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ABSTRACT: The recognition and cleavage of tRNAPheand the TAR RNA of HIV-1 by metallopeptides of
the general form Ni(II)‚Xaa-Gly-His (where Xaa is Gly, Lys, or Arg) were investigated. The results of
RNA cleavage analyses suggest that KHSO5- or magnesium monoperoxyphthalate-activated metallopeptides
(1) induce nucleobase damage which requires aniline acetate for complete RNA strand scission and (2)
selectively target the loops of stem-loop structures of the above-named substrates. In targeting RNA
loop regions, the metallopeptides may be sensitive to intraloop structural features, including the overall
structural environment of the loop itself and possibly the presence of intraloop hydrogen bonding. Overall,
these results suggest that the metallopeptides interact selectively within a loop, in a fashion reminiscent
of many RNA binding proteins, instead of targeting RNA single-stranded character alone. These
observations further suggest a possible metallopeptide-based strategy for the molecular recognition of
native RNA structures and insight with regard to the general features available for ligand binding site
discrimination.

Understanding the molecular recognition and chemical
modification of RNA by low-molecular weight molecules
has become a topic of significant current interest (1). While
our present level of knowledge concerning RNA-small
molecule interactions does not yet parallel our same under-
standing of DNA, a drive to develop and study these
interactions is spurred by the use of low-molecular weight
molecules as probes of RNA structure and function (1-3).
In addition, an increased understanding of RNA-small
molecule interactions may lead to the development of novel
chemotherapeutic agents for blocking the natural function-
(s) of an RNA, especially in organisms that rely upon unique
RNA-macromolecule interactions or upon RNA as a genetic
material (e.g., HIV-11).

As is also the case with DNA (2, 3), low-molecular weight
metal complexes have the potential to assist in our under-
standing of RNA molecular recognition events; such agents
can provide unique, geometrically defined structures to
complement the rich diversity of three-dimensional shapes
provided by a structured RNA. Indeed, it is more likely that
the selective targeting of an RNA will be based on its overall
structure rather than its sequence of nucleotides (1). In

addition, a metal center can also impart redox properties to
an otherwise unreactive ligand, resulting in an agent with
the ability to bind and modify a target nucleic acid.
Currently, there are several metal complexes (1), both
naturally occurring and wholly synthetic, that have increased
our knowledge of the molecular recognition of RNA, its
solution structure(s), and chemical reactivity. Examples
include Fe(II)‚bleomycin (4-6), octahedral complexes of Rh-
(III) ( 7, 8), square-planar Ni(II) complexes (9, 10), and bis-
(1,10-phenanthroline)copper(I) (3, 11).

Recently, our laboratories have exploited the use of
metallopeptides to further the understanding of small mol-
ecule-DNA interactions (12-14). We have demonstrated
that metallopeptides of the general form Ni(II)‚Xaa-Xaa-His
(where Xaa-Xaa-His is NH2-Xaa-Xaa-His-CONH2 and Xaa
is an R amino acid) have the ability to bind and, when
appropriately activated (14), mediate the selective strand
scission of DNA (Figure 1) (12); selective DNA cleavage
occurs through a judicious choice of the composition and
chirality of the amino acids included in the tripeptide ligand.
Given their use of amino acids, Ni(II)‚Xaa-Xaa-His metal-
lopeptides are unique in their ability to incorporate and
position within a metal complex framework the same
chemical functionalities (e.g., guanidinium, amide, or amine
moieties) used by proteins and natural products for the
molecular recognition of DNA and RNA (15, 16). These
features, therefore, make Ni(II)‚Xaa-Xaa-His metallopeptides
attractive models for furthering our understanding of small
molecule-RNA recognition principles.

Described herein is an examination of Ni(II)‚Xaa-Gly-His
metallopeptide interactions (where Xaa is Gly, Lys, or Arg)
with tRNAPhe and the TAR RNA of HIV-1. The findings
indicate that Ni(II)‚Xaa-Gly-His metallopeptides selectively
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cleave within the single-stranded hairpin loops of these
RNAs. These data suggest that the metallopeptide frame-
work may partially insert into an RNA loop, resulting in
damage to the nucleobases (17) located in the proximity of
the metal center of the bound complex. Given their
selectivity for loop structures, the metallopeptides appear to
mimic the behavior of many sequence-selective RNA binding
proteins (15, 16). Importantly, these findings indicate that
metallopeptides may provide a unique means of selectively
recognizing and/or probing the structures of native RNA
hairpin loops which could complement strategies currently
available (1).

EXPERIMENTAL PROCEDURES

Materials. Native yeast tRNAPhe was purchased from
Sigma. TAR RNA was provided by D. Mack of Parke-Davis
Pharmaceuticals. TAR DNA was purchased from Genemed
Synthesis (San Fransisco, CA). All buffer solutions were
made with Milli-Q purified water, treated with diethyl
pyrocarbonate, and autoclaved. All other reagents and
enzymes were obtained RNase-free and in the highest grades
commercially available. [5′-32P]Cytidine 3′,5′-bisphosphate
(pCp) was purchased from ICN Biomedicals, Inc. All
protected amino acids for peptide syntheses were purchased
from Bachem California. Peptide syntheses were carried out
by conventional solid-phase methodologies (18) followed by
reverse-phase HPLC purification and verification by FAB-
MS.

Preparation of32P End-Labeled RNAs.Yeast tRNAPhe

and TAR RNA were 3′-32P end-labeled in 20µL total
volumes containing 15 pmol of RNA, 2µL of neat DMSO,
and 5µL of [5′-32P]pCp. Added to these mixtures was 5
µL of a dilute enzyme solution containing 2µL of T4 RNA
ligase (47.6 units) and 20µL of a ligase buffer [consisting
of 200µL of Tris‚HCl (pH 7.5), 40µL of MgCl2, 80 µL of
1 M DTT, 40 µL of 100 mM ATP, 20µL of BSA (20 mg/
mL), and 620µL of H2O]. Reaction mixtures were incubated
for 2 h at 4°C. The resulting RNAs were purified on 15%
denaturing polyacrylamide gels, located by autoradiography,
excised, and eluted from the gel material in TE buffer (pH
7.4). The eluted RNAs were desalted using a Nensorb
column and renatured by slow cooling overnight to 25°C
from an initial temperature of 65°C in 10 mM sodium
cacodylate/10 mM MgCl2 buffer (pH 7.0) (tRNAPhe) or 10
mM sodium cacodylate buffer (pH 7.0) (TAR RNA).

RNA CleaVage Reactions.Metallopeptide-induced cleav-
age reactions were carried out in 20µL total volumes
containing carrier yeast tRNA (100µM nucleotide concen-
tration) and 4× 104 cpm of 3′-32P end-labeled RNA in 10
mM sodium cacodylate/10 mM MgCl2 buffer (pH 7.0)
(tRNAPhe) or 10 mM sodium cacodylate buffer (pH 7.0)
(TAR RNA). Reactions were initiated through the admixture
of RNA and equimolar amounts of preformed Ni(II)‚peptide
and KHSO5 (oxone) and quenched after 1 min with the
addition of 3µL of a 0.2 M EDTA solution. All reaction
mixtures were ethanol precipitated with the addition of 10
µL of 3 M sodium acetate and 130µL of cold EtOH
overnight. The precipitated RNA was washed with 100µL
of 80% EtOH, dried, and treated with aniline acetate (19).
All reaction mixtures, along with RNA sequencing reaction
mixtures (19), were heat-denatured at 90°C for 5 min and
quick-chilled on ice. The samples were loaded onto 20%
(19:1) polyacrylamide/7.5 M urea sequencing gels and
electrophoresed at 600 V overnight. Gels were transferred
to an autoradiography cassette and exposed to Kodak X-omat
film at -70 °C.

TAR DNA CleaVage Reactions.Metallopeptide-induced
cleavage reactions were carried out in a 20µL total volume
containing 50µM (nucleotide concentration) calf thymus
DNA and 3× 104 cpm of 3′-32P end-labeled TAR DNA in
10 mM sodium cacodylate buffer (pH 7.0) at 4°C. Reactions
were initiated through the admixture of DNA and equimolar
amounts of Ni(II)‚peptide and KHSO5 (oxone) and quenched
after 1 min with 4µL of a 0.2 M EDTA solution. Following
EtOH precipitation, the DNA pellets were treated with 0.1
M n-butylamine at 90°C for 15 min and dried. All reaction
mixtures, along with DNA sequencing reaction mixtures,
were heat-denatured at 90°C for 5 min and quick-chilled
on ice. The samples were loaded onto 20% polyacrylamide/
7.5 M urea denaturing gels and electrophoresed at 600 V
overnight. Autoradiography of the gel was conducted at-70
°C using Kodak X-omat film.

RESULTS

Metallopeptide CleaVage of tRNAPhe. The result of a high-
resolution polyacrylamide gel analysis of the cleavage of
native tRNAPhe by Ni(II) ‚Xaa-Gly-His metallopeptides is
shown in Figure 2. While the immediate reaction between
KHSO5-activated metallopeptides (14) and 3′-32P end-labeled
tRNAPhedid not result in RNA cleavage, strand scission was
observed after treatment of each reaction with aniline acetate;
this treatment appears, although this is not definitive at
present, to produce fragmented RNA bearing 5′-phospho-
rylated termini as evidenced by their comigration with the
products of nucleobase-modifying sequencing reactions (20).

Upon aniline acetate treatment, the gel analysis in Figure
2 revealed the selective cleavage of 3′-32P end-labeled
tRNAPheby Ni(II) ‚Gly-Gly-His (lanes 2-4), Ni(II)‚Lys-Gly-
His (lanes 5-7), and Ni(II)‚Arg-Gly-His (lanes 8-10). The
cleavage induced by the metallopeptides, in comparison to
RNA sequencing lanes, occurred at a variety of nucleobases,
including A, G, C, U, and the modified Y andΨ nucleobases.
This observation demonstrated that the cleavage selectivity
of the metallopeptides was not nucleobase-specific. In
addition, it was also observed that all of the metallopeptides
induced similar (1) amounts of total RNA degradation and

FIGURE 1: Representative Ni(II)‚Xaa-Xaa-His metallopeptides
active in nucleic acid strand scission.
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(2) cleavage selectivities despite differences in their charges
and amino-terminal Xaa composition under the conditions
employed.

The sites of tRNAPhe cleavage produced by the metal-
lopeptides are summarized using the cloverleaf depiction
shown in Figure 3. Each metallopeptide induced the
selective scission of the loop regions of tRNAPhe at micro-
molar concentrations, within (1) the D loop (G18 and G19),
(2) the anticodon loop (A35, Y37, and A38), and (3) the
TΨC loop (Ψ55, C56, U59, and C61) (cleavage at U59 and
C61 is not visible in Figure 2). Overall, the metallopeptides
exhibited a strong preference for loops and were not observed
to cleave the double-stranded regions of tRNAPhe or any

single-stranded regions not involved in stem-loop structures
(i.e., the acceptor stem).

Along with the sites of cleavage mentioned above, low
levels of tRNAPhe cleavage were also observed at Gm34,
G43, and A44; these acts of cleavage were not, however,
observed to occur consistently as a function of metallopeptide
concentration. In addition to the metallopeptide-dependent
cleavage described in the previous paragraph, tRNAPhe

hydrolysis was also observed at A14, U47, and C48 solely
as a function of aniline acetate treatment.

Metallopeptide CleaVage of TAR RNA. The result of a
high-resolution polyacrylamide gel analysis of the cleavage
of HIV-1 TAR RNA by Ni(II) ‚Xaa-Gly-His metallopeptides

FIGURE 2: Cleavage of native tRNAPhe by Ni(II) ‚Xaa-Gly-His metallopeptides. End-labeled tRNAPhe was treated with one of the Ni(II)‚
Xaa-Gly-His metallopeptides followed by aniline acetate treatment as described in Experimental Procedures. All lanes contained 100µM
(nucleotide concentration) yeast tRNA: lane 1, control reaction, 500µM Ni(II) ‚acetate and 500µM KHSO5; lanes 2-4, 100, 250, and 500
µM Ni(II) ‚Gly-Gly-His/KHSO5, respectively; lanes 5-7, 100, 250, and 500µM Ni(II) ‚Lys-Gly-His/KHSO5, respectively; lanes 8-10,
100, 250, and 500µM Ni(II) ‚Arg-Gly-His/KHSO5, respectively; lane 11, A>G sequencing reaction; lane 12, U-specific sequencing reaction;
and lane 13, alkaline hydrolysis reaction.
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is shown in Figure 4. TAR RNA was cleaved by Ni(II)‚
Gly-Gly-His (lanes 4-6), Ni(II)‚Lys-Gly-His (lanes 7-9),
and Ni(II)‚Arg-Gly-His (lanes 10-12) at micromolar con-
centrations upon aniline acetate treatment; as with tRNAPhe,
cleavage was not observed in the absence of aniline acetate.
As summarized in Figure 5, the cleavage of TAR RNA
occurred in the apical loop region at residues G32, G33, G34,
A35, and G36. Given the cleavage at both A and G residues,
the metallopeptides, as with tRNAPhe, were not found to be
nucleobase-specific and to exhibit identical cleavage selec-
tivities, despite their structural differences. In addition to
cleavage of the apical loop, very low, yet detectable levels
of cleavage were also noted within the A-form stem of TAR
RNA; as illustrated in Figures 4 and 5, residues C41, G43,
and G44 were recognized and cleaved by the metallopeptides.
In addition to KHSO5 activation, metallopeptide activation
with MMPP (14) resulted in identical site-selective cleavage
of TAR RNA upon aniline acetate treatment (data not
shown).

In contrast, however, to several agents which have been
examined with TAR RNA (21-24), the Ni(II)‚Xaa-Gly-His
metallopeptides were not found to interact with or cleave
the bulge region. This was further probed by competition
studies with argininamide (data not shown); Ni(II)‚metallo-
peptide-induced cleavage of the apical loop of TAR was not
inhibited by the presence of argininamide (100µM to 2 mM)
which binds to the bulge region within this concentration
range (25, 26).

Metallopeptide CleaVage of TAR DNA.A summary of
the results of high-resolution polyacrylamide gel analyses
of the cleavage of TAR DNA by Ni(II)‚Gly-Gly-His, Ni-
(II) ‚Lys-Gly-His, and Ni(II)‚Arg-Gly-His is shown in Figure
6. TAR DNA was cleaved to a similar extent and with
similar selectivities by all three metallopeptides within the
concentration range that was employed. Direct DNA strand

scission was observed; however, this cleavage was enhanced
upon treatment of reaction mixtures withn-butylamine (14)
which is known to assist in the breakdown of abasic lesions
produced upon C4′-hydroxylation of a targeted nucleotide.
As shown in Figure 6, the cleavage of TAR DNA occurred
(using the same nucleotide numbering scheme as employed
with TAR RNA) at (1) the three-nucleobase bulge (T25),
(2) the stem connecting the bulge and apical loop (G26, A27,
G28, and C39), and (3) the apical loop (T31, G32, G33, and
G34). In addition, a moderately strong cleavage site was
also observed at G43.

DISCUSSION

We employed Ni(II)‚Gly-Gly-His, Ni(II)‚Lys-Gly-His, and
Ni(II) ‚Arg-Gly-His as cleavage reagents in our initial studies
of RNA-metallopeptide interactions. These metallotripep-
tides were chosen due to their amino acid composition; Ni-
(II) ‚Gly-Gly-His represents the simplest, unsubstituted com-
plex, while Ni(II)‚Lys-Gly-His and Ni(II)‚Arg-Gly-His were
chosen for their positively charged Lys and Arg side chains.
By analogy to their interactions with DNA, the positive
charge on the side chains of Lys and Arg should increase
the affinity of their respective metallopeptides for the
polyanionic RNA backbone (12). In addition, Arg- and Lys-
containing peptides were chosen to permit the inclusion of
amino acids known to mediate protein interactions with RNA
(15, 16).

Initially, the well-characterized RNA tRNAPhe was em-
ployed as a substrate in its native conformation. This transfer
RNA is frequently chosen as a substrate because the
availability of its crystal structure (27, 28) makes it possible
to correlate sites of small molecule interaction and/or
cleavage with details of RNA structure. The second substrate
employed in this investigation was the TAR RNA of HIV-
1, a hairpin structure found at the 5′-termini of all HIV-1
viral mRNAs (29, 30). This unique RNA structure, with its
bulge, apical loop, and A-form stem, offers another target
for testing the RNA recognition exhibited by the metal-
lopeptides. In addition, the bulge of TAR RNA is known
to furnish a binding site for the interaction of many low-
molecular weight molecules (21-24), including Arg and Arg
analogues, via their guanidinium groups (31, 32); the Arg-
containing metallopeptides could therefore have facilitated
a selective targeting of the bulge region.

Chemistry of Metallopeptide-Induced RNA CleaVage. The
metallopeptide-induced cleavage of tRNAPheand TAR RNA
required a postreaction aniline acetate treatment to induce
strand scission of the biopolymer backbone. No biopolymer
cleavage occurred without this base treatment, as is also
observed with the nucleobase-specific sequencing reactions
employed in this study (19, 20). These observations suggest
that the predominant means of metallopeptide-induced RNA
damage occurs through initial nucleobase modification
followed by complete strand scission only upon aniline
acetate treatment.

An examination of the sites of cleavage of tRNAPhe and
TAR RNA also demonstrated that the cleavage induced by
the metallopeptides was not nucleobase-selective, since
cleavage occurred at a variety of sites, including A, G, C,
Ψ, and the modified Y nucleobases. In contrast to other Ni
complexes, e.g., NiCR (9), a specificity for G residues alone

FIGURE 3: Secondary structure of tRNAPhe. The arrows denote the
sites of cleavage induced by Ni(II)‚Xaa-Gly-His metallopeptides;
arrow length is directly proportional to the cleavage intensity
observed at a given site. Dashed lines indicate the locations of
documented intraloop hydrogen bonding.
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was not observed with the conditions and concentrations
employed, suggesting differences in (1) the chemistry of the
“activated” complexes formed or (2) the extent of their
noncovalent interaction with a target RNA. It appears likely
that NiCR directly metalates surface-accessible guanine
residues (via N7) leading to their preferential oxidation (9,
10), while the noncovalent preassociation of the Ni(II)‚
metallopeptides with an RNA loop may result in the
oxidation of nucleobases which are positioned in close
proximity to the metal center of an “activated metallopeptide”
(14). In addition, it is also quite likely that the metallopep-
tides induce some nucleobase damage (14) in a fashion
similar to that of NiCR (9) at highly exposed guanine

residues within tRNAPhe(e.g., G18 and G19 of the D-loop).
For comparison to the above, with B-form DNA, nonco-

valent preassociation of an activated Ni(II)‚metallopeptide
in the minor groove leads to C4′-H abstraction of a target
deoxyribose. This initial C-H bond abstraction results in
direct DNA strand scission via a C4′-hydroperoxide inter-
mediate or alkaline-labile site formation via a C4′-hydroxy-
lated nucleotide (14). In addition to deoxyribose modifica-
tion, under conditions of increased ionic strength or excess
activating agent (KHSO5), the metallopeptides can also
mediate guanine nucleobase oxidation (14). Overall, the
somewhat more stringent reaction conditions required for
RNA cleavage (i.e., aniline acetate treatment and elevated

FIGURE 4: Cleavage of the TAR RNA of HIV-1 by Ni(II)‚Xaa-Gly-His metallopeptides. End-labeled tRNAPhewas treated with one of the
Ni(II) ‚Xaa-Gly-His metallopeptides followed by aniline acetate treatment as described in Experimental Procedures. All lanes contained 100
µM (nucleotide concentration) yeast tRNA: lane 1, TAR RNA alone; lane 2, control reaction, 500µM Ni(II) ‚Gly-Gly-His; lane 3, control
reaction, 500µM Ni(II) ‚acetate and 500µM KHSO5; lanes 4-6, 250µM, 500 µM, and 1 mM Ni(II)‚Gly-Gly-His/KHSO5, respectively;
lanes 7-9, 250µM, 500 µM, and 1 mM Ni(II)‚Lys-Gly-His/KHSO5, respectively; lanes 10-12, 250µM, 500 µM, and 1 mM Ni(II)‚Arg-
Gly-His/KHSO5, respectively; lane 13, A>G sequencing reaction; and lane 14, alkaline hydrolysis reaction.
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metallopeptide concentrations) versus DNA cleavage by the
metallopeptides likely reflect the predominance of nucleo-
base-centered chemistry as opposed to sugar-based chemistry.

Site-SelectiVe CleaVage of NatiVe tRNAPhe. Each metal-
lopeptide employed in this study was capable of cleaving
the single-stranded hairpin loop structures of native tRNAPhe

(Figure 7). Surprisingly, despite the conditions necessary
to maintain the native structure of this substrate (10 mM

MgCl2), the metallopeptides still produced selective RNA
modification at concentrations similar to those employed with
Fe(II)‚bleomycin (5). Apparently, the charge differences
between the metallopeptides did not significantly influence
their ability to cleave native tRNAPhe. By analogy to DNA
(12), the neutral complex Ni(II)‚Gly-Gly-His was expected
to show less affinity for the polyanionic tRNAPhecompared
to the positively charged complexes Ni(II)‚Lys-Gly-His and
Ni(II) ‚Arg-Gly-His; the conditions necessary to maintain the
native tRNA structure may have effectively screened any
electrostatic contribution to metallopeptide-RNA binding.
However, this observation also suggests that common
elements of the basic metallopeptide framework may rec-
ognize and bind to the loop structures of tRNAPheregardless
of the moiety appended to theR-carbon of the N-terminal
amino acid residue. In addition, the above results also
indicate that the metallopeptides were unable to cleave duplex
regions of tRNAPheas they do via the minor groove of duplex
DNA; this is as expected given the inaccessible structure of
these corresponding grooves in duplex RNA (15, 16, 33, 34).

A close examination of the metallopeptide-induced cleav-
age pattern of tRNAPhe indicates that the majority of the
cleavage sites induced by all three complexes occurred
consistently within the 3′-half of the TΨC and anticodon
loops, suggesting a distinct orientation of the metallopeptide
upon loop binding. Differing from several reagents known
to interact with single-stranded RNA structures (11, 35), the
metallopeptides appear to interact selectively within an
individual loop instead of reacting with its single-stranded
character alone. This metallopeptide selectivity could pos-
sibly be enhanced by the presence of a defined structure
within the targeted hairpin loops.

Previously, structural investigations have revealed a unique
feature within the anticodon and TΨC loops of tRNAPhe(27,
28); these loops are involved in the formation of “uridine

FIGURE 5: Secondary structure of the TAR RNA of HIV-1. The
arrows denote the sites of cleavage by Ni(II)‚Xaa-Gly-His metal-
lopeptides; arrow length is directly proportional to the cleavage
intensity observed at a given site.

FIGURE 6: Secondary structure of TAR DNA. The arrows denote
the sites of cleavage by Ni(II)‚Xaa-Gly-His metallopeptides; arrow
length is directly proportional to the cleavage intensity observed
at a given site.

FIGURE 7: Structure of tRNAPhe highlighting the locations of Ni-
(II) ‚Xaa-Gly-His metallopeptide-induced cleavage. Cleavage sites
(nucleotides) in the anticodon, TΨC, and D-loops are green, yellow,
and red, respectively. For comparison, the structure of a Ni(II)‚
Xaa-Gly-His metallopeptide is located adjacent to the anticodon
loop to emphasize their structural complementarity and a possible
location of metallopeptide binding.
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turns” (U-turns), where the U residues in these loops are
hydrogen-bonded to a phosphate on the opposite side of the
loop in the consensus sequence UNR (where N is any
nucleotide and R is a purine residue) (36). In the anticodon
loop, this consensus sequence contains U33-Gm34-A35, with
U33 hydrogen-bonded to P36, while in the TΨC loop, the
consensus sequence includes residuesΨ55-C56-G57 with
Ψ55 interacting with P58. Curiously, the nucleotides
immediately adjacent to the phosphates involved in U-turn
formation in the anticodon and TΨC loops (i.e., P36 and
P58, respectively) are not cleaved by the metallopeptides
(Figure 3). While only a working hypothesis at this point,
this observation suggests that the metallopeptides might be
capable of sensing subtle, intraloop structural features such
as the hydrogen bonding pattern required for U-turn forma-
tion.

Interestingly, close examination of molecular models of
the anticodon and TΨC loops of tRNAPhereveals a possible
metallopeptide binding site. This binding “pocket” can be
envisioned in the center of these loops where the square-
planar metallopeptide can be inserted with the side chain of
the terminal residue pointed outward to facilitate interactions
with the phosphate backbone (Figure 7); this model of loop
recognition (1) is compatible with data which indicate that
substitution at the terminalR-carbon of the metallopeptide
does not affect loop cleavage and (2) parallels the model of
metallopeptide-DNA minor groove association (12). The
selective metallopeptide-induced cleavage of the anticodon
and TΨC loops in tRNAPhe suggests that a structured loop
region might facilitate the recognition and binding of a
metallopeptide or allow discrimination among ligands, in
general.

Increased knowledge of the diversity of selective tRNAPhe

binding and cleaving reagents has assisted in our understand-
ing of RNA recognition principles. In comparison to other
reagents, the metallopeptides are unique in the fact that they
appear to recognize and cleave hairpin loop structures
selectively and to perhaps sense their local environment and
conformation. For comparison, several members of the
family of enediyne antibiotics are also known to cleave
tRNAPhewithin single-stranded loop regions (35). However,
in contrast to Ni(II)‚Xaa-Gly-His metallopeptides, the pres-
ence of a native tRNAPhe structure, or the conditions
necessary to achieve a native structure, dramatically diminish
the cleavage exhibited by these reagents. In addition, Cu-
(phen)2+ recognizes single-stranded regions and the double-
stranded acceptor stem of tRNAPhe, quite possibly through
interactions between the phenanthroline ligands of this
complex and unstacked nucleobases (11).

Along with the complexes discussed above, other transition
metal complexes also recognize tRNAPhe and additional
RNAs on the basis of structure rather than sequence: (1)
Rh(phen)2phi3+ induces cleavage at residues in opened major
grooves, as occurs at triply bonded bases within tRNAPhe

(7, 8), (2) the antitumor antibiotic Fe(II)‚bleomycin exhibits
a preference for junctions between single- and double-
stranded regions in tRNAPhe (4-6), and (3) oxoruthenium
intercalators (37, 38) can target unique sites within tRNAPhe

and ferritin mRNA. Overall, the activities of the above
complexes highlight the unique nature of the cleavage of
tRNAPhe by Ni(II) ‚Xaa-Gly-His metallopeptides.

Site-SelectiVe CleaVage of TAR RNA.The site-selective
cleavage of TAR RNA indicates, as is also the case with
tRNAPhe, that the metallopeptides recognize and cleave
predominantly within the 3′-half of the single-stranded apical
loop of this substrate. While the apical loop of TAR RNA
does not contain a documented U-turn (25, 26, 30), structural
investigations (39, 40) and the use of molecular probes (23,
38) have indicated that the apical loop of TAR presents a
partially ordered RNA region capable of binding intercala-
tors. Accordingly, this investigation suggests that the
metallopeptides may be specifically recognizing an open,
accessible structure in the loop region of TAR RNA that is
also capable of binding intercalators (38). Again, a pattern
of metallopeptide-induced loop cleavage that occurs toward
the 3′-side of TAR RNA is observed in this and all stem-
loop substrates that were examined and may reflect the
common property of their attachment to a chiral A-form
helical stem; i.e., the “chiral” curvature of the loop directs
the insertion and orientation of a noncovalently bound
metallopeptide.

Surprisingly, in comparison to other TAR RNA binding
and cleaving agents examined to date, the metallopeptides
are unique in that they do not cleave the bulge region. It
was originally thought that, due to its guanidinium group,
Ni(II) ‚Arg-Gly-His would perhaps interact with the bulge
region of TAR as found for free Arg or Arg analogues. These
results, however, indicate that this was not the case. All
three metallopeptides exhibited the same site selectivity for
TAR RNA. This finding was further substantiated by the
fact that metallopeptide cleavage of the loop region of TAR
RNA was not inhibited in the presence of argininamide over
a wide concentration range (100µM to 2 mM). Arginina-
mide, as well as free arginine, is known to bind within the
bulge region with aKd of 2-3 mM (25, 26). Therefore,
metallopeptide binding does not appear to (1) involve the
major groove of the bulge or (2) be affected by the
conformational changes that occur upon Arg‚TAR complex-
ation (30). However, a slight amount of cleavage was
observed within the A-form stem (C41, G43, and G44) at
the higher concentrations of metallopeptide that were em-
ployed, suggesting that the altered groove width of this region
of TAR RNA (41) may provide a low-affinity site for
metallopeptide binding.

For comparison to the results obtained with TAR RNA,
the DNA analogue of this substrate (TAR DNA) was also
employed in metallopeptide cleavage reactions. The results
obtained with this substrate indicate that Ni(II)‚Xaa-Gly-His
metallopeptides, in a fashion similar to those of other reagents
that have cleaved TAR DNA (24, 38), are now capable of
targeting the bulge, apical loop, and B-form stem connecting
these two regions. While cleavage of the apical loops of
both the RNA and DNA substrates is observed, fundamental
differences between their patterns of modification result; with
TAR RNA, loop cleavage occurs toward the 3′-side as with
other RNA loops, while with TAR DNA, cleavage occurs
predominantly at the apex of the DNA loop. These cleavage
patterns, while obviously reflecting conformational differ-
ences between a DNA and RNA substrate, suggest that the
cleavage of the 3′-side of RNA loops may be an inherent
outcome of their interaction with Ni(II)‚Xaa-Gly-His met-
allopeptides.
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To date, several classes of TAR RNA bulge-selective
agents have been discovered; these agents include the
tetrahydropyrimidines (21), arginine analogues (32), ami-
noglycoside antibiotics (22), the enediyne antitumor antibiot-
ics (24), and Rh(phen)2phi3+ (23). Each of these agents has
shown the ability to bind to TAR RNA via the opened major
groove in the bulged region. Curiously, the metallopeptides
do not recognize this feature of TAR RNA. Perhaps this
structure cannot sterically complement Ni(II)‚Xaa-Gly-His
binding, whereas loops of larger size, or containing some
level of a defined structure, facilitate insertion of the
metallopeptide. Overall, the lack of metallopeptide interac-
tion within the bulge of TAR RNA seemingly underscores
the loop selectivity of these agents.

Summary. The site-selective cleavage of two native RNA
substrates by low-molecular weight metallopeptides was
investigated. As demonstrated through cleavage gel analyses,
these metal complexes are capable of inducing the strand
scission of the stem-loop regions of tRNAPhe and HIV-1
TAR RNA. The metallopeptides most likely react to cause
initial nucleobase damage, followed by complete RNA strand
scission with the aid of aniline acetate. The presence of
structuring elements within these loops is suggested to affect
their recognition; the metallopeptides may insert into a loop
structure and sense its local environment in combination with
the sequence of nucleobases it contains.

The ability of the metallopeptides to specifically recognize
structural aspects of nucleic acids may assist in our develop-
ment and understanding of nucleic acid-binding antitumor
or antiviral agents. In addition, since the metallopeptides
employed contain the same functional groups that nucleic
acid-binding proteins utilize in their interactions with DNA
and RNA, they can seemingly bridge the gap between
artificial metal complexes and proteins in the study of RNA
recognition phenomena. While other complexes seem to
target the single-strandedness of an RNA, or other features,
it appears as if the metallopeptides are actually sensitive to
the local loop structure and/or sequence. In this regard, the
metallopeptides mimic the activity of the majority of selective
RNA-interacting proteins examined to date (15, 16). A
systematic exploitation of this metallopeptide property may
eventually provide a means of predictably binding or cleaving
RNA loop structures.
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