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Abstract: A chimeric metallopeptide derived from the sequences of two structurally superimposable motifs
was designed as an artificial nuclease. Both DNA recognition and nuclease activity have been incorporated
into a small peptide sequence. P3W, a 33-mer peptide comprising helices o2 and a3 from the engrailed
homeodomain and the consensus EF-hand Ca-binding loop binds one equivalent of lanthanides or calcium
and folds upon metal binding. The conditional formation constants (in the presence of 50 mM Tris) of P3W
for Eu(lll) (Ka = (2.1 £ 0.1) x 10° M%) and Ce(lV) (Ka = (2.6 £+ 0.1) x 10° M%) are typical of isolated
EF-hand peptides. Circular dichroism studies show that 1:1 CeP3W is 26% a-helical and EuP3W is up to
40% o-helical in the presence of excess metal. The predicted helicity of the folded peptide based on helix
length and end effects is about 50%, showing the metallopeptides are significantly folded. EuP3W has
considerably more secondary structure than our previously reported chimeras (Welch, J. T.; Sirish, M.;
Lindstrom, K. M.; Franklin, S. J. Inorg. Chem. 2001, 40, 1982—1984). Eu(lll)P3W and Ce(IV)P3W nick
supercoiled DNA at pH 6.9, although EuP3W is more active at pH 8. CeP3W cleaves linearized, duplex
DNA as well as supercoiled plasmid. The cleavage of a 5'-*?P-labeled 121-mer DNA fragment was followed
by polyacrylamide gel electrophoresis. The cleavage products are 3'-OPQOj3; termini exclusively, suggesting
a regioselective or multistep mechanism. In contrast, uncomplexed Ce(IV) and Eu(lll) ions produce both
3'-OPO; and 3'-OH, and no evidence of 4'-oxidative cleavage termini with either metal. The complementary
3'-32P-labeled oligonucleotide experiment also showed both 5'-OPO3; and 5'-OH termini were produced by
the free ions, whereas CeP3W produces only 5'-OPOj3 termini. In addition to apparent regioselectivity, the
metallopeptides cut DNA with modest sequence discrimination, which suggests that the HTH motif binds
DNA as a folded domain and thus cleaves selected sequences. The de novo artificial nuclease LnP3W
represents the first small, underivatized peptide that is both active as a nuclease and sequence selective.

Introduction To design a sequence-specific DNA cleavage agent, both
DNA-recognition and -reactive elements must be integrated.
Transcription factors and repressor proteins are capable of
Sselectlvely recognizing given duplex DNA sequences but do
not cut DNA# In contrast, hydrolytic cleavage of DNA by Lewis
acid metal ions and complexes is well-known, but occurs with
Simited sequence discrimination. Although DNA is a robust
molecule that is quite resistant to hydrolysis at neutral pH,
Santhanide ions have been shown to be particularly efficient
Lewis acids for promoting DNA cleavage? We recognized
that the supersecondary structure of the helixn—helix
?HTH) a DNA-binding motif, and the EF-hand, a calcium-
binding motif, are superimposable, (Figure 1) and exploited this
similarity to design small peptides that bind lanthanides, retain
the HTH fold, and cleave DNA 10 These peptides represented
the first examples of catalytically active EF-hands. Here we

After decades of study, an understanding is emerging of
cancer as a disease with its basis in regulatory gene mutation
that prevent the correct self-regulation of growirhe effect
of these mutations might be mitigated if target gene sequences,
could be selectively cleaved or down-regulated. Recent advance
in message profiling are leading to the p035|b|I|ty of |dent|fy|ng

as targets for therapeutic down-regulatfodowever, current
small-molecule chemotherapy agents exhibit only subtle se-
qguence preference based on shape complementarity and charg
These anticancer drugs are highly effective in certain contexts
because of their ability to damage cancer cell DNA through
covalent modification or double-stranded cleavage. These
changes are difficult for the cell to repair, but there is little
specificity in the sites targeted. As a consequence, there is
substantial damage to nonmalignant cells as well. It is thus of (4) Patikoglou, G.; Burley, S. KAnnu. Re. Biophys. Biomol. Structt997,
great interest to develop selective chemotherapy agents that can s ,%?éﬁfl?,;?’sz_sj Curr. Opin. Chem. Biol2001 5, 201—208.

target sequences of choice. (6) Hegg, E. L.; Burstyn, J. NCoord. Chem. Re 199§ 173 133-165.

(7) Sreedhara, A.; Cowan, J. A. Biol. Inorg. Chem2001, 6, 337—347.
(8) Kim, Y.; Welch, J. T.; Lindstrom, K. M.; Franklin, S. J. Biol. Inorg.

(1) Abbot, A. Nature2002 416, 470-474. Chem.2001, 6, 173-181.
(2) Hanahan, D.; Weinberg, R. Aell 200Q 100, 57—70. (9) Welch, J. T.; Kearney, W. R.; Franklin, S.Rxoc. Nat. Acad. Sci., U.S.A.
(3) Ramsay, GNat. Biotechnol1998 16, 40—44. 2003 100, 3725-3730.
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samples were treated with Néoaded Amberlyst cation-exchange resin
to remove cations and peptiéeProducts were analyzed by agarose
gel electrophoresis (1%, indL Tris-borate running buffer), stained with
ethidium bromide, visualized by UV-transillumination, and photo-
graphed with a Kodak system 120 digital camera. Quantified supercoiled
band intensities were normalized for weaker ethidium bromide staining
by multiplying by 1.2216

Oligonucleotide DNA Cleavage pBR322 plasmid was cleaved at
BspH sites, 3-*2P-labeled with T4 kinase protocol (New England
Biolabs) and then further digested wiBan. The 121 bpBspH—
Banl oligonucleotide fragment was gel-purified and quantified by
scintillation counting of the Cherenkov radiatiog uM). Other
pBR322 fragments (not shown) were analyzed in a similar manner.
EcaR1MHadll digested and phenol-extracted calf thymus DNA was used
to raise the DNA concentration to 50M basepairs. MaxamGilbert
sequencing reactions were prepared as size- and sequence markers by
standard protocols:'8 For 3-experiments, the 'Strand of puC19
restricted withBspH was radiolabeled by incubating Klenow Fragment
(3 — 5 exo-) DNA polymerase (New England Biolabs) ariéP]-o.-
dCTP for 15 min in polymerase buffer. The reaction was quenched by
adding EDTA and heating at 75or 20 min. Unincorporated dCTP
was removed with a G-50 ProbeQuant (Amersham Biotech) spin
column. Subseque®an restriction digestion gave the same fragment
described above (with the opposite strand labeled).
I‘epOI‘t that th|S Cleavage bOth I‘eSU|tS |n reglose|eCtlve pl’OdUCtS Samp|es Containing various concentrations of mae(NQ)e and
and is sequence dependent. Like the 3- andhklix bundle peptides (50 mM Tris buffer, adjusted to pH 6.9 at 32) were
structures that are the foundation for a diversity of engineered incubated at 37C for 24 h in an insulated heat block prior to analysis
metalloproteind}~13 the HTH motif retains a defined and by polyacrylamide gel electrophoresis (20% acrylamide TBE buffer
predictable structure. Therefore the HTH is a robust structural under denaturing conditions), and an equal amount of radioactivity
scaffold for de novo protein design and the development of (counts) was loaded for each sample lane. C_;els were e_xposgd to the
minimalist enzyme models. These de novo-designed HTH/EF- Phosphor screens at4 °C for up to 2 days prior to imaging with a
hand chimeric peptides are an initial step in the development Molecular Dynamics Storm Phosphoimager system. DN&sarti Fe-

L . h (I)-MPE? reactions were prepared by published methottabeled
of targeted DNA-binding metalloproteins as an alternative to DNA experiments were carried out similarly, incubating (Ye-

antlsens_e therapy or as a tool for manipulation of gene (NO3)s or EUCk, and P3W (25 mM Tris buffer, adjusted to pH 7.2 at
expression. 37 °C) at 37°C for 24 h prior to electrophoresis.
Circular Dichroism. CD spectra were recorded on an Olis-DSM17
spectrophotometer at 2& under N atmosphere. Helical content was
Materials. Chimeric peptides were designed on the basis of calculated from@]2z.as described previoush?! Spectra were collected
alignments of known crystal structures, using the freeware program from 350 to 200 nm, with 0.5 point/nm, in a 0.1 cm cell. Samples in
SwissPDBViewet* The design of the peptide P3 has been discussed 50 mM Tris buffer, pH 6.9 (25C) were 50uM in peptide.
in detail elsewheré Peptides £95% pure) were obtained from New ) )
England Peptide (P3W) or the Caltech Peptide Synthesis Facility (P3). Results and Discussion
Sample peptide concentrations were based on extinction coefficients Metallopeptide Design. The similarity in supersecondary
calculated from concentrations determined by peptide digestion (Uni- - . - o
- ) o = s . structure of two physiologically unrelated motifs was utilized
versity of lowa Peptide Facility; P&go= 254 M~* cm™%; P3W €250 = . 7 o . .
to design both activity and recognition into a single peptide

7289 Mt cmY). EuCh-6H,0 and (NH).Ce(NG)s (anhydrous) were B . . .
obtained from Sigma-Aldrich, and fresh stock solutions were made by domain. The HTH and EF-hand motifs consist of two helices

weight before each use. Enzymes and buffers were obtained from New@ approximate right angles to one another, stabilized by
England Biolabs, and all other reagents were obtained from Sigma- conserved hydrophobic interactions along the helical inner

Figure 1. Computer-generated model of the interaction of chimeric peptides
with DNA based on the HTH and EF-hand motifs from engrailed (red) and
calmodulin (yellow), respectively. Crystal structures of engrailed home-
odomain, cocrystallized with DNA (2HDD; gray and red ribbon, with blue
DNA)2 and one EF-hand of calmodulin (1OSA; yellow ribbon, with
coordinated Ca(ll)¥2 are overlaid to show the similarity of the folds. The
peptides compriser2 and a3 of engrailed and the Ca-binding loop of
calmodulin.

Materials and Methods

Aldrich and used without further purification. All solutions were made
with deionized distilled water (MilliQ 18 1£2).

Plasmid DNA Cleavage.Plasmid pUC19 (New England Biolabs)
was exchanged to Tris buffer containing no EDTA by affinity
chromatography (Qiagen Mini-prep DNA spin column kit). EuP3W,

CaP3W, and CeP3W (1:1) solutions were freshly prepared before use

in Tris buffer. Samples containing 1.@ of plasmid, 50 mM Tris, pH
6.9 or pH 8.0 (at 37C) were incubated at 37C for 24 h with Eu(lll)
or Ce(lV) salts, or 1:1 metallopeptides. Prior to loading on the gel,

(10) Welch, J. T.; Sirish, M.; Lindstrom, K. M.; Franklin, S. ljorg. Chem.
2001, 40, 1982-1984.

(11) DeGrado, W. F.; Summa, C. M.; Pavone, V.; Nastri, F.; Lombardirau.
Rev. Biochem.1999 68, 779-819.

(12) Hill, R. B.; Raleigh, D. P.; Lombardi, A.; DeGrado, W. Rcc. Chem.
Res.200Q 33, 745-754.

(13) Kennedy, M. L.; Gibney, B. RCurr. Opin. Struct. Biol 2001, 11, 485~
490

(14) Guéx, N.; Peitsch, M. CElectrophoresisl997 18, 2714-2723.

surfaces. This&—a corner” topology is a common structural
motif in a diversity of proteindl22 including DNA-binding
proteins (HTH) and signaling or regulatory proteins (EF-hands).
The remarkable similarity of the shape of these unrelated folds
allows the turn to be modularly substituted. The metal-binding
loop of the EF-hand thus promotes tfre . corner turn within

the HTH sequence.

(15) Hettich, R.; Schneider, H.-J. Am. Chem. Sod.997 119, 5638-5647.

(16) Hertzberg, R. P.; Dervan, P. B. Am. Chem. S0d.982 104, 313-315.

(17) Maniatis, T.; Fritsch, E. F.; SambrookMolecular Cloning. A Laboratory
Manual 2nd ed.; Cold Spring Harbor Laboratory Press: New York, 1982;
Vols. 1-3, pp 475-478.

(18) Maxam, A. M.; Gilbert, WMethods Enzymoll98Q 65, 499-560.

(19) Galas, D. J.; Schmitz, Aucleic Acids Resl978 5, 3157-3170.

(20) Dervan, P. BMethods EnzymoR001, 340, 450-466.

(21) Chen, Y.-H.; Yang, J. T.; Martinez, H. NBiochemistry1972 11, 4120~
4131.

(22) Efimov, A. V.FEBS Lett.1996 391, 167-170.
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o2 o3
s A~ ™
P3 N-term—TERRRQQLDKDGDGTIDEREIKIHFQONKRAKI K—C-term
P3wW N-term—TERRRQQLDKDGDGTIDERETIKIWFONKRAKTI K—C-term

1 10 20 30

Figure 2. Sequences of P3W and P3, with heliege®d anda3 of engrailed indicated. The EF-hand Ca-binding loop is underlined, and the native Trp
substituted in P3 with Hig is shaded.

The 33-mer peptides P3 and P3W were designed on the basis 0
of overlaid crystal structures of the—o. corner motifs from
calmodulin (10SA3 and the engrailed homeodomain (LENH). -5
The structures were oriented to align-a corner helical axes
of the two motifs (Figure 1, red and yellow motifs), from which
the sequences of the chimeric peptides were derived. These
peptides comprise helice anda3 of engrailed, with the turn

-10

rees
~
(S

S0
region replaced by the consensus Ca-binding EF-hand loop ¥ |
(Figure 2). Important hydrophobic interactions known to 5 -20
stabilize EF-hand structuré®swere retained at key positions '§ o5 |

before and after the loop §L121, and W4 for peptide P3W),
although the residues were derived from the engrailed sequence.
The nativen3 sequence of P3W preserves the hydrophobic core
of the HTH motif and results in a well-structured metallopeptide,
whereas P3, which has a Bbigo Hisys substitution, adopts a 240
less defined tertiary structufe.

Solution Structure and Lanthanide Binding. The designed wavelength (nm)
peptides P3 and P3W bind lanthanide ions via the consensusrigure 3. Circular dichroism spectra of peptide P3W (&®) in the
EF-hand site and fold to a nativelike structure. Both peptides Egﬁii?:; 0‘-’:{ a3n %ql:gyg'se'\f/‘ltls?‘g p':g%;)ég‘;ﬁégf“g&aﬁgeggz ‘S")’ei'r‘]*

P3 and P3W_ bind lanthanides W'th mlcrommar affinities u_n_der 50 mM Tris buffer, in a 0.1-mm cell. Under these’ conditions, esti'm’ates of
the sequencing gel electrophoresis conditions. The conditional o-helicity based on molar ellipticity@]222 are 18% (P3W), 28% (CeP3W),
binding affinity of P3W for Eu(lll) and Ce(IV) was determined  and 30% (EuP3W).

by fluorescence spectroscopy at pH 6.9, 50 mM Tris, following

the intensity of the Tr emission at 350 nm as described binding (Figure 3). The favorable impact of Bip(P3W) vs
previously?6 A nonlinear least-squares fit of the intensity data Hisz4 (P3) on peptide stability and structure is noteworthy, and
for each metallopeptide supports a 1:1 Ln:peptide associativehighlights the importance of hydrophobic side chains along the
model. The conditional formation constants for Ce(IV) and inner surfaces of the—a corner motif in generating a structured

220

280

Eu(lll) with P3W were found to bé&, = (2.6 & 0.1) x 1C°
M~ andK, = (2.14+ 0.1) x 1¢° M1, respectively, which is
very similar to the affinity of P3 for Eu(lll) K, = (1.2 + 0.5)

x 10° M~1) reported previously??” These values have been

domain. The shape and magnitude of the circular dichroism
signals are typical of the increasing secondary structure changes
upon metal binding observed for peptides derived from EF-
hands??-30 Additionally, the CD spectrum of wild-type engrailed

corroborated by luminescence titration experiments for EuP3 has the same relative CD band intensities, with a minimum at
and EuP3W (W. D. Horrocks, Jr.; S. J. Franklin, unpublished 208 nm and a weaker shoulder at 225%hus, the CD signals

data). As is typical for EF-hand sites, the affinity of P3W for
Ca(ll) (Ka= (2.84+0.7) x 10* M) is less than for the higher
valent lanthanide ion%:28

of the metallopeptides are consistent with the spectra af the
corner parental motifs, and LnP3W is more folded than LnP3.
An estimate ofr-helical secondary structure based on molar

The chimeric metallopeptides exhibit solution behavior ellipticity [©]2,, from CD datd! indicates that at pH 6.9 the
characteristic of folded domains. Previously we showed that CeP3W metallopeptide is 28¥-helical, and EuP3W is 30%
P3 has little structure in the absence of lanthanides, but increasedielical (and up to 40% helical in the metal saturated form).

secondary structure upon metal bindftn contrast, circular

These calculated estimates of secondary structure assume that

dichroism spectroscopy shows that P3W has a modest amoungll observed ellipticity at 222 nm is due tohelical structure
of secondary structure even as the apopeptide and folds furthei@nd that the fully folded species is 100% helical. Because this
to a flexible, but more organized tertiary structure upon metal is not the case for either the EF-hand motif or HTH motif on

(23) Chattopadhyaya, R.; Meador, W. E.; Means, A. R.; Quiocho, B. Mol.
Biol. 1992 228 1177-1192.

(24) Kissinger, C. R.; Lui, B.; Martin-Blanco, E.; Kornberg, T. B.; Pabo, C. O.
Cell 199Q 63, 579-590.

(25) Falke, J. J.; Drake, S. K.; Hazard, A. L.; Peersen, QY&art. Re. Biophys.
1994 27, 219-290.

(26) Sirish, M.; Franklin, S. 3. Inorg. Biochem2002 91, 253-258.

(27) The affinity of P3 was determined by isothermal titration microcalorimetry,
as it contains no tryptophan fluorophores.

(28) Drake, S. K.; Lee, K. L.; Falke, J. Biochemistryl996 35, 6697—-6705.

6658 J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003

which the peptide is based, the maximum amourit-tielicity

predicted for a rigid fold would be 73% (24 of 33 residues occur
in a putative helix). Further corrections based on the impact of
helical length and end effects result in a predicted helicity of

(29) Procyshyn, R. M.; Reid, R. B. Biol. Chem.1994 269, 1641-1647.

(30) Reid, R. E.; Gafigy, J.; Saund, A. K.; Hodges, R. $.Biol. Chem1981,
256, 2742-2751.

(31) Ades, S. E.; Sauer, R. Biochemistry1994 33, 9187-9194.
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pH 6.9 pH 8 have essentially identical product profiles in the gels, although
— A — A Eu(lll) cleavage is much weaker. We find the cleavage gives
single products (phosphates), likely occurring via a hydrolytic
—_ = - = —_ = — rather than an oxidative mechanism, and that peptialdA
g = o = 0 Z o = binding protects or suppresses cleavage by free metal.
= e o’ f— . .
= = 3] 3] = = The hydrolytic mechanism of DNA cleavage by Ce(lV) salts
S £ A4 A O O @ M ydroly ge by Ce(IV)

has recently been demonstrated by several groufss
Komiyama and co-workers showed that aqueous Ce(1V) salts
hydrolytically cleave deoxyribodinucleotides, by analyzing the
- s e G — — products by HPLC. They further demonstrated that DNA
oligonucleotides were also hydrolytically cleaved with no

- - - H - b dependence on molecular oxygen, generating termini that could

15 18 23 19 36 42 27 27 be enzymatically manipulated. The cleavage was determined
Figure 4. Agarose gel electrophoresis of supercoiled pUC19 plasmid DNA 0 be (?atalyzed by tetravalent, and not trivalent cerium. This
treated with peptide P3W and europium or cerium (50 mM Tris, pH as analysis was elaborated by Branum and &tf@who demon-
indicated). Lane 1: pUCL19 plasmid control. Lane 2: 20 P3W (free). strated that ligand chelates of Ce(lV), as well as aqueous Ce(IV)

Lane 3: 10uM EuP3W (1:1). Lane 4: 1M EuCl. Lane 5: 10uM : : o
CeP3W (1:1). Lane 6: 10M (NH2);Ce(NQ)s. Lane 7: 10uM EUP3W salts, cleave DNA via a hydrolytic rather than oxidative

(1:1). Lane 8: 1Q:M EuCk. The open circular (upper) band is quantified ~Mechanism, generating only hydroxyl and phosphate termini.

below as a percentage of total DNA for this representative g% Hydrolysis by free Ce(lV) iof? produces both '3 and 3-

between repeated gels). The control lane at pH 8.0 (not shown) has the L . L .

same background damage withiri% of shown. phosphate termini, as there is no stereoselectivity in the
hydrolysis mechanism. For thé-%P-labeled fragment shown

approximately 50% for a (time-averaged) fully folded metal- 1N Figure 5, two bands per base are generated by Ce(IV) ions
lopeptide®233 As a comparison, the folded, wild-type engrailed (lane 6) unde_r our experimental condmo_ns_. As o_bserved_ by Que
homeodomain is reported to be 60% helical by CD spectro- and by qu|yama, the resultant termini comigrate with the
scopy3! Notably, an NMR solution structure model based on Maxam-Gilbert fragments (lanes-13; p = 3-OPQ) and

chemical shift index and NOE constraints has shown that the DN@se | fragments (lane &= 3-OH).* Both 3-products are
LaP3W complex retains the hefitoop—helix structure of both ~ eadily observed, although the bands due't@8l termini are

parent motif€ These data suggest that the P3W metallopeptides MOre intense. Oxidative cleavage by Fe(ll) methidiumpropyl-
are significantly folded and the chimeras can interact with DNA EDTA (MPE) and peroxide generates bothGPQ; and 3-

as a domain with tertiary structure. phosphoglycolate termini (and correspondifigpiducts) (lane
DNA Cleavage Produces Phosphate TerminiThe Eu(lll) 5, g = 3-phosphoglycolate}* One band (p), but not both, of

and Ce(lV) complexes of P3W catalyze the cleavage of the dfree Ceh(.lvg profqlucts r::eoggratss v(;/ith t.h eSeo;didati:j/eh
supercoiled DNA, producing primarily single cuts (open circular praducts, which confirms the )PQ; band assignment and the

product) and demonstrating that an exposed EF-hand is catalyti-r")'n'ox'dat've me.chams.m of uncomple.xgd Ce(IV) ion cIeayage.
cally competent. As observed for EuM3in repeated gels We have also investigated theét&rmini products by radio-

EuP3W nicks supercoiled DNA slightly more efficiently than aPeling the 3terminus of the same region (opposite strand;
the uncomplexed Eu(lll) ions (Figure 4, lanes 3 and 4, Supporting Information Figure S2). In this case, Maxam
respectively), although EUP3W is more active at pH near 8 (lane CilPert, DNasel, and oxidative Fe-MPE/&, cleavage all

7). Both CeP3W and free Ce(IV) ions (lanes 5 and 6) are more Produce SOPQ; termini (p). Ce(IV) alone again leavesGPO;
active than the Eu(lll) catalysts, even near neutral pH. This is (P; major band) and'8OH (h; minor band), which complements
consistent with the Lewis acidity, and therefore nucleophilic both the observed termini and their intensities across the cut

activity predicted based on theKp of inner sphere water  (Figure 5). Eu(lll), which is well-known to cleave only by
molecules for each complé@*35 hydrolysis, gives the same OR@nd OH products at both'-5

The greater reactivity of Ce(IV) chimeras toward supercoiled and 3-termipi as observed for Ce(IV). This again corroborates
DNA prompted us to focus on these complexes initially for 1€ fydrolytic mechanism of uncomplexed Ce(IV) DNA cleav-

sequencing reaction®P-labeled DNA oligonucleotides (83 age. .
153 bp fragments) were incubated with (§Ce(NQy)s and _ In the presence of CeP3W and CeP3, o_nly a single product
varying concentrations of peptides P3 or P3W af@7for 24 is observed at each cleaved base step (Figure 5, lane 7). The

h and analyzed by polyacrylamide gel electrophoresis. The strainProducts of chimera-catalyzed cleavage comigrate with the bands
inherent in supercoiled plasmid is not required to achieve iN Maxam-Gilbert sequencing lanes’{@beled DNA), which

cleavage, as we observe cutting of lineariz&etabeled DNA ——
(36) Ott, R.; Kraner, R.Appl. Microbiol. Biotechnol1999 52, 761-767.

oligonucleotides as well. Although the Eu(lll) experiments gave (37) Schneider, H.-J.; Rammo, J.; Hettich ARgew. Chem., Int. Ed. Endl993

less product, the hydrolytic mechanism of cleavage is well 32, 1716-1719.
. %7.36.37and qi . f h (38) Branum, M. E.; Tipton, A. K.; Zhu, S.; Que, L., . Am. Chem. Soc.
establishetl’3°’and gives a nice reference to compare the more 2001, 123 1898-1904.

iV \V4 | . The Eu(ll) an 1V) metall i (39) Komiyama, M.; Takeda, N.; Takahashi, Y.; Uchida, H.; Shiiba, T.; Kodama,
active Ce( ) cata yStS e u( ) and Ce( ) eta opept des T.; Yashiro, M.J. Chem. Soc., Perkin Trans.1®95 269-274.

(40) Branum, M. E.; Que, L., Jd. Biol. Inorg. Chem1999 4, 593-600.

(32) Hirst, J. D.; Brooks, C. L. 1J. Mol. Biol. 1994 242, 173-178. (41) Sumaoka, J.; Azuma, Y.; Komiyama, \@hem. Eur. J1998 4, 205-
(33) The structure contains two separated helices. If two residues on either end 209.
of each helix do not contribute significantly t®[.., as described in ref (42) “Free metal ions” describe ions not complexed by peptide, although they
32, the number of contributing residues is reduced to 16 of 33, or 48%. exist as aquo/hydroxide Tris-stabilized species under these conditions.
(34) Kim, Y.; Franklin, S. JInorg. Chim. Acta2002 341, 107—112. (43) Only the former fragment is observed with®@P-labeled oligonucleotides.
(35) Komiyama, M.Chem. Commuril999 16, 1443-1451. (44) Burrows, C. J.; Muller, J. @Chem. Re. 1998 98, 1109-1151.
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Figure 5. Polyacrylamide gel electrophoresis of cleavage products of a
5'-end-labled 121 bp DNA oligonucleotide fragment. Cleavage by Ce(IV)
ions produces only the hydrolytic products@PQ; and 3-OH. The chimera
CeP3W cleaves DNA, producing only-QPQ; termini. Lanes %3:
Maxam—Gilbert sequencing lanes & 3'-OPQ; termini). Lane 4: DNase

| treated DNA (h= 3'-OH termini). Lane 5: Fe(Il)MPE treated DNA ¢p
3-OPG; and g= 3'-phosphoglycolate termini). Lane 6: DNA incubated
at 37°C, pH 6.9 for 24 h with 3QuM (NH4).Ce(NG;)s. Lane 7: DNA
incubated at 37C, pH 6.9 for 24 h with 3«M CeP3W.

Figure 6. Polyacrylamide gel electrophoresis: the effect of mepaptide
concentrations on DNA cleavagé?P-Labeled oligonucleotides were
incubated with 4Q«M of peptides P3 or P3W and increasing concentrations
of (NH4)2Ce(NQG)s (from 20 to 60uM, as indicated) at 37C for 24 h, pH

= 6.9, 50 mM Tris buffer. Samples with no peptide or metal served as
controls, and MaxamGilbert sequencing reactions as sequence markers.
Bands that are notably enhanced over controls are indicated with green
arrows for P3W lanes. Horizontal red hashed and orange solid arrows
indicated 3-phosphate and'3wdroxyl termini, respectively. Both bands
were observed in the metal-only lanes, but orilpBosphate products were

suggests the metallopeptides are generatirR@F0; termini observed in the peptide-containing lanes.

exclusively. In contrast, Que’s bimetallic polyaminocarboxylate
nuclease generated exclusively@H termini*> However, the
complementary cleavage product-(8beled DNA) shows that
Ce(IV)P3W also produces only-®PQ; termini, instead of the  or Mg(ll) for the peptide'
expected 50H, implying the loss of the intervening sugar Sequence-Selective DNA Cleavagén addition to single
moiety (by either hydrolysis or oxidative cleavage), rather than OPGQ; products, the chimeric peptides direct sequence-dependent
a simple single-strand cut. It is possible that the peptide has acleavage. As shown in Figure 6, CeP3W-catalyzed cutting is
relatively long residence time on the DNA, allowing a second not sequence-neutral, but rather selected sequences are prefer-
exonuclease step, once the initehdenuclease cleavage has entially cleaved (arrows). This nonrandom cleavage pattern
been accomplished. Investigations to determine the reason forsuggests that the chimera occupies a set of higher affinity sites
the unusual phosphate termini produced under various conditionsfor greater average residence times, resulting in more damage
are ongoing. at those positions. Sequence discrimination is observed to a
Peptide binding apparently also protects the DNA from further lesser extent for CeP3 (Figure 6, lanes-1@). CeP3 lacks
random cleavage by excess free metal in analogy to footprinting important internal hydrophobic contacts (from jp that
studies, although at higher metal:peptide ratiast:(l), the stabilize the HTH structure and is thus a less organized domain
double band cleavage pattern generated by uncomplexed Ce(IVthan CeP3W.
hydrolysis is again observed. These random interactions are These cleavage patterns are consistent with preferential
binding by a folded domain at selected sites, such as those
(45) Eecause the products haveGP0; termini, present in both oxidative and indicated by the arrows and shaded sequences in Figure 6. On
ydrolytic reactions, it cannot be ruled out that the cleavage mechanism . o
by Ce(lV) in the presence of peptide is oxidative, although cleavage by this particular fragment, cleavage at tHettfyymidine of the 5

likely enhanced by the low-salt conditions, chosen to maximize
DNA—peptide interactions, and prevent competition by Ca(ll)

the free Ce(IV) ion and by Eu(lll) is not. Furthermore, the analysis of the

EuP3W termini is complicated by the relatively weak cleavage compared

to Ce(IV). Consequently, cleavage intensities are barely over background,

and although the products of EuP3W hydrolysis appear to be;@Hsoth
directions (paralleling the Ce(IV) results), the data are inconclusive.
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TCACCT-3 sequence (black arrow) is notably more intense.

(46) No change in background occurs during the course of the reaction, as 0 h
and 24 h control lanes look identical.
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However, the length and sequence of the global consensusoxidative or photocleavage nucleagé$? variations in band
recognition site remains to be determined. intensities are readily observed at low CeP3W concentrations.

It is notable that a very different apparent sequence depen-These variations cannot be explained by nonspecific binding
dence by EuP3W can be imposed than the T/C-rich sequenceand cleavage alone. While hydrolysis rates, and thus cleavage
targeted under neutral cleavage conditions. Incubating the products, are enhanced at higher metallopeptide concentrations
reactants under slightly acidic conditions pH = 6.5) partially ~ (above 5Q:M peptide), competitive, nonspecific DNA binding
depurinates the DNA. The metallopeptides (both EuP3W and becomes a factor, masking specific binding and cleavage.
CeP3W) then target and preferentially hydrolyze these abasicUnder such conditions, nonspecific (but still apparently phosphate-
A and G steps (again leaving OR@rmini; see Supporting  directing) cleavage by the metallopeptides results in ladder-like
Information Figure S3). product distributions.

The P3W chimera represents a “half domain” relative to the ~ The level of sequence-dependent cleavage promoted by the
parental engrailed DNA-binding homeodomain, as the N- chimeras is unprecedented in an underivatized peptide of this
terminal tail and first helix have been omitted (Figure 1, gray size. The one earlier report of selective Ln-mediated hydrolysis
ribbon). Nonetheless, the peptide is capable of DNA-binding involved antisense recognition, by a 19-mer DNA oligonucle-
with sequence discrimination, although the recognition site is Otide with an appended-Eminodiacetate-chelated Ce(IV) i6h.
not necessarily expected to be that of the parent. EngrailedBarton and co-workers have also reported examples of small,
recognizes the 6-bp sequenceTAATTA-3' as a monomer,  Zinc-binding peptides (1622 residues) that hydrolyze DNA
with strong binding affinity (less than 1 nM}.The consensus ~ With sequence discriminatidi;>® although in that case, the
general homeodomain binding site is of the forArTBATNNN- peptide is augmented by an appended Rh-intercalator complex
3, comprising 6-7 base pairs, and in many cases encompassesthat delivers and orients the peptide within the DNA groove.
a “core” B-TAAT-3' sequencé’ Homeodomains typically Additionally there are several oxidatively active examples in
interact with DNA via base contacts to both the major groove Which selective damage was conferred by larger protein
(the recognition he“XQS) and the minor groove (N_termina| domains. Isolated DNA—blndlng domains such as Fos and Spl
tail anda1), along with phosphate backbone contacts from both incorporating an amino-terminal NrKaa-Xaa-His Cu(ll) or
a2 anda3 (Figure 1). The recognition helix contacts the major Ni(ll) chelating sequence have been found to bind DNA
groove within the 3region of the recognized sequencé-(5 Sequence-selectively, thus generating diffusible radicals adjacent
TAATNN-3'), and the N-terminal tail contacts the minor groove 10 localized sequence targéts®>® Similarly, Sarkar and co-
along the 5region of the sequence (BAATNN-3").47 In the workers reported sequence-dependent oxidative DNA damage
native engrailed homeodomaia? is on the “backside” of the ~ Dy an iron-loaded estrogen receptor DNA-binding domain (84-
domain, and does not make direct base contacts. In contrastMer), which comprises two zinc finger motifs per monortfer.
our EF-hand/HTH chimeric peptides do not include the N-  Even without reactivity, small peptides that fold and interact
terminal tail andad (Figure 1, gray helix), so specific interac-  With DNA are unusual. There are very few examples of small,
tions with the 5TAA sequence of the engrailed recognition Well-folded “miniproteins,” natural polypeptides 2@2 amino
site are less likely. However, the engrailed homeobox target acids in length with defined tertiary structUi®?® and even
sequence is an over|apping pa]indrome’ S0 [hEegion that fewer that bind DNA SeleCtiVEly. A notable eX&mp'e is
the recognition helix contacts is-BTTA-3', the coincidental ~ Schepartz's 42-residue avian pancreatic peptide (aPP), which
complement to the “core” sequence. Several fragments of Was modified to include leucine zipper basic region DNA
pUC19 were cleaved and labeled ne&TBAT-3' sequences ~ contacts® Several designed single zinc finger peptides have

(data not shown), but no preferential cleavage at these sites wagils0 been shown to have affinity for selected RNA ste¥.
observed. While these peptides bind strongly and selectively to targets,

they were not designed for reactivity. In an alternative approach,

Unsurprisingly, the selectivity of the peptides differs from 3 ’ ) !
Berg and co-workers redesigned a zinc finger peptide (22

engrailed; the peptide chimera is sequesekectie, although
not sequencespgmﬂchke the native _home_odomaln. W|th0_Ut (48) Dervan, P. BSciencel986 232 464471,
the anchoring taile3 may be rotated in major groove, altering  (49) Erkkila, K. E.; Odom, D. T.; Barton, J. KChem. Re. 1999 99, 2777~

; : i : 2795.
the relatlve o”enta}tlon ok2 and allowing ?OntaCts to bases On (50) The random binding affinity for LnP3W species for DNA has been estimated
the 3-side of the site that are not accessible to the full domain. from plasmid gel shift assays to bel5 M, which is in good agreement

: R with similar studies on EuP3 (ref 8).

However, the r.netall'ope.ptllde appears to be binding to !I)NA @S (51) Komiyama, M.J. Biochem1995 118 665-670.
a structured unit to discriminate among sequences. The influence(52) gétszglmons, M. P.; Barton, J. Kl. Am. Chem. Socl997, 119, 3379~
of DNA flexibility, flanking sequences, and length of the (53) Copéland. K. D.; Fitzsimons, M. P.; Houser, R. P.; Barton, J. K.

recognition site remains to be understood. Biochemistry2003, 41, 343-356. .
.. . (54) Harford, C.; Narindrasorasak, S.; SarkarB&ichemistryl996 35, 4271
The cleavage rates and efficiency that we observe are typical” * 427s.
7 - (55) Long, E. C.Acc. Chem. Red999 32, 827—-836.
f‘?r m,0|eCU|ar hydrOIase models? The rate of EuP3 CatalyZEd (56) Nagoaka, M.; Hagihara, M.; Kuwahara, J.; SugiuraJ.YAm. Chem. Soc.
bis-nitrophenyl phosphate cleavage, a DNA substrate analogue, 1994 116 4085-4086.

was found to be 0.1 Mt 5—1’ which represents a hydrolysis (57) SCf;Se, D.; Narindrasorasak, S.; Sarkar) Biol. Chem1996 271, 5125~

rate enhancement of approximately 616ver uncatalyzed 5583 Dahiyat, B. I.; May% S. LSciencel‘lggiz 278 82-87.

0 59) Friesen, W. J.; Darby, M. Kl. Biol. Chem2001, 276, 1968-1973.
cleavage’ Although the cleavage rates, and consequently, band (] Geliman, S. H'; Wodlfson, D. Nat. Struct. Biol. 2003, 9, 408410.
intensities are lower than often observed for small-molecule (61) Hill, R. B.; DeGrado, W. FJ. Am. Chem. Sod.998 120, 1138-1145.
(62) Neidigh, J. W.; Fesinmeyer, R. M.; Andersen, NN4t. Struct. Biol2002

9, 425-430.
(63) Zondlo, N. J.; Schepartz, A. Am. Chem. Sod.999 121, 6938-6939.
(47) Ledneva, R. K.; Alexeevskii, A. V.; Vasil'ev, S. A.; Spirin, S. A.; Karyagina, (64) McColl, D. J.; Honchell, C. D.; Frankel, A. [Proc. Nat. Acad. Sci., U.S.A.
A. S. Mol. Biol. 2001, 35, 647—659. 1999 96, 9521-9526.
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residues) with an open coordination site, which could potentially The combination of folding, DNA binding, and sequence-
have hydrolytic nuclease activify.Berg found this minimalist dependent cleavage makes chimeras based on the HTH scaffold
zinc finger folded correctly, though it did not show activity for a potential foundation for de novo nuclease design, perhaps
acetate or aldehyde hydrolysis, and a test of nuclease activityleading to new clinical and biochemical tools.

was not reported. _ _ ~ Acknowledgment. This work was supported by NSF CA-
Our de novo designed lanthanide chimera represents the firsteeeRr Award, CHE-0093000, and a Center for Biocatalysis and

underivatized small peptide that is a sequence-selective artificial gjoprocessing NIH Predoctoral Training Grant, T32 GM-08365
nuclease. The chimeras illustrate how a robust fold can be 3 Ty).

redesigned to incorporate catalytic activity into a minimalist
recognition motif. The recognition helix of the HTH motif
delivers a Lewis acidic ion (Eu(lll) or Ce(IV)) to the DNA
backbone for cleavage with modest sequence discrimination.
Whether our chimeric peptides have specific targets, for which
they exhibit higher selectivity and affinity, is under investigation.
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