of proteins, but on the smaller

scale comprising supersecondary motifs. We postulated that the simi-

larity of certain ubiquitous turn structures could be exploited to modu-

larly mix components with very different primary sequences, thus

generating new motifs without altering the fold of the motif.

Within the context of utilizing design to unravel the subtleties of

metalloprotein folding and tuning of function, we have used the goal of

creating an artificial endonuclease as a design target. We have exploited

the virtually identical supersecondary structure of two protein motifs

(Figure 1), namely the EF-hand (a calcium binding motif), and the

helix-turn-helix (a DNA-binding motif) to create chimeric metallopep-

tides. Both these structures comprise an a-a corner, a pair of orthogonal

a-helices separated by a turn, which is a very common structural theme
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across the proteome.[32] We postulated that the ‘‘turn’’ sequence could be

interchanged between a-a corner motifs, without compromising struc-

ture, metal-affinity, or DNA-binding ability of the parental domains.

The ability to substitute entire structural elements (such as different

metal binding loops and transcription factor sequences) offers the

intriguing possibility of tailoring reactivity and targeting at will. Such

combinations of functionalities could allow for tuning of catalyst sub-

strate and efficiency, and even mechanisms depending on the intended

function. With our first generation designs (Figure 2), we sought not only

to determine if the premise of modular turn substitution was sound, but

also to delineate the criteria for correct loop incorporation. These con-

structs have allowed us to begin to address the nuances of Ca-binding

loop reactivity, affinity, and structure in a new context, as well as explor-

ing the interactions of designed peptides with potential DNA recognition

elements.

Figure 1. The structural similarities of a single EF-hand motif of calmodulin (1OSA; dark

ribbon) and the HTH motif of engrailed homeodomain (1ENH; light ribbon) are high-

lighted in this overlay of known crystal structures (left). Our designed chimeric peptides

comprise the Ca=Ln-binding turn (circled, top right) and the helices of the DNA-binding

motif (circled, bottom right).
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In order to give context to our metalloprotein nucleases, in the

following sections we will address the three main components of our

chimeric design approach. Our chimeras synergistically incorporate

Ca-binding, DNA-binding, and lanthanide-mediated nuclease activity.

BACKGROUND: EF-HAND MOTIFS AND THE DESIGN

OF CA-SITES

The structural EF-hand motif is among the most commonly observed

Ca-binding motifs in proteins.[33,34] The term ‘‘EF-hand’’ was first

coined by Kretisinger and Nockolds as a pictorial representation of the

orthogonal ‘‘thumb and forefinger’’ geometry of a pair of a helices, with

a Ca atom grasped in the ‘‘palm.’’[35] This motif is exploited by signaling

proteins to translate the information content of Ca(II) ion concentra-

tion into structural changes upon metal-binding, and calcium affinities

therefore fall within the normal physiological range of calcium concen-

trations (10�5–10�8 M).[34,36] In other cases, the motif apparently serves

Figure 2. Top: A graphical description of our modular turn substitution design approach.

The HTH motif of the homeodomain (a2 and a3; light gray) and the Ca-binding loop of

an EF-hand (dark gray) were combined to give chimeric peptides. Bottom: The sequences

of select chimeric peptides. Light gray (engrailed or antennapedia); black (calmodulin or

EF-hand consensus). The 12-residue Ca-binding motif is underlined (reversed in control

peptide P2).
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primarily to stabilize a protein fold.[37] Notably, the Ca-EF-hand has only

been observed in a structural, rather than catalytic role.

The classic EF-hand contains a twelve residue binding loop with

Asp, Asn, Glu, and backbone carbonyl donor groups, with the con-

sensus sequence D1X2(D=N)3X4(D=N)5X6X7X8(D=N)9X10X11E12.[33] The

seven-coordinate site is roughly octahedral, if the bidentate E12 is con-

sidered as a single axis of the octahedron. The EF-hand ligand set is thus

often designated with a Cartesian coordinate system to indicate the

donor atoms’ relative positions as the loop twists around the metal:

X.Y.Z.(�X).(�Y)..(�Z).[37] The �Z position is invariantly occupied

by a bidentate glutamate, and the –Y ligand, sometimes referred to

as the ‘‘gateway position,’’[38,39] is involved in second-shell coordination

and stabilization of a metal-bound solvent molecule. This ninth (�Y)

position varies significantly among EF-hand loops, as it plays a funda-

mental role in regulating the kinetics of metal binding and release

through a combination of sterics and hydrogen bonding. As a result,

a 1000-fold difference is observed for the metal dissociation and associ-

ation kinetics of various calcium binding sites.[33,34]

The EF-hand site is structurally versatile, allowing significant vari-

ation in affinity and function. The calcium binding affinities of EF-hands

range over five orders of magnitude (Kd ¼ 10�4 to 10�9), often recogniz-

ing calcium specifically over physiological metals with similar chemistry,

such as Mg(II).[34] The amount of discrimination between ions varies

greatly here as well, but the motifs typically favor Ca over Mg by approxi-

mately four orders of magnitude. For those sites in which binding serves

merely a buffering (rather than signaling) role, discrimination is not

required, and these proteins often bind Mg(II) under physiological con-

ditions. However, EF-hands that serve specific regulatory functions must

be able to bind Ca(II) tightly despite the large background concentration

of Mg(II). Calcium binding usually occurs cooperatively in EF-hand pro-

teins, since the EF-hand motifs occur in pairs and binding is coupled to

significant structural rearrangement in most cases. The degree to which

cooperativity is observed varies widely as well, and contributes to this

discrimination.[37]

Because of the similarity of Ln(III) to Ca(II) in size, preference

for hard oxygen donor ligands, and high coordination number (8 or 9

for Ln(III)), lanthanide ions bind tightly and isostructurally to calcium-

binding loops of EF-hands.[40,41] This structural fidelity is well

established, and means that the unique spectroscopic and magnetic
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properties of the lanthanides are available to explore the chemistry of

Ca-binding proteins.[42] The binding affinities fall in the low micromolar

range, somewhat tighter than Ca(II) due to the increase in charge to size

ratio, and the coordination sphere includes one or two additional water

molecules. Thus there is a rich literature of Ln-chemistry that utilizes

these rare earth ions to probe and characterize native EF-hand sites.

It is clear that delineating the aspects involved in tuning an EF-hand

site for Ca, Mg, or Ln is a non-trivial task. Though hundreds of struc-

tures of EF-hand calcium binding proteins have been solved, the exact

mechanism exploited by these proteins to achieve their affinity and

selectivity for Ca(II) is still a matter of debate.[34,41,43,44] Calcium binding

sites typically adopt either a pentagonal bipyramidal geometry or a dis-

torted octahedral geometry. This structural variation produces sites that

vary in coordination number and exhibit a wide range of bond lengths

and angles.[45] Small peptides based on the sequences of native calcium

binding sites in proteins have been studied for decades to unravel the

systematic behavior of EF-hand sites.[46–48] These peptide studies have

shown that Ca-binding helps to nucleate the C-terminal helix of the

motif, and have served to delineate important residues involved in stabi-

lizing the turn. Further, the native peptides spontaneously dimerize in

solution, showing the strength of the back-to-back dimer interface that

ubiquitously occurs between these motifs in proteins.[49]

The design of a Ca(II) site with strong affinity remains a difficult task

and even, according to some, impossible.[41,50] However, Yang and cow-

orkers have successfully incorporated a single Ca-binding EF-hand site

into an immunoglobulin protein, which is not a native metalloprotein.[45]

They have reproduced the structure and, importantly, the affinity of the

site, but in the context of a single ‘‘hand.’’ Additionally, Poulos and

coworkers have reengineered a Kþ-binding loop of ascorbate peroxidase

within cytochrome c oxidase, generating a classic eight-coordinate

calcium binding site with tight affinity and cation discrimination.[51] This

work suggests some of the inherent subtlety involved in tuning the selec-

tivity of these metal sites, as the replacement of a Thr by Asp (T192D) was

necessary to confer Ca(II) affinity rather than Kþ affinity in the designed

system.

In another notable example of calcium-site design, Imperiali and

coworkers utilized the isostructural binding of Ca and lanthanides

to develop a highly fluorescent peptide tag based on the EF-hand.[52,53]

A combinatorial peptide library was selected for sequences that bound
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Tb(III) tightly and excluded waters from the inner coordination sphere,

thus preventing quenching of Tb fluorescence. The resulting selected

sequence bound Tb(III) with Kd ¼ 57 nM, and fluoresced strongly when

irradiated with 280 nm light. The incorporation of a disulfide linkage

from the residues immediately before and after the metal binding loop

(�1, þ13) further improved this affinity 30–fold. This dramatic improve-

ment in the affinity of the site for lanthanides shows the potential of this

type of structure to generate tight and selective active sites. Since there is

no evolutionary pressure to create a Ca-binding site with affinity outside

the physiological regime, there may yet be significant flexibility to

optimize this sequence for tight binding.

BACKGROUND: HOMEODOMAINS AND THE DESIGN

OF DNA-BINDING MOTIFS

Well-folded, small DNA-binding domains such as homeodomains and

zinc fingers lend themselves well to protein design, and we and others

have capitalized on such structures to investigate and manipulate one

of the most fundamental partnerships in biology, the transcription factor

protein domain associating with its target DNA recognition element.

Creating novel DNA binding proteins has attracted a great deal of inter-

est not only for its therapeutic potential, but also for its potential in

molecular biology or proteome research. As a notable example, research-

ers at Sangamo, Inc., have successfully targeted and manipulated genes

in vivo with designed zinc finger motifs, rationally chosen and strung

together to bind tightly to a sequence of choice.[54,55] Schepartz has

successfully designed a much smaller DNA-binding peptide, grafting

the engrailed homeodomain recognition helix onto the avian pancreatic

polypeptide (35 residues) with directed evolution techniques.[56] This

tiny, well-folded peptide has affinity for its target site that rivals natural

transcription factors (Kd � 20 nM). As mentioned above, in a parti-

cularly intriguing recent report Sugiura redesigned the zinc finger scaf-

fold by removing an inner-sphere ligand, thus converting a structural

site into a hydrolytically active one.[30] The Sugiura group has also

achieved the remarkable transformation of one DNA-binding structure

into another by redesigning a homeodomain to fold and function as a

single zinc finger motif with only four amino acid substitutions.[57]

There is a limited set of structural motifs that nearly all DNA-bind-

ing proteins utilize to recognize and target DNA, including zinc-fingers,
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leucine zippers, and helix-turn-helix (HTH) motifs. Of proteins contain-

ing these structures, homeodomains are of particular interest to us for a

number of reasons. Not only is the helix-turn-helix motif a foundation

for the outlined turn-substitution strategy, but this class of DNA-binding

domains is also structurally and functionally well characterized, often

binds DNA as a monomer, and the third helix has been implicated in

membrane translocation as well as sequence recognition.[24,58–60] This

suggests that a small, well-folded motif of this nature could have signifi-

cant affinity for DNA and a built-in mechanism for cellular uptake. Thus

a key aspect of our work is maintaining the integrity of the HTH fold as

an element outside of a larger protein context.

Homeodomain proteins are a family of highly conserved DNA-

binding proteins that regulate transcription and development in eukar-

yotes. The region that directly associates with and recognizes specific

DNA sequences (the ‘‘homeodomain’’) comprises a highly basic, three

helical bundle domain consisting of approximately 60 amino acids, with

an N-terminal tail that wraps into the minor groove opposite the recog-

nition helix. Engrailed homeodomain, the first homeodomain to be

co-crystallized with DNA,[61] is a classic member of this family. This

well-characterized protein from Drosophila targets the sequence

50-TAATTA-30. Like most DNA-binding proteins, homeodomains rely

on the well-suited complementary surfaces of the a helix and the major

groove of DNA.[62] The possibility of modulating the target sequence of

a novel protein via subtle changes to the orientation or sequence of the rec-

ognition helix is of particularly interest for future designs and applications.

The essential DNA recognition element of the homeodomain is the

helix-turn-helix, best described as a ‘‘motif ’’ as this recurring substruc-

ture is not generally stable independent of a larger domain. Classically,

the homeodomain’s HTH comprises a helical segment of 10–11 residues,

a five residue turn, and a 13 amino acid C-terminal helix, which lies in the

major groove of DNA.[63] Key hydrophobic residues within a2 and a3 are

crucial to the maintenance of the a-a corner structure, and usually inter-

act with additional hydrophobic residues capping the motif (a1) to com-

plete a compact hydrophobic core. Notably, the tryptophan in the third

helix is rigorously conserved in all known homeodomains (with one

exception),[24,64,65] and apparently plays a critical role in both domain

structure and membrane translocation.[66,67] We have found in our work

that this hydrophobic core, and the Trp in particular, are critical to the

HTH scaffold when isolated from the full homeodomain as well.
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BACKGROUND: LANTHANIDES AND DNA-HYDROLYSIS

The hydrolysis of DNA is a particularly difficult physiological problem

given the stability of its phosphate ester bond, yet biological systems

attain catalytic enhancements of up to 1015-fold in hydrolysis rate

(s�1).[68] Typically this catalysis is achieved by activating both nucleo-

phile (water) and substrate, often with the Lewis-acidic metal ions

Zn(II), Ca(II) or Mg(II). In our efforts to understand and rationally tune

enzymatic activity, we sought to duplicate this challenging feat with a

much smaller, designed system. We chose the lanthanide ions both for

their notable Lewis acidity and their isostructural binding to physiological

Ca-sites such as EF-hands.

Lanthanides have been known to promote the Lewis acid mediated

cleavage of phosphate ester bonds for decades, and in recent years they

have been shown to catalyze the hydrolysis of DNA with remarkable

efficiency compared to physiological metal ions such as Cu(II), Zn(II),

Ca(II), and Mg(II). The lanthanides’ higher oxidation state in aqueous

solution (Ln(III)), inaccessible redox chemistry (>1.0 V to oxidize or

reduce), rapid exchange kinetics, and spectroscopic handles make these

ions well suited to activate artificial metalloenzymes.

A variety of approaches have been reported utilizing Ln(III) ions to

develop artificial nucleases (recently reviewed, 69–71). Simple aqueous

ions of lanthanides, despite being effective catalysts, suffer from low

solubility in neutral-to-basic solutions, and their toxicity prevents direct

in vivo applications. Therefore it is important to develop ligands that

balance coordination and encapsulation with Lewis-acid activation and

substrate accessibility. A diverse collection of small organic ligands has

been exploited to explore this balance, including macrocycles, polyamino-

carboxylate derivatives, crown ethers and even various mixed lanthanide-

transition metal systems. Generally, polyaminocarboxylate ligands are

less active, though more thermodynamically stable, so a great deal of

interest lies in modulating Lewis acidity through substituting neutral

hydroxyl ligands for carboxylates. Morrow and coworkers have had

particular success with this approach utilizing a series of DOTA deriva-

tives, which have been shown to hydrolyze oligonucleotides (RNA) with

second order rate constants in the range k2 ¼ 0.2–1.1 M�1s�1.[72–74] Both

Morrow[75] and Komiyama[76] have demonstrated selective lanthanide-

catalyzed hydrolysis with an antisense approach, by appending chelating

ligands to oligonucleotides complementary to a target sequence.
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Cleavage occurred specifically within 4–5 base pairs of the resultant

duplex. Recently, Komiyama and coworkers have shown the power of

Ln-hydrolysis by recruiting Ce(IV) ions selectively to a DNA single-

strand gap bracketed by phosphate-derivatized duplex termini.[77]

Prior to our work, all Ln-mediated artificial nuclease were small

molecule complexes rather than peptidic systems. We initially demon-

strated that lanthanides were indeed hydrolytically competent in an

EF-hand, the first example of catalytic activity by such a motif.[78] Our

approach to selective DNA-hydrolysis is to target a double stranded

DNA sequence using the same type of protein-DNA interface that

transcription factors employ. This strategy allows us to use a physiologi-

cal motif for lanthanide binding, thus delivering an active metal to a

selective DNA-site.

THE DESIGN OF HTH/EF-HAND PEPTIDE CHIMERAS

Work in our lab has demonstrated that a nuclease can be designed based

on the HTH scaffold, by generating small peptides comprising homeo-

domain and EF-hand sequences. We have utilized the concept of modu-

lar turn substitution to incorporate a metal-binding site into a DNA-

binding motif, while retaining the structure and functions of each

component (Figures 1 and 2). We have found these designed peptides

have a well-defined solution structure, bind metals, bind and cut DNA

with sequence preference, and enter cells in a metal-dependent way.

The HTH and EF-hand motifs consist of two helices at approximate

right angles to one another, stabilized by conserved hydrophobic interac-

tions along the helical inner surfaces. This ‘‘a-a corner’’ topology is a

super-secondary structural motif common to many proteins.[4,32] A series

of 33- and 34-mer peptides were designed based on overlaid crystal

structures of the a-a corners of calmodulin (1OSA)[79] and the engrailed

homeodomain (1ENH).[61] Known protein crystal structures were

oriented manually using the program SwissPDBViewer,[80] to align the

orthogonal helices of the homeodomain HTH motifs and various

Ca-binding protein EF-hand motifs (calmodulin, parvalbumin). Generally,

overlays show that 10 residues of the turn of the HTH must be replaced

(for example S35–Q44 of engrailed) to maintain collinear helices and key

hydrophobic residues at the pivot of the fold. The best fits (by inspection

and RMS deviations) were used to guide further peptide design.

Recently, molecular mechanics models of loop insertions using the
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protein modeling program Gromacs[81] have confirmed the relative loop

orientation found with our peptide work to be optimal for minimal alpha-

alpha corner perturbation (similar to P3W; unpublished data).

Several peptides with different relative orientations and sequences

were constructed, the most successful of which in maintaining the par-

ental a-a corner structure was peptide P3W. As shown in Figure 2, pep-

tide P3W comprises helices a2 and a3 of engrailed (residues T27–L34 and

I45–K57 respectively), with the turn region replaced by the consensus Ca-

binding EF-hand loop. A very similar peptide (P3) was constructed with

a single Trp24 to His24 substitution. This small change resulted in a sig-

nificantly impaired fold, highlighting the importance of maintaining the

hydrophobic core of the HTH motif. Additionally, important hydro-

phobic interactions known to stabilize EF-hand structures[37] were

retained before and after the 12-membered binding-loop (at the �1, þ13,

and þ16 positions), though the residues derive from the engrailed

sequence (L8, I21, and W24). The importance of the deliberate coinci-

dence of the key hydrophobic contacts between the two turn motifs is

a fundamental (if obvious) result of our modular turn substitution stu-

dies, and parallels similar conclusions with a-helix bundle heptads.[7]

In addition to P3W, several other peptides were investigated, varying

both the sequences of the Ca=Ln loop and the helical regions (for

example, P5b is derived from antennapedia rather than engrailed homeo-

domain; Figure 2). These peptides retain metal-binding function, reac-

tivity and some helicity, but are less structurally organized than P3 or

P3W (vide infra). We now conclude this is due to a less than ideal loop

orientation, which compromises the hydrophobic ‘‘core’’ of the fold.

Additionally, peptide P2 was designed as a control for binding and

folding. P2 comprises sequence regions similar to P3W, but with the

EF-hand loop register backwards, which allows us to distinguish weak

electrostatic binding to the many Asp ligands from binding to an orga-

nized EF-hand consensus with concomitant nucleation of helicity to

either side of the loop.

METAL ION AFFINITY AND BINDING PREFERENCES

In order to determine whether turn-mutated HTH peptides retained the

ability of EF-hands to bind Ca and Ln, the binding affinities of the chi-

meric peptides with various trivalent Ln(III) ions and Ca(II) were

determined. Although the range of affinities was much smaller than for
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calcium proteins, the low micromolar affinities are similar to that of

many native EF-hand sequences. The periphery or context of the loop

thus did not fundamentally alter the affinity for Ca and Ln, despite

changes in sequence and, importantly, overall charge of the flanking

helices.

Peptide affinities were determined to be in the low micromolar range

by following changes in the intrinsic fluorescence intensity of tryptophan

as a function of added metal.[78,82,83] All the peptides (save P3) contain at

least one tryptophan residue within the DNA recognition helix (the

C-terminal helix of the HTH motif). Even in the context of these small

‘‘half-domain’’ peptides, this hydrophobic residue undergoes a consider-

able change in local environment upon folding, and is thus a sensitive

reporter of metal binding. The titration data were iteratively fit to a

1:1 association model to determine Kd.[83,84]

The fluorescence of tryptophan is exquisitely sensitive to solvent

exposure and hydrogen bonding effects. Typically, Trp emission is

enhanced upon folding and accompanied by a blue shift, due to the flu-

orophore moving from a solvent exposed, hydrophilic environment into a

more protected, hydrophobic core. However, Trp in the native engrailed

domain is instead dramatically quenched upon folding.[85] This has been

proposed to result from organized electrostatic interactions between Trp

and a structurally conserved water molecule roughly normal to the

indole plane, that pack and stabilize the interior corner of the HTH. This

interaction in turn is proposed to lead to a more facile excited state elec-

tron transfer to peptide bonds, and subsequent fluorescence quench-

ing.[86,87] With our chimeric peptides we similarly observe a quenching

rather than enhancement in Trp emission upon metal binding (though

smaller in magnitude than for engrailed). This suggests (and is supported

by CD data) that metal-binding drives peptide folding and the adoption

of a local Trp environment similar to the native a-a corner motif. The

local structure of the turn is thus reasonably robust.

In addition to fluorescent titrations, several alternate methods were

employed to determine or verify the binding affinities. Eu-luminescence

titration experiments (vide infra), isothermal titration calorimetry

experiments, and for those peptides that folded extensively, 1H NMR

and circular dichroism titrations are in good agreement with the

values determined by Trp fluorescence titrations. It should be noted that

in most cases these values are conditional dissociation constants,

determined in the presence of the weakly chelating buffer Tris
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(tris(hydroxymethyl)aminomethane; Kd(LnTris) ¼ 4 mM).[88] This allowed

titrations and activity assays (vide infra) to be undertaken at neutral and

slightly basic pH without lanthanide precipitation, but also slightly raises

the dissociation constant we measure.

Binding affinities of the chimeric peptides for lanthanides were

found to range from Kd(Eu) ¼ 1 � 0.3 mM (EuP3W=EuP3) to 15 � 2 mM

(EuP4), with Ca(II) affinities approximately an order of magnitude

weaker (Kd(CaP3W) ¼ 36 � 2 mM). This is presumably due to the calcium

ion’s smaller charge to size ratio, and is typical of Ca=Ln-binding EF-

hand peptides generally.[47–49,89,90] In addition, we find no evidence of

Zn(II) or Mg(II) binding, estimating affinities as in the mM regime.[91]

These affinities for lanthanides place our peptides among the stronger

small peptide Ln-complexes. This is perhaps somewhat surprising con-

sidering that not all of the peptides are extensively helical flanking the

binding site. However, this may be an inherent feature of the higher

valent lanthanides binding to the structurally malleable EF-hand site,

both effectively balancing ligand charges and allowing facile reorganiza-

tion around the metal center without significant loss of baseline

affinity.[34] Note that unlike a free peptide, in the context of a full EF-

hand protein (such as calmodulin), the free energy of long-range protein

folding contributes to cooperative changes in Ca affinity and to main-

taining the rigid ‘‘cage’’ of ligand around the metal site. The remarkable

discrimination among ions in vivo (Ca(II) vs. Mg(II), Zn(II), K(I), Na(I))

has been suggested to stem both from ion size- and charge-selectivity in

compensating negatively charged donor atoms.[34,92] The same may

prove to be true for these chimeric HTH=EF-hand systems in the context

of a larger protein as well.

STRUCTURE OF THE DESIGNED MOTIF

A critical test of our turn substitution postulate was the design of a motif

that retained the a-a corner super-secondary structure. The observed

quenching of Trp fluorescence upon metal addition suggested that at

least local structural changes were occurring as the chimeras bound

Ln(III) ions. We sought to determine whether the designed peptides

would fold, and if so, to what extent the chimeras mirrored the parental

domains.

We investigated the series of designed peptides by circular dichroism

spectroscopy (CD) to determine global structural changes upon metal
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binding. As illustrated in Figure 3, P3W folds into a substantially alpha

helical species upon coordinating lanthanides (Eu(III) shown). The

extent of the helicity approaches 40%, calculated based on estimates

of mean residue ellipticity at 222 nm,[93] and the CD spectral features

mimic those of the engrailed parent.[94] In contrast, designs that either

lack key hydrophobic residues within the putative helical regions of the

peptide (such as P3, which lacks the key Trp24 residue,) or which possess

these residues slightly out of register, (such as P5b with a Trp at þ14

rather than þ13 or þ16, and P4a, which could muster only one turn

of an a helix to the N-terminal side of the metal binding loop) display

a much smaller propensity to be helical on average, as reported by the

CD spectra. However, with the addition of trifluoroethanol (TFE), a sol-

vent which tends to increase the relative amount of secondary structure

by favoring internal hydrogen bonds over those with the solvent,[95] CD

spectra can be obtained that approach the helicity for the well-folded

P3W or engrailed itself.[82,83] This substantial increase serves to demon-

strate that peptides P4a and P5b can access the predicted, folded

secondary structure, but are not inherently as structurally stable or orga-

nized as P3W. Notably, control peptide P2 has little secondary structure,

and the addition of up to 10 equivalents of Eu(III) does little to alter the

relative amount of helicity. With the order of the metal-binding sequence

Figure 3. Circular dichroism spectra comparing similarities in secondary structure content

of the folded metallopeptide EuP3W and WT-engrailed (engrailed data extracted from

Figure 1, Mayor et al., Ref 94).
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inverted, the required ligand residues are present but no longer organized

to a consensus EF-hand structure.

The structure of the most helical of the metallopeptides (Ln(III)

P3W) was investigated in more detail by 1H-NMR. Paramagnetic broad-

ening and shifts of most protons from residues 9–20 served to define the

metal-binding loop of the Eu(III)P3W and Yb(III)P3W complexes. An

increased signal dispersion relative to apo-peptide upon addition of

diamagnetic La(III) indicated a transition from random coil to more

secondary structure. Particularly notable were the shifts of hydrophobic

residues before and after the loop (�1, þ13, þ16), in agreement with

shift magnitudes and directions reported for other EF-hand peptide

complexes upon Ca-binding.[96–98] More generally, the chemical shifts

of alpha protons along the backbone are diagnostic of secondary struc-

ture context.[99] By calculating aH shifts relative to tabulated random coil

values,[100] a histogram of average secondary structure was constructed.

This chemical shift index method showed that LaP3W comprises a helix-

loop-helix, with a short beta-strand run within the loop, as designed.[78]

A solution structure model of LaP3W was constructed from NOE

constraint data, and confirmed that the designed system was a true

helix-loop-helix (Figure 4).[78] The metallopeptide is well-defined from

residues 8–25, with RMSD of only 1.05 Å for the 11 best structures

(backbone atoms). 2D-NOESY, COSY, and TOCSY data were collected

and peak assignments were made for most residues. The degeneracy in

Lys and Arg residues (10 of the 33 total residues) resulted in a number

of residues that could be assigned to spin systems but not definitively

within the sequence (Arg3, Arg4, and Arg5, for example). This along with

the inherent flexibility of the parental WT-engrailed homeodomain[94]

(and peptide termini generally) resulted in a model that was poorly

defined at either end. Unlike many helical structures such as leucine-

zipper-derived peptides or de novo alpha-helical bundles previously

reported, the chimeric HTH metallopeptides are designed to have

orthogonal, rather than parallel (or anti-parallel) helices, which would

be stabilized along their entire length.[4] This difference likely exacer-

bates the disorder at the peptide termini.

Notable close contacts between Leu8 and Ile21 and Trp24 were criti-

cal to defining the overall fold of the NOE-based model. Besides provid-

ing substantial thermodynamic driving force for the folding of this

metallopeptide, these residues also serve to preserve the relative

distances and orientations of the two helices, and thus the integrity of
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the overall fold. In parallel to previous reports with EF-hand peptides

(vide supra), this cluster of key hydrophobic residues anchor the pivot

of the a-a corner motif. Furthermore, in homeodomains, the Trp residue

is nearly invariant, and is involved in both structure and function (mem-

brane translocation, recognition).[24,25,65] As discussed above, P3, which

has a Trp!His substitution within this anchoring triad, has less overall

helicity, apparently due to more conformational flexibility at the turn.

This conclusion is based on the smaller 1H-NMR signal dispersion

exhibited by LaP3 relative to LaP3W, and the two conformations experi-

enced by His24 and adjacent Phe25. These residues of LaP3 exhibit two

chemical shift environments for both backbone and sidechain protons,

which are in slow exchange on the NMR timescale. In contrast, all residues

of LaP3W are well dispersed and exhibit only one chemical environment.

One particularly intriguing result of this structural study is that,

unlike native EF-hands, LaP3W does not appreciably involve the ninth

residue of the loop (Asp17) in stabilizing a coordinated water molecule,

leaving the metal-binding site very exposed in solution. We modeled

the metal-binding loop both with and without explicit bonds (defined

Figure 4. NMR solution structure of LaP3W, showing that it adopts the basic helix-loop-

helix structure as designed (though termini are disordered).78 The 9 lowest energy confor-

mers (DYANA f-values) for the central region of the metallopeptide are shown (residues

7–26). La(III) is shown in larger spheres, and the ligating oxygens of Asp9, Asp11,

Asp13, Thr15 (backbone), and Glu20 (bidentate) are shown in smaller spheres.
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lengths but not angles) to the putative oxygens of the coordination set

and found the overall fold was unchanged. However, the fit was improved

with explicit bonds to all but Asp17, which could be reasonably modeled

either toward or away from the metal center. The fit was marginally bet-

ter modeled with Asp17 directed away from the metal, perhaps because

of the additional degrees of freedom along this extended loop in our

monomeric EF-hand-like chimeras relative to native EF-hands, which

occur ubiquitously in back-to-back pairs.

COORDINATION ENVIRONMENT OF LANTHANIDES

IN THE HTH/EF-HAND CHIMERA

The solution structure of the designed metallopeptide LaP3W demon-

strated the feasibility of modular substitution of these structural elements

and the ability of the a-a corner to retain a predictable overall geometry.

However, if these metallopeptides are predisposed to bind to the major

groove like the parental HTH structure, the folding thermodynamics

and coordination set of the metal ion may be affected by its interaction

with nucleic acids. Although we determined the metallopeptide was well

ordered in the absence of DNA, the signal resolution available with unla-

beled materials and solubility issues prevented direct NMR studies to

address these questions. Thus we could not determine whether metal-

coordination was compromised upon binding to DNA by NMR. We

sought to address this issue through the use of Europium (III)
7F0!5D0 excitation spectroscopy.[101] This powerful technique allows

the direct interrogation of the Eu(III) ion in the context of large protein

or nucleic acid biomolecules, and has been used extensively to character-

ize EF-hand proteins as well as small molecule chelates.[42,102–104]

Eu-luminescence spectra report on the number of europium coordi-

nation environments (each singlet is a unique Eu environment), the coor-

dination set (based on energy of the transition), and the number of

coordinating water molecules (lifetimes of the transitions in H2O vs.

D2O). At least two peaks are observed for each chimeric peptide

(�579.3 and 579.7 nm). These transitions occur together in slightly dif-

ferent ratios for each metallopeptide. In all cases, the transition energies

of these peaks are typical for a traditional EF-hand ligand set (six oxygen

donor atoms from the EF-hand loop, plus water molecules), based on the

correlation between transition energy and nephelauxetic parameters for

the ligating atoms.[104] Eu-titrations showed the peaks growing in

CHIMERIC NUCLEASE DESIGN 145

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



together as a function of metal, and the data (sum) fit well to a 1:1 associ-

ation model. Binding affinities determined by this method corroborated

the values determined by Trp fluorescence titrations (vide supra).

Although we know from titration and structural studies that only one

Eu-binding site is available, the Eu apparently populates two very similar,

exchanging ligand environments. This is consistent with the pairs of

Eu-luminescent peaks that have been observed in both native EF-hand

proteins and a variety of small molecule Eu-species,[105–108] which have

been assigned to pairs of isomeric metal environments with equivalent

sets of ligands organized with slightly different symmetry about the

metal. This is also consistent with our NMR data indicating the structur-

ally flexibility of the loop and ‘‘gateway’’ residue Asp17. Alternately, these

two peaks may represent two different hydration states (579.3 nm with 2

waters; 579.7 nm with 3 waters), although the lifetimes of the overlapping

bands could not be differentiated to confirm this postulate.

The number of inner sphere water molecules was determined from

emission lifetimes in D2O and H2O.[101,104] The hydration number (q)

was found to be approximately q ¼ 2 for most of our chimeric peptides,

resulting in an eight-coordinate metal site. The exception was EuP5b,

which has a slightly higher value (q ¼ 2.6 � 0.2), implying that the Eu

ion is more exposed than in the other systems. This is consistent with

the flexibility and poorer folding observed by CD for EuP5b.

Upon the addition of DNA, the metal binding site is maintained, as

the q value is approximately constant for the well-folded EuP3W species,

and decreases to q ¼ 2 for the more flexible P5b. This important obser-

vation is consistent with DNA serving to organize rather than compro-

mise the integrity of the fold. If the peptide drastically unfolded or

changed structure upon DNA binding such that the Eu-binding site

was significantly altered, the ligand set and hydration number would

approach that of aqueous Eu(III). It is also notable that no new DNA-

dependent transitions occur upon the addition of the nucleic acid. This

indicates that there is no significant change in the Eu coordination

sphere, such as direct bonds to phosphate oxygen of the DNA backbone,

although the relative ratio of the peaks changes slightly to favor the

579.3 nm peak. Presumably the equilibrium between structural isomers

or toward a hydration number of 2 is altered by DNA (groove) binding.

In some metallopeptide spectra, a third peak of significant intensity

was observed at higher energy (578.9 nm). This peak was pH-dependent

and absent in all Eu-peptide spectra at pH 5. The third peak was
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observed at pH ¼ 7 for P4a and P5b, but and not until pH ¼ 8 for P3

and P3W. Such a pH-dependent peak had previously been reported for

Eu-loaded native EF-hands, and had been assigned to the deprotonation

of a first coordination sphere threonine or serine.[109] However, we

observed this behavior with P3 and P3W, which lack such a deprotona-

table group in the first coordination sphere, and thus we assigned the

pKa to the deprotonation of an inner sphere water. This pKa varied

modestly (from pKa ¼ �7.0–7.5) depending on the peptide’s ligand

set. Remarkably, the only difference between the coordination environ-

ment of EuP3W and EuP5b is the second shell ‘‘gateway’’ ligand

(residue þ9), yet in analogy to enzymes such as carbonic anhydrase,[110]

the ligands adjacent to the metal center modulate the reactivity of the

activated nucleophile (water). Moreover, the pKa is modulated upward

by the binding of the metallopeptides EuP3W and EuP5b to DNA, which

is expected in the presence of a polyanion. The observed pKa trend for

this deprotonation process correspond reasonably well to the reported

nuclease activity for our peptides (vide infra).

PHOSPHATASE AND NUCLEASE ACTIVITY

Although the Ca EF-hand is strictly a structural motif, we postulated that

a monomeric Ln-binding EF-hand analog was catalytically competent.

To test this hypothesis, we characterized the ability of the Ln-peptides

to cut both nucleic acids and the activated DNA analog, bisnitro-phenyl-

phosphate (BNPP). BNPP, an activated phosphate ester, is an attractive

model bis-phosphate given the strong 400 nm absorbance of the nitro-

phenylate product and greater reactivity than DNA. The bright yellow

product allows the reaction to be followed spectrophotometrically. Initial

rates of BNPP cleavage were measured over a range of peptide concen-

trations, with excess substrate and less than 10% conversion. Under the

tested conditions (20 mM metallopeptide in Tris buffer, pH 7.7), the rate

of cleavage of EuCl3 was �20-fold less than that of EuP4a.[111] This

important observation showed that the metallopeptide and not simply

the aqueous or Tris-complexed ion was responsible for reactivity.

We find that the chimeric HTH metallopeptides can hydrolytically

cleave both BNPP and nucleic acids, with rates that depend both on

metal ion and on peptide sequence. Among the trivalent lanthanides,

Eu(III) was generally the most active, though the trend in rates did

not track consistently across the series: Eu > La > Tb�Yb�Lu>
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Pr > Dy > Gd (for 10–40 mM Ln(III)P4a, 2.5 mM BNPP, pH 7.2,

10 mM Tris; Sirish and Franklin, unpublished results). A comparison

of various peptides with the same metal ion (Eu(III)) showed the cleav-

age tracked with ligand set and DNA-affinity rather than structure.

Peptide EuP4a is more active than EuP5b, EuP3W, or EuP3. The main

factor directing this activity seems to be ligand set. As addressed above,

Eu-luminescence experiments showed that the relative charge of the pri-

mary and secondary ligands serve to modulate the pKa of a coordinated

water molecule, which is the presumed nucleophile. The cleavage experi-

ments were performed near neutral pH, where differences in these pKa’s

are most obvious. At pH 7.5, EuP3W is partially deprotonated

(pKa� 7.5), whereas the water of EuP4a is nearly fully deprotonated

(pKa < 7).

To test whether a deprotonated nucleophile is involved mechanisti-

cally in hydrolysis, we determined the pH-dependence of BNPP cleavage

by EuP5L. P5L is a small, 20 amino acid peptide comprising the central

region of P5b (the calcium binding loop with one turn of the C-terminal

helix), which allowed us to address the catalytic potential of the Ln-bind-

ing loop alone. A pH profile of BNPP hydrolysis showed this species

had a modest increase in cleavage rate at pH 8.2 (note that BNPP has

pKa of 6.9,[72] so this rate-enhancement is apparently peptide-dependent

rather than substrate–dependent). Presumably this rate increase reflects

the deprotonation of a coordinated water molecule responsible for the

nucleophilic attack of the phosphate ester bond, since it agrees reason-

ably well with the pKa values determined for these chimeric systems from

luminescence studies (vide supra).

We speculate there may be other factors influencing the order of

activity of various Eu(III)-peptides, including aggregation and substrate

recruiting. EuP3 was found (by NMR) to have a modest propensity

toward dimerization at concentration greater than 200 mM while other

metallopeptide chimeras do not.[82] Most likely, this dimerization results

in a decrease in the solvent exposure of the metal center and a sub-

sequent decrease in the relative amount of catalysis. Additionally, the

presence of a hydrophobic residue (Tyr13) in the case of P4a in the metal

binding loop might serve to help draw the aromatic BNPP substrate

more efficiently to the metal center. Residue substitutions to systemati-

cally test these postulates are ongoing.

The catalysis of BNPP illustrates that the monomeric Ln-bound

HTH=EF-hand peptides are hydrolytically active phosphatases, the first
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examples of an active EF-hand site. However, DNA is a more stable, and

thus more challenging substrate than BNPP. To test the activity of the

Ln-chimeras toward nucleotides, agarose gel electrophoresis experi-

ments were used to determine the ability of the peptides to cleave super-

coiled plasmid DNA (Figure 5.; Sirish and Franklin). These experiments

demonstrated that our metallopeptides catalyze cleavage of supercoiled

DNA to open-circular DNA, which suggests single strand cuts (some

linearized DNA was also observed in the most active cases, which is

presumably due to multiple single strand cuts). As with the BNPP model

compound, the activity of the metallopeptide was greater than that of

EuCl3 (Eu-Tris) under the same conditions, and varied according to

peptide sequence.

Ln-mediated DNA hydrolysis often involves Lewis-acid activation

and deprotonation of an inner-sphere water nucleophile, and=or acti-

vation of the substrate P=O bond through phosphate coordination to

the metal.[70] The NMR structure of LaP3W shows that the metallo-

peptide has several open coordination sites for substrate binding and for

labile water exchange, but Eu-luminescence studies gave no evidence

Figure 5. Agarose electrophoresis gel showing the cleavage of supercoiled DNA by EuP4a,

1:1; 12.5 mM (as in Sirish, et al., reference 83). The reactions were carried out in 50 mM

Tris, pH 7.0 and the samples were incubated at 37�C for the given time periods prior to

electrophoresis (0.5�TBE, pH 8.0). Quantified intensities of open circular, linear, and

supercoiled bands are given below (as % of total DNA). One anomalous time point

(42 hrs) was omitted for clarity.
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of direct phosphate-Eu bonds. An isolated EF-hand-like structure thus

apparently has enough accessibility of the active site metal to promote

nuclease ability, even without bound substrate.[111]

DNA BINDING, TARGETING, AND CLEAVAGE

The intriguing nuclease activity of the Ln-chimeras that we observed

raises the question of selectivity. Does a small metallopeptide comprising

roughly half a DNA-binding domain have sufficient tertiary (or super-

secondary) structure to interact with DNA as an organized unit, and thus

have a preferred orientation leading to selective binding and cleavage?

We initially determined that the chimeras have reasonable non-specific

binding affinity for DNA (10–20 mM), through both agarose gel shift

assays of plasmid DNA,[82,112] and CD studies of binding to a self-comp-

lementary 14-mer duplex.[91] We then examined the sequence preference

of DNA cleavage by LnP3 and LnP3W with linearized 32P-radiolabeled

nucleotide duplexes.[112]

Fragments of plasmid DNA (120–250 b.p. in length) were excised

with restriction enzymes, either 50- or 30-radiolabeled, and gel purified

prior to incubation with the metallopeptides. Maxam-Gilbert sequencing

lanes were included in the PAGE analysis to calibrate the sequence. We

chose to use the very strong Lewis acid Ce(IV) (added as a freshly pre-

pared aqueous solution of the (NH4)2Ce(NO3)6 salt) rather than the tri-

valent lanthanides, due to its greater reactivity.[113] Although the Ce(IV)

is small compared to the trivalent lanthanides, we found by circular

dichroism and Trp-fluorescence studies that the chimeric peptides

bound this ion as well, with concomitant increase in helical structure.[112]

To test whether we were observing oxidative or hydrolytic cleavage,

Maxam-Gilbert (30-phosphate termini), DNase I (30-hydroxyl termini),

and FeEDTA=H2O2 (30-phosphate and phosphoglycolate termini) con-

trol lanes were included to determine the fragmentation pattern of both

aqueous Ce(IV) and the Ce(IV)peptides.[112] We found, in agreement

with both Que and Komiyama’s earlier reports[71,114,115] that aqueous

Ce(IV) hydrolyzes rather than oxidizes DNA, leaving both 30-hydroxyl

and 30-phosphate termini (comigrating with the DNase I and Maxam-

Gilbert lanes, respectively; the complementary termini were observed

with 30-labeled nucleotide). Although Ce(IV) is slowly converted to

Ce(III) in aqueous solution,[115] it is apparently a strong enough Lewis

acid to hydrolytically rather than oxidatively cleave nucleotides.
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In contrast to the double bands generated by the aqueous ions,

Ce(IV)P3 and Ce(IV)P3W exhibit an apparent regio-preference in their

cleavage mechanism. With the metallopeptides, only 30-phosphate ter-

mini are observed with 50-labeled DNA. This clearly indicates a different

mechanism is in play than with uncomplexed metal ions. However, it was

rather surprising that cleavage of 30-labeled fragments also left only

50-OPO3 termini instead of the expected 50-OH complement. This implies

the loss of the intervening sugar (through either multi-step hydrolysis

or via oxidative cleavage) rather than the simple addition of water across

the phosphate-sugar bond. Although we did not observe phosphoglyco-

late termini, we cannot rule out the possibility that in the presence of the

peptide, Ce(IV) promotes oxidative cleavage instead. However, hydro-

lytic cleavage patterns with Eu(III)P3W, which cannot readily access

oxidative chemistry, were much weaker but appeared to give phosphate

termini consistent with the Ce(IV)P3W results.

In addition to the difference in mechanism, the other notable obser-

vation from these experiments is a distinct sequence preference in cleav-

age by the metallopeptides. At low concentrations of Ce(IV)P3W (and to

a lesser extent, the less organized Ce(IV)P3), some sequences are prefer-

entially cleaved, and this effect is ‘‘washed out’’ at higher metallopeptide

concentrations. On the particular fragment discussed in Kovacic et al.[112]

cleavage was observed at the 50-thymidine of the 50-TCACC-30 sequence.

This cleavage pattern at lower concentrations suggests sequence recog-

nition in binding (and thus cleavage), since the higher affinity sites are

occupied first. Then as the concentration increases, all site are bound

randomly and a ladder-pattern results. Such a cleavage pattern indicates

that the metallopeptide must bind to DNA as a structured, folded unit,

which presents an organized interface that results in discrimination

among sequences. Although we found no evidence for recognition of

50-TAATTA-30, the consensus sequence targeted by the parental

engrailed homeodomain, significant differences in target sequences are

not unexpected. Even with a well-folded metallopeptide, the orientation

of the recognition helix within the major groove is likely to be altered in

the absence of the anchoring N-terminal tail and a1 (see Figure 1).

In order to determine the consensus binding site or family of sites of

our chimeric peptides, we employed an iterative approach, coupling a

gel-shift assay with PCR amplification of a library of sites (manuscript

in preparation). A synthetic DNA oligonucleotide and complement were

designed with PCR primer sequences at either end, and a library of
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randomized octamer sequences in the center. For each chimera, a pep-

tide concentration gradient gel-shift assay was performed in the presence

of Ca(II), the 32P-radiolabeled DNA visualized, and the shifted band

(corresponding to approximately 50% bound) was excised. The extrac-

ted and purified DNA was again amplified with labeled primers, and

the process repeated. After several rounds, the fragment was subcloned

into a standard plasmid and sequenced. For CaP5b, a family of sequences

was identified (50-A-C
=G-C-T

=C-A-T
=C-30) and CaP3W was found to target

and bind two sequence families, one of which is very similar to the

cleavage target observed for CeP3W (binding: 50-ACCCT-30; cleavage:

50-TACCTA-30). This allowed us to corroborate the postulate that the

cleavage preference was dependent on a binding site preference, and not

simply on greater accessibility of some sequences to random cleavage.

Interestingly, under acidic conditions, which partially serve to depurinate

the DNA, both EuP3W and CeP3W begin to target and preferentially

cleave these abasic A and G steps, but not the adjacent T bases recognized

by the folded metallopeptide.[112]

Although not truly specific as a complete domain would be, this

sequence preference in cleavage is remarkable and unprecedented for

an underivatized peptide of this size. There are very few examples of

small (<40 residue) peptides that even fold and bind selectively to

DNA, let alone exhibit activity (Schepartz’s modified avian pancreatic

peptide protein[116] and Frankel’s optimized single zinc finger[117] are

notable examples). Conversely, examples of artificial nucleases are typi-

cally not based on folded, small peptides, or have additional functionality

to promote binding or selectivity. For example, selective, lanthanide-

mediated hydrolysis has been reported previously by Komiyama, either

utilizing a 15-mer DNA oligonucleotide with a 50-iminodiacetate-

chelated Ce(IV) ion,[76] or adding complementary, terminally derivatized

DNA ‘‘primers’’ to generate a single strand gap to recruit free Ce(IV) ion

to the exposed region.[77] Additionally, Barton and coworkers have

reported targeted DNA cleavage with a Zn(II)-binding peptide

appended to a Rh-intercalator complex, which serves to deliver the pep-

tide to the DNA.[118] Recently Sugiura has also achieved specific cleav-

age with a larger designed system, comprising three modified zinc-finger

motifs (95 residues).[31,119] This is a beautiful example of redesign of a

metal site to generate new reactivity, while retaining DNA affinity and

selectivity. Like Sugiura’s proteins, our much smaller chimeric metallo-

peptides interact with DNA as a defined, folded unit, both binding to

152 S. J. FRANKLIN AND J. T. WELCH

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



and cleaving DNA with sequence discrimination. Thus they represent

the first catalytic EF-hand as well as the initial example of a metallopep-

tide ‘‘endonuclease.’’

OTHER APPLICATIONS OF HTH/EF-HAND CHIMERAS: MR

CONTRAST

In the last two decades, Magnetic Resonance Imaging (MRI) has revo-

lutionized clinical diagnosis, in large part because of the battery of

Gd(III)-contrast agents now available to physicians that add sensitivity

to this non-invasive technique. Now, as magnet technology becomes bet-

ter and the pixel resolution approaches cellular dimensions, intriguing

new applications for MRI are unfolding. Switchable, targeted agents

are of interest to correlate enhanced contrast to biological events. Louie

et al. have shown that it is possible to study an enzymatic signature dur-

ing differentiation and development using MRI.[120] The ability to follow

transcription of a specific gene in living systems and in real time would

be a powerful complementary tool for developmental biology. Therefore

an agent that could selectively bind DNA or RNA during expression may

allow cells or collections of cells to be imaged as they are involved in

gene transcription.

As an initial test of a pilot system and a basis for further design, we

tested whether Ln-binding HTH=EF-hand chimeras might serve as MRI

contrast agents.[121] Unlike most bifunctional contrast agents being

developed that append the targeting vector or binding motif to the

metal-binding site through a linker, this system incorporates the Gd site

within the DNA-binding and targeting unit. This unique structural

approach limits the rotational flexibility and internal motion of the Gd

center and may thus increase relaxivity. Moreover, increased rigidity

and slower tumbling lead to further contrast enhancement upon target

(DNA) binding. Peptide-based agents also offer nearly unlimited syn-

thetic flexibility in modifying and incorporating targeting motifs. We

therefore tested the embedded Gd chelator design with a long-term view

toward development of biological applications.

The relaxivity of GdP3W was determined at 20 and 60 MHz (37�C),

and was found to be approximately 6-fold higher 60 MHz than the clini-

cally utilized agent GdDTPA (diethylenetriamine-pentaacetic acid). Fur-

thermore, in the presence of one equivalent of DNA, the relaxivity at

60 MHz increased by 100% to 42.4 mM�1s�1 and exhibited an unusual
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field dependence. Unlike most slow tumbling complexes, the relaxivity at

60 MHz is significantly greater than at 20 MHz, and is one of the higher

relaxivities reported at 60 MHz (approximately double the relaxivity

of the albumin targeted contrast agent MS-325 (23 mM�1s�1 at

60 MHz)[122]). T1-weighted MR images (phantoms) corroborated the

enhanced contrast for GdP3W over GdDTPA, and the increase in con-

trast upon binding DNA. Therefore these chimeras represent an entrée

into new class of bifunctional targeted MRI agents with an embedded

Gd site, activated by and reporting on DNA-binding.

FUTURE DIRECTIONS AND THE UTILITY

OF METALLOHOMEODOMAINS

Protein design, either from first principles (de novo) or through redesign

of known protein folds,[4] has proven to be a powerful testing ground for

basic tenets of bioinorganic chemistry. We have utilized the method of

‘‘redesign’’ to explore native metal-binding sequences in new contexts,

allowing for the interrogation of key interactions that define protein fold-

ing, DNA-interactions, and metalloenzyme reactivity.

Our approach to protein design is based on the recognition that

structural elements from diverse proteins are topologically equivalent

and modularly substitutable, despite very different primary sequences.

We postulated that the turn of the HTH DNA-binding motif could be

substituted by a metal-binding loop of another a-a corner. Our initial

observation was based on the similarity of the structures of the helix-

turn-helix (a DNA-binding motif), and the EF-hand (a Ca-binding

motif), from which we were able to generate a chimeric metallopeptide

system with unique combinations of function and selectivity. In the lar-

ger scope, the value of our research is in a) understanding the interchang-

ability of secondary and super-secondary structure within proteins,

b) developing a scaffold to manipulate DNA-binding and cleavage

synergistically, and c) offering the potential to investigate the inherent

reactivity of native active sites in new contexts.

With these HTH=EF-hand chimeras we have established the helix-

turn-helix as a scaffold for metalloprotein design, by generating chimeric

peptides incorporating metal-binding turns from physiologically unre-

lated sequences. The chimeras illustrate how a robust fold can be rede-

signed to incorporate catalytic activity into a minimalist recognition

motif. We have shown that the HTH can be modified by turn-sequence
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substitution to bind Ca, Ln, or other metal ions, and still retain the par-

ental structures, and we are now exploring expanding this approach to

the study of other metal-binding sites such as the Cu-prion site.[123]

We have also found that the EF-hand motif can be catalytically active

as single EF-hands with lanthanide ions, and have correlated activity

to hydration number and Lewis acidity. Further, we have demonstrated

that the HTH metallopeptides retain DNA-affinity and sequence selec-

tivity, despite their small size. This represents the first underivatized

small peptide that is a sequence-selective artificial nuclease.

The metallopeptide systems described in this review lay the ground-

work for the systematic study of the basic principles of protein-DNA rec-

ognition and of enzymatic nuclease activity. Challenges remain, most

notably the need to improve Ln-binding affinity or kinetic inertness, so

as to retain the metals in vivo. Also, the ability to enhance or control reac-

tivity will be pursued by altering inner and second-shell ligands of the

metal-binding loop. As Imperiali’s work showed,[52] there is great poten-

tial for metal-loop optimization through combinations of rational and

combinatorial methods. Finally, the ability to deliver such systems to

DNA in situ requires uptake or expression in cells. Because of the mem-

brane translocation sequence of the homeodomain’s HTH,[67] we have

the potential for an integrated uptake signal. In preliminary studies

(Louie and Franklin, unpublished data), we have found that P3W has

the propensity to be taken into cells, and uptake is apparently more

efficient in the presence of metals.

Among the most exciting results of these studies is the validation of

our modular turn substitution approach, and the implication this has for

redesign of full homeodomains. Since the HTH motif is structurally

retained with the inclusion of a reactive metal-binding loop, we can con-

struct metallo-homeodomains with the potential for even greater struc-

tural integrity and selectivity.

The next frontier in metalloprotein design is not design for its own

sake, but rather utilizing this powerful tool to unravel fundamental prin-

ciples governing protein structure-function relationships. By replacing or

reorienting particular residue(s) at an interface, and evaluating the

change in structure and reactivity of the construct, we can identify con-

tribution of each variable in position and magnitude. Our goal is to use the

metallo-homeodomain system to delineate the underlying tenets guiding

DNA-sequence targeting and endonuclease activity, and to harness this

understanding to create agents for gene cleavage and construction.
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